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Abstract

G lobal declines in insects have sparked wide interest among scientists, politicians, and the

general public. Loss of insect diversity and abundance is expected to provoke cascading

effects on food webs and to jeopardize ecosystem services. Our understanding of the extent

and underlying causes of this decline is based on the abundance of single species or taxo-

nomic groups only, rather than changes in insect biomass which is more relevant for ecologi-

cal functioning. Here, we used a standardized protocol to measure total insect biomass

using Malaise traps, deployed over 27 years in 63 nature protection areas in G ermany (96

unique location-year combinations) to infer on the status and trend of local entomofauna.

Our analysis estimates a seasonal decline of 76%, and mid-summer decline of 82% in flying

insect biomass over the 27 years of study. We show that this decline is apparent regardless

of habitat type, while changes in weather, land use, and habitat characteristics cannot

explain this overall decline. This yet unrecognized loss of insect biomass must be taken into

account in evaluating declines in abundance of species depending on insects as a food

source, and ecosystem functioning in the European landscape.

Introduction

L oss of insects is certain to have adverse effects on ecosystem functioning, as insects play a cen-
tral role in a variety of processes, including pollination [ 1, 2] , herbivory and detrivory [ 3 , 4 ] ,
nutrient cycling [ 4 ] and providing a food source for higher trophic levels such as birds, mam-
mals and amphibians. F or example, 8 0% of wild plants are estimated to depend on insects for
pollination [ 2] , while 6 0% of birds rely on insects as a food source [ 5 ] . The ecosystem services
provided by wild insects have been estimated at $ 5 7 billion annually in the U SA [ 6 ] . Clearly,
preserving insect abundance and diversity should constitute a prime conservation priority.

Current data suggest an overall pattern of decline in insect diversity and abundance. F or
example, populations of European grassland butterflies are estimated to have declined by 5 0%
in abundance between 19 9 0 and 2011 [ 7 ] . D ata for other well-studied taxa such as bees [ 8 – 14 ]
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E
ntomologists call it the windshield 

phenomenon. “If you talk to people, 

they have a gut feeling. They re-

member how insects used to smash 

on your windscreen,” says Wolfgang 

Wägele, director of the Leibniz In-

stitute for Animal Biodiversity in 

Bonn, Germany. Today, drivers spend 

less time scraping and scrubbing. “I’m a 

very data-driven person,” says Scott Black, 

executive director of the Xerces Society for 

Invertebrate Conservation in Portland, Or-

egon. “But it is a visceral reaction when you 

realize you don’t see that mess anymore.”

Some people argue that cars today are 

more aerodynamic and therefore less deadly 

to insects. But Black says his pride and joy 

as a teenager in Nebraska was his 1969 

Ford Mustang Mach 1—with some pretty 

sleek lines. “I used to have to wash my car 

all the time. It was always covered with in-

sects.” Lately, Martin Sorg, an entomologist 

here, has seen the opposite: “I drive a Land 

Rover, with the aerodynamics of a refrig-
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PERSPECTIV E
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Abstract

A widespread opinion is that conservation efforts disproportionately benefit charismatic spe-

cies. However, this doesn’t mean that they are not threatened, and which species are “ char-

ismatic” remains unclear. Here, we identify the 10 most charismatic animals and show that

they are at high risk of imminent extinction in the wild. We also find that the public ignores

these animals’ predicament and we suggest it could be due to the observed biased percep-

tion of their abundance, based more on their profusion in our culture than on their natural

populations. We hypothesize that this biased perception impairs conservation efforts be-

cause people are unaware that the animals they cherish face imminent extinction and do not

perceive their urgent need for conservation. By freely using the image of rare and threat-

ened species in their product marketing, many companies may participate in creating this

biased perception, with unintended detrimental effects on conservation efforts, which should

be compensated by channeling part of the associated profits to conservation. According to

our hypothesis, this biased perception would be likely to last as long as the massive cultural

and commercial presence of charismatic species is not accompanied by adequate informa-

tion campaigns about the imminent threats they face.

O ne of the difficulties faced by endangered species conservation efforts is the lack of a strong
public support and mobilization. W hereas the biodiversity decline shows no sign of abatement,
public mobilization has not scaled up with the severity of this crisis. F or example, 20 million
A mericans took to the streets to demonstrate on the first Earth D ay in 19 7 0, but similar levels of
mobilization have not been seen in the 21st century. This surprising discrepancy between the
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need for global mobilization to avert species extinction and the lack thereof might be due in
part to the disconnection of the general public from nature [ 1] , because many endangered spe-
cies and ecosystems are of limited appeal for the broad public. Here, we argue that the problem
stems from deeper roots, because even the most charismatic wild animals suffer from the same
predicament. W e show that, paradoxically, the most charismatic species remain severely endan-
gered, and rather unknowingly so by the general public, a situation that has dramatically wors-
ened over the last decades despite massive cultural and commercial presence.

The concept of charismatic species is pervasive in the conservation literature and refers to
species attracting the largest interest and empathy from the public [ 2] . A s a consequence, char-
ismatic species are often considered as privileged by having enjoyed the bulk of conservation
efforts [ 3 ] . Therefore, the conservation of charismatic species is often taken for granted, and
accordingly the literature emphasizes the need to go beyond charismatic species to conserve
more discrete ones [ 4 ] and even to shift the conservation focus towards units that are more
integrative and less visible to the broad public, such as ecosystems or ecosystem functions [ 5 ] .
U sing four different methods, we established the ranking of the 10 most charismatic species
for the public and reviewed their conservation status and the public knowledge of it. W e unveil
that the conservation status of the ten most charismatic species is grave, while the public ig-
nores it. W e surmise that this “ beloved but ignored” paradox may stem from a mismatch
between the virtual presence and natural presence of these particular species. W e argue that
the representations of charismatic species in commercial, artistic, and cultural outlets act as
virtual, abundant populations competing for public attention against real threatened popula-
tions. The competitive advantage of virtual populations reinforces the perception that natural
populations are not threatened and may paradoxically lessen the necessary conservation efforts
and consequently accentuate the risk of extinction of these species most cherished by the gen-
eral public. W e propose a mechanism whereby these virtual populations would not compete
against threatened species but instead benefit them through a payment mechanism repre-
sented by fees for rights of use for commercial purposes.

Identif y ing the 1 0 m ost charism atic anim als
A lthough species charisma is increasingly used in conservation biology [ 2] , this concept has
never been operationalized, and which species the public considers the most charismatic has
not been established. W e collected data from four complementary sources to quantify the cha-
risma of species for the W estern public ( see S1 Text for details) : ( i) an online large-scale survey
( n = 4 ,5 22) ; ( ii) a questionnaire given to primary schoolchildren of F rance, Spain, and England
( n = 224 ) ; ( iii) a survey of the animals displayed on the websites from zoos in the 100 largest
cities in the world; and ( iv) a survey of the animals featured on the covers of animated movies
produced by D isney and P ixar ( see S1 Text) . The first two sources represented direct questions
to the public about which species they perceived as charismatic, while for the other two, we
worked under the assumption that the species displayed on zoo websites and movies would be
selected by communication experts based on their appeal to the public. The survey on pupils
was intended to complement the internet survey for which children below 15 years old repre-
sented only 0.9 % of the 4 ,5 22 respondents. Collectively, these data provided a coherent list that
can be considered representative of animals regarded by the W estern public as being the most
charismatic. W e call them animals instead of species, because taxonomic precision to the spe-
cies level for public knowledge was possible for none of the four sources and, among the top
10 animals cited, 2 represent more than one species. I ndeed, elephants represent three species,
while gorillas represent two species; we will thus hereafter mention 10 animals or 13 species.
The compiled list of the 10 animals considered the most charismatic by the public was in this
order ( S1 F ig) : the tiger ( P an thera tig ris) , the lion ( P . leo) , the elephant ( L ox odon ta african a, L .

PLOS Biology | https://doi.org/10.1371/journal.pbio.2003997 April 12, 2018 2 / 13

not perceived as charismatic because of their conservation status, which is often not known.
Conversely, these animals may be assumed to be abundant because of their omnipresence in
our culture, as they are seen everywhere—in zoos and toys, on small and large screens, on
advertisements and books alike. W e emphasize that the gap between conservation status
awareness and actual status should be especially unlikely in the most charismatic species, due
to the high level of public attention they receive.

C om p etition b etw een real and v irtual p op ulations

D espite their poor conservation status, these species are omnipresent in our modern societies.
A good illustration is in the advertising realm. Charismatic animals are often prime candidates
for product marketing purposes or general cultural consumption. F or example, 4 8 .6 % of all
non-teddy bear plush animal toys sold on A mazon ( U S) were one of the ten animals, suggest-
ing high likelihood that a majority of children has/ had at least one of them as a stuffed com-
panion during their childhood. Similarly, the number of “ Sophie la girafe” baby toys sold in
F rance ( 8 00,000 in 2010) exceeds the number of babies born [ 4 9 ] and is over 8 times more
than the number of actual, living giraffes in A frica [ 17 ] .To further support our idea, we asked
4 2 volunteers to document every encounter with one of the 10 species in “ virtual” populations

Fig 1. ( A ) R ecent, dramatic declines of the most charismatic animals. Time, but not date, is taken into account, explaining why all trajectories have the same
origin. L ong, steep lines indicate a large decline at a high rate. I cons represent populations. W olf is not represented and 4 subspecies of giraffes are represented.
The declines are tigers: over 5 5 % in the last 20 years [ 7 ] ; A frican lions: 5 4 % over the last three decades [ 4 0] ; A frican elephants: over 20% over less than 10 years
[ 4 1] ; savannah elephants: over 3 0% between 2007 and 2014 [ 4 2] ; Central A frican forest elephants: 6 2% between 2002– 2011 [ 14 ] ; A sian elephant: over 5 0% in 6 5
years [ 15 ,16 ] ; giraffes: 3 8 % in the last 3 0 years [ 17 ] ; M asai giraffes ( Giraffa camelopardalis tippelskirchi) : 5 2% in 3 5 years [ 17 ] ; reticulated giraffes ( G. c.
reticulata) : 8 0% in 25 years [ 17 ] ; N ubian giraffes ( G. c. camelopardalis) : 9 7 % in 3 5 years [ 17 ] ; leopards: over 3 0% in 8 years [ 19 ] ; cheetahs: over 3 0% in the last 15
years [ 24 ,25 ] ; southern Beaufort Sea polar bears: 6 3 % between 2004 and 2010 [ 4 3 ,4 4 ] ; G rauer’ s gorillas: 7 7 % in less than 20 years [ 4 5 ] ; W estern lowland gorillas:
nearly 6 0% in 3 0 years [ 3 0] . ( B) P ercentage of incorrect answers to the question, “ I s this species endangered,” reflecting biased knowledge of conservation status
of the most charismatic species. See text for details.

https://doi.org/10.1371/journal.pbio.2003997.g001
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Q uantifying T emp oral G enomic E rosion in
En dangered Sp ecies
David Dí ez-del-M olino,1 Fatima Sá nchez-Barreiro,2 Ian Barnes,3 M . Thomas P . Gilbert,2,4 and
Love Dalé n1 ,*

M any species have undergone dramatic population size declines over the past
centuries. A lthough stochastic genetic processes during and after such
declines are thought to elevate the risk  of extinction, comparative analyses
of genomic data from several endangered species suggest little concordance
between genome-wide diversity and current population sizes. This is lik ely
because species-specific life-history traits and ancient bottleneck s over-
shadow the genetic effect of recent demographic declines. Therefore, we
advocate that temporal sampling of genomic data provides a more accurate
approach to quantify genetic threats in endangered species. Specifically,
genomic data from predecline museum specimens will provide valuable base-
line data that enable accurate estimation of recent decreases in genome-wide
diversity, increases in inbreeding levels, and accumulation of deleterious
genetic variation.

Genetic Threats to Small P opulations
The population sizes of many wild organisms have gone through dramatic declines over the
past 20 0  years as a consequence of human activities [1 ]. This has raised the concern that
processes related to small population size might lead to an increased risk of extinction [2]. The
underlying mechanisms include not only stochastic demographic and environmental events [3],
but also genetic processes, such as increased genetic drif t and inbreeding levels (see
Glossary) [4]. For example, strong genetic drift can lead to a loss in standing genetic variation,
reducing the adap tive p otential of the population [5]. M oreover, increased genetic drift and
inbreeding can lead to inbreeding dep ression through increased exposure of recessive
deleterious alleles in homozygotes, as well as an increase in homozygosity at loci in which
heterozygous genotypes have a fitness advantage [6 ].

Additionally, theoretical work suggests that genetic drift in small populations can become so
strong that the ability of p urif ying selection to remove detrimental alleles is reduced [7 ],
causing accumulation and fixation of deleterious variants throughout genomes. This accumu-
lation of deleterious alleles can result in negative population growth, which in turn would lead to
even higher genetic drift and more deleterious alleles becoming fixed, a process that ultimately
might result in extinction [8 ].

There is a growing body of empirical evidence from both laboratory and wild settings showing
that high inbreeding levels and loss of genetic variation can impact population viability [9 ].
However, in populations where deleterious alleles have become fixed, or in cases where all
individuals are equally inbred, detecting decreased fitness via inbreeding depression using
pedigree data or heterozygosity-fitness correlations is not possible [1 0 ]. While computer
simulations have shown that inbreeding depression can elevate extinction risk (e.g., [1 1 ]),

Highlights
The small population size of many
endangered species makes them
vulnerable to genetic threats, such as
inbreeding depression, loss of genetic
variation, and accumulation of deleter-
ious mutations

P resent-day genome-wide diversity is
a poor predictor of population size and
conservation status in endangered
species, making interspecific compar-
isons of genomic data inadequate indi-
cators of extinction risk.

Historical specimens in museum col-
lections include samples that pre-date
the demographic declines that have
occurred in recent centuries and, thus,
can provide baseline levels of diversity,
inbreeding, and genetic load.

Temporal genomic indices based on
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gered species.
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Habitat conversion is driving biodiversity loss and restructuring
species assemblages across the globe. Responses to habitat
conversion vary widely, however, and little is known about the
degree to which shared evolutionary history underlies changes in
species richness and composition. We analyzed data from 48 stud-
ies, comprising 438 species on five continents, to understand how
taxonomic and phylogenetic diversity of amphibian assemblages
shifts in response to habitat conversion. We found that evolution-
ary history explains the majority of variation in species’ responses
to habitat conversion, with specific clades scattered across the
amphibian tree of life being favored by human land uses. Habitat
conversion led to an average loss of 139 million years of amphibian
evolutionary history within assemblages, high species and lineage
turnover at landscape scales, and phylogenetic homogenization at
the global scale (despite minimal taxonomic homogenization). Line-
age turnover across habitats was greatest in lowland tropical re-
gions where large species pools and stable climates have perhaps
given rise to many microclimatically specialized species. Together,
our results indicate that strong phylogenetic clustering of species’
responses to habitat conversion mediates nonrandom structuring
of local assemblages and loss of global phylogenetic diversity. In
an age of rapid global change, identifying clades that are most
sensitive to habitat conversion will help prioritize use of limited
conservation resources.

habitat loss | land use | Anthropocene biogeography | biodiversity |
phylogenetic generalized linear mix ed model

Human populations have established nonnative habitats
across the Earth that represent novel environments for bio-

diversity (1–3). Conversion of natural habitats occurs on short time
scales— typically over few generations— relative to the often-vast
time scales of species’ niche evolution (4). As ecological commu-
nities are increasingly exposed to rapid habitat conversion, many
species decline in altered habitats, whereas others persist or even
thrive. This variation in response to habitat conversion is poorly
understood and may result, in part, from both the environmental
conditions experienced by assemblages and the shared evolution-
ary history of species. If closely related species exhibit similar re-
sponses to altered environments, then habitat conversion could
precipitate losses of entire clades from local assemblages (5).
Habitat conversion favors some species that are fortuitously

preadapted to human-altered habitats while threatening others
(6). An explicitly phylogenetic perspective is crucial because
extinction risk and sensitivity to habitat conversion are ultimately
determined by species traits, which often reflect the shared
evolutionary histories of vulnerable species (7–11). For example,
frugivorous and insectivorous birds, cool-adapted and terrestrial-
developing amphibians, and small-bodied bats often have re-
duced abundances in converted habitats (10, 12–17). However,
the highly intercorrelated nature of many species traits means that
clearly identifying specific traits that underlie tolerance is chal-
lenging, thereby limiting prediction. P hylogenetic relatedness acts
as a useful proxy by integrating across all phylogenetically con-

served traits, including those that may govern responses to
habitat conversion.
The cumulative outcome of environment-by-trait sorting and

species interactions in altered habitats generates changes in local
diversity (18). Diversity is usually considered solely from the
taxonomic (i.e., species identity) perspective, without considering
the phylogenetic relationships among species. P atterns of taxo-
nomic α-diversity are highly idiosyncratic, however, with differ-
ent studies reporting increased, decreased, or unchanged species
richness following habitat conversion (3, 19). Local responses
can vary, in part, depending on the type of habitat alteration,
with converted habitats that structurally contrast with natural
habitats (e.g., intensive monocultures) often causing substantial
decreases in local richness (3, 20). The magnitude of change in
phylogenetic α-diversity (the total evolutionary history contained
within a local community) can mirror or deviate from that of tax-
onomic α-diversity (21), depending on the shape of the community
phylogeny and the relatedness of species in each habitat (22). We
currently know little, however, about the phylogenetic relatedness
of animal species that persist in converted habitats or how these
species are distributed across the tree of life (but see recent studies
of birds and bats at local and landscape scales; refs. 17, 21, and 23).
At landscape scales, negligible changes in species richness can

obscure substantial shifts in species composition between natural

Significance

Widespread conversion of natural habitats to human land use
creates evolutionarily novel environments and causes declines of
native species. Stemming biodiversity loss requires an under-
standing of why some species persist while others decline in these
novel habitats. We analyzed survey data of amphibian species
from around the globe to determine whether closely related spe-
cies respond similarly to habitat conversion. We find that species
that persist in converted habitats tend to come from the same
clades within the amphibian tree of life and that by favoring these
widely distributed clades, habitat conversion leads to nonrandom
extirpations and loss of evolutionary history. O ur results show that
the identity of winners and losers during the Anthropocene can be
tightly linked to their evolutionary history.
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Consumption of wild-caught freshwater fish is concentrated in low-
income countries, where it makes a critical contribution to food
security and livelihoods. Underestimation of inland harvests in official
statistics has long been suspected due to unmonitored subsistence
fisheries. To overcome the lack of data from extensive small-scale
harvests, we used household consumption surveys to estimate
freshwater fish catches in 42 low- and middle-income countries
between 1997 and 2014. After accounting for trade and aquaculture,
these countries collectively consumed 3.6 MT (CI, 1.5 –5 .8) more wild-
caught freshwater fish than officially reported, reflecting a net under-
reporting of 64.8% (CI, 27.1–103.9%). Individual countries were more
likely to underestimate (n = 31) than overestimate (n = 11) catches,
despite conservative assumptions in our calculations. Extrapolating
our findings suggests that the global inland catch reported as
10.3 MT in 2008 was more likely 16.6 MT (CI, 2.3–30.9), which accords
with recent independent predictions for rivers and lakes. In human
terms, these hidden harvests are equivalent to the total animal pro-
tein consumption of 36.9 (CI, 30.8–43.4) million people, includingmany
who rely upon wild fish to achieve even minimal protein intake. The
widespread underreporting uncovered by household consumption
surveys indicates that inland fisheries contribute far more to global
food security than has been recognized previously. O ur findings also
amplify concerns about the sustainability of intensive fishery exploi-
tation as degradation of rivers, lakes, and wetlands continues apace.

inland fisheries | capture fisheries | consumption surveys |
national statistics | food security

F reshwater capture fisheries account for only 7% of reported
global fish harvests (1), yet these harvests are concentrated in

low-income countries where their essential contributions to food
security and rural economies are widely underappreciated (2, 3).
Official statistics from the United Nations Food and Agriculture
Organization (FAO) indicate continuous year-over-year increases
in global inland catches— a net doubling over the last 28 y— which
contrasts with stable (1) or declining marine catches (4). Wide-
spread accounts of reduced abundance and size of fishes caught
from rivers and lakes, as well as changes in the species composition
of harvests, suggest declining stocks due to overfishing and envi-
ronmental degradation (5). The seeming contradiction between
rising global freshwater catches and signs of local overharvest may
be attributable to increases in fishing effort and supplementation of
wild fisheries by stocking (6). In addition to actual increases in
harvest, growth in reported catches may reflect improvements in
the catch statistics reported voluntarily by individual countries to
the FAO (7, 8). A reliable baseline quantification of inland catches
is requisite to evaluating the status and trends of freshwater fish
stocks, and ensuring their continued contribution to food security
through sustainable harvests (9, 10).
Underestimation of global inland fisheries has long been sus-

pected due to incomplete or ineffective monitoring of artisanal and
subsistence harvests (11). Surveys of landing sites, fishing effort, or
fish markets form the basis for most reported catch statistics (7).
These approaches invariably exclude or underrepresent geo-
graphically dispersed, small-scale fisheries whose catch is consumed
without entering market chains (3, 8). Countries without fishery

monitoring systems generate their statistics using proxy variables or
simply do not report inland catches (7, 12). Missing or erroneous
catch statistics are approximated by FAO from other available
information in the interest of presenting comprehensive statistics
(6, 12, 13). Unfortunately, underestimation of inland fisheries un-
dermines their standing in decisions about economic development,
food security, and natural resource management, as well as creates
little incentive to improve data collection (8, 11). Alternative as-
sessment approaches are needed to adequately portray the mag-
nitude of inland harvests and their importance for human nutrition
and livelihoods (14).
Fish consumption recorded by household consumption and

expenditure surveys (HCESs) offers a promising means of
assessing catches even where direct monitoring of fisheries is
limited (15–17). These surveys are administered by national
authorities and can estimate per capita daily consumption of fish
products within individual households over recall periods of up
to 2 wk (18). Surveying large numbers of households can rep-
resent geographically dispersed fisheries more effectively than
periodic monitoring of particular landing sites or markets (11,
15, 17). However, to estimate the original harvest levels, con-
sumption of freshwater fish products recorded in HCESs must be
disaggregated from marine, aquaculture, and trade sources, and
adjusted to reflect biomass discarded during preparation of
whole fish for consumption (15). The promise of HCESs is ex-
emplified by analyses in the Lower Mekong Basin— the world’s
largest inland fishery — where catch estimated from household
consumption surveys revealed twice as much catch as reported in
official statistics (16, 19). HCESs also revealed the extent of
traditional fishing operations in the middle and upper Amazon

Significance

Experts have long believed that fish catches from rivers and lakes
are underreported, which leads to lack of appreciation for their
contribution to global food security. Rather than focusing on
landing data, we backcalculated harvests using surveys of house-
hold consumption of freshwater fish. D ata from 5 48,000 house-
holds across 42 countries reveal that freshwater catches are likely to
be ∼65 % higher than officially reported. These hidden harvests are
concentrated in low-income countries where they represent the
equivalent of the total annual animal protein consumption of
36.9 million people. Long-term underreporting of inland fisheries
masks their critical role in feeding the world’s poor and complicates
using catch statistics to evaluate the impact of overharvest and
ecosystem degradation.
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equivalent to all animal protein consumed by 119.1 million people
(CI, 99.4–142.7) in the 36 countries where protein consumption data
were available. This major increase in the reliant population reflects
the fact that hidden fish harvests are consumed primarily in countries
where low dietary animal protein is the norm and alternative sources
of nutrition are generally unaffordable (3). For instance, the nations
with the largest proportional increases in estimated human de-
pendence have large unrecorded catch (e.g., Democratic R epublic
of Congo, Myanmar) and/ or very low animal protein consump-
tion rates (e.g., Afghanistan, Burkina Faso). In both cases, it
behooves national governments, international development
agencies, and donors to recognize the importance of small-scale
inland fisheries for food security (33) and to promote sustainable
management of these fisheries (34). Notably, the nutritional
value of fish as sources of essential fatty acids and micronutrients
is disproportionate to their protein and caloric content (35);
hence the actual role of hidden harvests in food security could be
dramatically underestimated by our calculations.
In summary, our results indicate that underreporting of inland

fisheries is widespread among low-income nations, and that over
one-third of global inland catch goes unreported. The inaccuracy
of official catch statistics suggests that long-term increases in
reported global inland harvest may not be reliable. These hidden
harvests from rivers and lakes have resulted in long-standing
underappreciation of the contribution of inland fisheries to food
security in low-income countries (35), which leads in turn to
inadequate accounting for the value of freshwater fisheries in
decisions about dams, irrigation, flood control (36), and other
water uses (14, 37). The unreported catches from inland fisheries
indicated by HCES also challenge simplistic assumptions re-
garding potential substitution of cultured fish for wild-caught
species; the large amount of wild fish eaten by impoverished
people in remote areas would be difficult to replace with aqua-
culture production. Thus, close attention should be paid to im-
pacts on wild fish stocks when cultured species are raised in
natural waters with the goal of increasing net fish harvests to
meet regional and global demand (38). By elucidating the im-
portance of freshwater fisheries in global food security, our
findings underscore the urgency of enhancing the sustainability
of current exploitation to avoid jeopardizing a key nutritional
resource for the world’s poor.

M e t h o d s
This section presents a description of methods, with full details provided in
SI Appendix.
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sumption (R i) in fresh weight equivalents for each country (i) as the sum of
the annual consumption (C ij ) of each fish product ( j ) weighted by its fraction
of inland provenance ( F ij ) and live-weight conversion factor ( L j ):

R i =
X 1

j

F ij × C ij × L j . [ 1]

This total fish consumption includes sources of fish other than capture of
wild freshwater fish. Thus, we calculated HCES-based catch (Si) of each
country by adding ex ports ( E ) of inland fish to R i, and then subtracting
imports of inland fish (I) and aquaculture production (A) as follows:

Si = R i + E i − Ii −Ai . [ 2]

This approach applies the same logic used to estimate apparent con-
sumption from reported harvest statistics (1), but sidesteps assumptions
about nonfood uses obviated by consumption surveys. Each component of
Eq. 2 represents a summation across species and products because the details
available in national trade and aquaculture statistics do not align with the
nomenclature in HCESs. Uncertainty ranges for Si were calculated as the
2.5th and 9 7.5th percentiles of 10,000 Monte Carlo simulations of the R , E ,
and I components of Eq. 2. In these simulated data, variation in R i arose from
random sampling from distributions of bootstrapped G AM model predic-
tions of proportion of fish from freshwater sources ( F ) and fresh weight
conversion factors ( L ). Variation in traded fish products ( E and I) also arose
from L , as reported statistics were converted to fresh-weight equivalents
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ex tracted fromWorld Bank data for the year of each country’ s survey (26) and a
global surface water model (42): total land surface, rural population density,
percentage of land under surface water, and G DP per capita. Potential
inaccuracy in reported statistics was quantified separately for harvest, im-
port, ex port, and aquaculture as the percentage of tonnage flagged by FAO
internally (“ F ” symbol) due to data quality concerns (43) in each country. To
consider the effect of the quantity statistics being flagged, we included
statistics of import, ex port, and aquaculture as a percentage value of the
reported catch in each country, and considered their interaction with the
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F ig. 4. Nutritional equivalence of the inland fish harvest as number of
people meeting their total animal protein consumption. The hidden harvest
revealed by the survey-estimated catch is equivalent to the entire animal
protein intake of an additional 36.9 (CI, 30.8 –43.4) million people, and most
of the increase is found in countries below the median G DP per capita of
countries surveyed (vertical line). The largest national increases in nutritional
equivalence come from Zambia, Mali, and Tanzania. The bands represent
the uncertainty from the provenance of the fish consumed (freshwater or
marine) as used in the calculation of HCES catch.

Fluet-Chouinard et al. PNAS | J uly 17, 2018 | vol. 115 | no. 29 | 7627

SU
ST

A
IN
A
BI
LI
TY

SC
IE
N
CE

SE
E
CO

M
M
EN

TA
RY

Que dit la recherche sur la biodiversité terrestre ?
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M overs and Stayers:  N ovel A ssemblages in
Ch anging E nvironments
Richard J . Hobbs,1 ,* Leonie E. V alentine,1 Rachel J . Standish,2 and Stephen T. J ackson3,4

Increased attention to species movement in response to environmental change
highlights the need to consider changes in species distributions and altered
biological assemblages. Such changes are well k nown from paleoecological
studies, but have accelerated with ongoing pervasive human influence. In
addition to species that move, some species will stay put, leading to an array
of novel interactions. Species show a variety of responses that can allow
movement or persistence. Conservation and restoration actions have tradition-
ally focused on maintaining or returning species in particular places, but
increasingly also include interventions that facilitate movement. A pproaches
are required that incorporate the fluidity of biotic assemblages into the goals
set and interventions deployed.

O ccupy, V acate, or P ersist?
Conservation has a dual focus on places and species. P laces include nature reserves, national
parks, and other open spaces that people manage for conservation outcomes. Individual
species, and increasingly ecological communities, are the focus of legislation in many j uris-
dictions, via endangered species, biodiversity, and wildlife conservation acts. M uch attention
and funding for conservation are directed at charismatic species, which often define the places
(e.g., Serengeti, Sequoia N ational P ark), and at biodiverse places (e.g., Cuatrocié negas,
K ogelberg). This dual focus works well in a static world where species are found in particular
places, but breaks down when places change and species move. With global change,
particularly climate change, any particular place at any given time will have species that are
staying put for the time being, and other species that are either invading or vacating. These
phenomena are not new [1 –3] (Box 1 ), but current and future environmental changes may be
unprecedented in rate, magnitude, and comprehensiveness [4–6 ] and in the levels and variety
of human interventions. M uch has been written about changes in species distributions in
response to current and future climate change and other environmental changes [7 –9 ] and the
human role in engineering change through transport of species outside their normal ranges.
This deliberate transport includes transport of potentially invasive species [1 0 ,1 1 ] and assisted
migration of species at risk [1 2–1 4].

In discussions of species responses to environmental change, particularly climate change,
considerably less attention has been paid to the inverse situation, namely, species populations
that persist i n  si t u  in the face of environmental change. In the same way that some species
move on their own and some are moved by humans, the stayers include species that persist on
their own and others that stay owing to human actions or interventions. Some stayers may, in
the absence of intervention, ultimately undergo extinction [1 5].

Species assemblages under environmental change thus comprise mixes of stayers (some of
which are doomed to eventual extinction and some which will persist) and movers, which

Trends
How species will respond to ongoing
climate and other change is of increas-
ing concern.

M ost attention is given to how species
move or are moved, but many species
stay.

Understanding the dynamics of new
species combinations is essential for
successful conservation in a changing
climate.
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P articular species may contract and expand simultaneously in different regions. Every emigrant
becomes an immigrant if it makes it somewhere else. Similarly, in any particular place, there
may be a variety of dynamics occurring at any given time, with some species coming in on their
own or by human translocation, some species remaining, and some species disappearing or
moving elsewhere. Here, we examine the range of situations in which species can be either
movers or stayers, recognizing that these categories are not necessarily mutually exclusive.

M overs
Species can either move by themselves in response to environmental change or be moved by
humans (Figure 2).

Species That M ove by Themselves
Species move all the time:  they often move extensively within home ranges, or disperse over
short and long distances. M any migrate seasonally, often over great distances, and at
sufficiently long timescales, most shift their ranges in response to climate change. Species
dispersal can occur in a number of different ways using an array of pathways and at a range of
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Figure 2. Examples of the M ethods of M ovement That Species Can Display in Response to Environmental and Human-M ediated Changes. Species
can expand or contract their ranges both within and outside of their existing distributions. Humans have a long history of directly contributing to species movement in
multiple ways, from the deliberate movement of species to the accidental, and via long-term management of landscapes. Humans, through habitat modification, the
creation of novel environments, such as cities and agricultural landscapes, and the provision of novel resources that facilitate movement, can influence movement of
species. These examples illustrate three groups of species movement:  (i) species that move themselves (blue), (ii) species that are moved by humans (orange), and (iii)
species that move themselves because of humans (green). Each box represents a specific example, with arrows (where appropriate) indicating the direction of
movement. The human figures indicate the original location of a species prior to human movement. Also see [29 ,30 ,38 ,39 ,44,45,49 ,50 ,52,6 1 ,6 3].
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G lobal maps of forest loss depict the scale and magnitude of forest disturbance, yet
companies, governments, and nongovernmental organiz ations need to distinguish
permanent conversion (i.e., deforestation) from temporary loss from forestry or wildfire.
U sing satellite imagery, we developed a forest loss classification model to determine a
spatial attribution of forest disturbance to the dominant drivers of land cover and land use
change over the period 2 0 0 1 to 2 0 1 5 . O ur results indicate that 2 7 % of global forest loss
can be attributed to deforestation through permanent land use change for commodity
production. T he remaining areas maintained the same land use over 1 5 years; in those
areas, loss was attributed to forestry (2 6 % ), shifting agriculture (2 4 % ), and wildfire
(2 3 % ). Despite corporate commitments, the rate of commodity-driven deforestation has
not declined. T o end deforestation, companies must eliminate 5 million hectares of
conversion from supply chains each year.

L
eaders of nearly 450 companies recently
committed to zero deforestation in their
supply chains by 2020 to meet consumer
demand for deforestation-free products and
to improve corporate social responsibility

(1). A chieving these commitments requires trans-
parency of complex supply chains for agricultural
and forest products whose source locations are
obscured by multiple aggregators and distribu-
tors (2). Large, multinational companies cannot
determine the source of their supply beyond the
location of their direct supplier, usually a distribu-
tor; this reduces the effectiveness of deforestation
attribution and undermines a company’ s ability
to take concrete action.
Companies, nongovernmental organizations,

and governments are looking increasingly to
data, maps, and tools to provide visibility on
deforestation risk. P ublished maps of tree cover
loss and gain derived from Landsat satellite ob-
servations (3) were a major step forward in con-
sistent and transparent forest area change
monitoring at a global scale. The launch of the
online Global Forest Watch platform (4) extended
the use and access of these data beyond the
scientific community to include decision makers
from governments, companies, and civil society
organizations working to design and implement
more effective forest policies.
However, the Hansen et al. dataset (3), up-

dated annually on Global Forest Watch, does
not distinguish permanent forest conversion
associated with a change in land use [i.e., de-
forestation (5)] from other forms of forest dis-

turbance that may be associated with subsequent
regrowth (i.e., forestry, shifting cultivation, wild-
fire). This not only limits its utility for corporate
decision-makers but also generates confusion
when global forest cover change statistics derived
from satellite imagery are compared directly
against global land use change statistics as re-
ported by governments in their national inven-
tories (6). Deforestation involves the abrupt
transition from land with trees to land without
trees with no subsequent regrowth; loss of forest
cover can also be associated with events such as

wildfires, or with direct human-induced land
use and land management practices such as
clearcutting or selective logging, plantation for-
estry, smallholder agroforestry systems, or tran-
sitional subsistence farming due to shifting
cultivation practices. A s improvements in the
spatial and temporal resolution of satellite im-
agery enable detection of smaller and more
subtle changes to Earth’ s land surface relative
to results from earlier monitoring efforts (7, 8),
more nuance is required in the attribution of
global forest change dynamics.
Using high-resolution Google Earth imagery

to visually classify nearly 5000 training sample
cells, we developed a decision-tree model that
predicts the most likely cause of forest distur-
bance at any 10 km × 10 km grid cell around the
world since the year 2000 (9). Categories were
assigned according to dominant disturbance
type (Fig. 1), with each representing a different
forest and land use dynamic: (i) commodity-
driven deforestation, defined by the long-term,
permanent conversion of forest and shrubland
to a nonforest land use such as agriculture (in-
cluding oil palm), mining, or energy infrastruc-
ture; (ii) shifting agriculture, defined as small- to
medium-scale forest and shrubland conver-
sion for agriculture that is later abandoned and
followed by subsequent forest regrowth; (iii)
forestry, defined as large-scale forestry operations
occurring within managed forests and tree
plantations with evidence of forest regrowth in
subsequent years; (iv) wildfire, defined as large-
scale forest loss resulting from the burning of
forest vegetation with no visible human conver-
sion or agricultural activity afterward; and (v)
urbanization, defined as forest and shrubland
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these two classes resulted in low model accu-
racy for the commodity-driven deforestation
class in A frica; much of the commodity-driven
deforestation was misclassified as shifting agri-
culture (table S6). In northern forests, particu-
larly R ussia, there are locations where wildfires
spread through previously logged areas or where
logging occurred after a fire event (fig. S5). In
these cases, attributing a single driver to such
areas proved difficult because patterns indica-
tive of multiple drivers were present in the same
cell, albeit in different years within the time
period analyzed (2001–2015).
The global scope of our analysis was designed

to assist corporations in identifying wood fiber
source regions and regions of deforestation due
to commodity agriculture. A lthough we accurately
mapped dominant classes of forest disturbance

globally, opportunities remain to disaggregate
landscapes further at regional and local scales.
For example, we did not map changes in forest
condition through time in landscapes domi-
nated by shifting agriculture; further differentia-
tion of primary from secondary forest clearing
within this land-use class could improve our
understanding of the differences between defor-
estation and degradation impacts (11). Differ-
entiating key drivers such as row crops from
pasturelands in South A merica, or tree planta-
tions from disturbed natural forests in Southeast
A sia (12), would allow for more specific supply
chain analyses to identify corporate risk and re-
sponsibility from commodity-driven deforestation.
O ur methodology serves as a hybrid between

the accuracy and statistically unbiased estimates
achieved through a sample-based approach, as

favored by academic researchers (13, 14), and
the spatial comprehensiveness of a wall-to-wall
mapping approach (3) preferred by a wider var-
iety of practitioners and forest stakeholders.
The results identify where deforestation is oc-
curring; perhaps as important, they show where
forest loss is not deforestation. For most regions
and drivers, the map output can be used di-
rectly to quantify the proportion of forest loss
caused by each driver, because map-based esti-
mates fall within the confidence intervals of
sample-based estimates (table S7). Wildfire was
associated with nearly one-fourth of the world’ s
forest loss; this type of loss is not likely to be
reduced easily through management interven-
tion. In contrast, deforestation across Central
and South A merica, A frica, and Southeast A sia
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Abstract

While many tropical countries are experiencing rapid deforestation, some have experienced

forest transition (FT) from net deforestation to net reforestation. Numerous studies have

identified causative factors of FT, among which forest scarcity has been considered as a

prerequisite for FT. In fact, in SE Asia, the Philippines, Thailand and V iet Nam, which experi-

enced FT since 1990, exhibited a lower remaining forest area (30±8%) than the other five

countries (68±6%, Cambodia, Indonesia, Laos, Malaysia, and Myanmar) where forest loss

continues. In this study, we examined 1) the factors associated with forest scarcity, 2) the

proximate and/or underlying factors that have driven forest area change, and 3) whether

causative factors changed across FT phases (from deforestation to net forest gain) during

1980– 2010 in the eight SE Asian countries. We used production of wood, food, and export-

oriented food commodities as proximate causes and demographic, social, economic and

environmental factors, as well as land-use efficiency, and wood and food trade as underly-

ing causes that affect forest area change. Remaining forest area in 1990 was negatively cor-

related with population density and potential land area of lowland forests, while positively

correlated with per capita wood production. This implies that countries rich in accessible and

productive forests, and higher population pressures are the ones that have experienced for-

est scarcity, and eventually FT. Food production and agricultural input were negatively and

positively correlated, respectively, with forest area change during 1980– 2009. This indicates

that more food production drives deforestation, but higher efficiency of agriculture is corre-

lated with forest gain. We also found a U-shaped response of forest area change to social

openness, suggesting that forest gain can be achieved in both open and closed countries,

but deforestation might be accelerated in countries undergoing societal transition. These

results indicate the importance of environmental, agricultural and social variables on forest

area dynamics, and have important implications for predicting future tropical forest change.
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A B S T R A C T

The Indo-Malaysian region harbours some of the highest diversity globally, yet it is also has the highest rates of
deforestation. Furthermore some countries have shown up-to a 10 times increase in the area deforested annually
between 2001 and 2014. Large-scale forest clearance is preceded by the growth of road networks which provide
a stark warning for the region' s future as many of the roads established for clearance or infrastructure are illegal
and unmapped. In some regions almost 100% of roads were previously unmapped on the global roads map, yet
99.9% of deforestation occurs within 2.5 km of these roads. In Borneo the majority of plantations are on an
industrial-scale averaging over 10 km2 in siz e, whereas most of the region typically has plantations under 1 km2

integrated into a landscape mosaic, though the preliminary infrastructure for industrial plantations are being
developed in parts of the region. Within the coming decade most of the region may lose almost all unprotected
forests. As some countries have only 2% of their land-area protected this condemns many of the regions endemic
species to extinction. U rgent measures are needed to protect a much larger proportion of remaining forest, as this
offers the only means to protect many of the regions endemic species.

1. Introduction

The Indo-Malayan region represents a global biodiversity hotspot
(Mittermeier et al., 2011), straddling the complex transition between
Sundaland and Wallacea with multiple z oogeographic divides
(Simpson, 1977; Rueda et al., 2013). However, this region has been
highlighted not only for its' diversity, but the rapid rates of deforesta-
tion which in 2012 became the highest rates of loss globally (Achard
et al., 2014; Stibig et al., 2014) and represents a major threat to the
continued survival of many species (McCallum, 2015; Margono et al.,
2014). Despite a moratorium on industrial deforestation in large parts
of Indonesia in 2012 deforestation has continued to increase in recent
years (de Vries et al., 2014) accounting for 61% of all Southeast Asian
deforestation (Stibig et al., 2014), with 86.7– 90% of deforestation
classed as illegal of dubious legality (Lawson et al., 2014). Timber
sourcing has also transitioned from predominantly selective logging in
to conversion into plantations, which has been facilitated by the permit
regulation system (Mukherjee and Sovacool, 2014; Indarto et al.,
2015)).

G lobal demand for cheap palm-oil, with 84% going to Europe (30%)
or Asia (54%) in 2015 (Atlas of Economic complexity, n.d.) and with
83% of this coming from Indonesia and Malaysia has fueled the con-
version of forests to plantations (Media Atlas, n.d) G rowing demand has
been matched by exponential increases in oil-palm export, with export
Indonesian and Papuan exports (Indexmundi Indonesia, n.d.) increasing
by 437.4% between 1999 and 2016, and Malaysian exports increasing

(Indexmundi Malaysia, n.d.) by 173%. The export of palm-oil is also
dominated by illegally grown oil-palm (80 – 87%), as is pulp and paper
production, with the two largest companies APP and APRIL (jointly
responsible for 75% of the industry) showing “ questionable legality ” in
77% and 47.5% of conversions respectively (Lawson et al., 2014), these
figures are similar to other studies for example G ellert (2015) found
only 20% of plantations had been permitted by the Ministry of Forestry.
Other studies have shown that at least a quarter of clearance falls
outside government leased concessions (G unarso et al., 2013) (though
some of this may be legal small-holder clearance), and an estimated
90% of oil palm plantations in Kalimantan derive directly from for-
merly forested areas (Carlson et al., 2013a, 2013b). There is also no
reason to expect these trends to change, as Indonesia plans to increase
production to 42million tons by 2020 (J akarta Post, 2017), and further
increases are expected after this point.

As global demand for these commodities continues to increase, this
has been matched by the further loss of primary habitats and the my-
celia like growth of roads across the region. Most global analysis
overlook the development of these road networks, and their implica-
tions for the future of the regions biodiversity, and former studies (i.e.
Ibisch et al., 2016) still class most of the region as “ undisturbed ” , with
extensive distances from road networks. This metric for “ intactness ” has
also been utiliz ed elsewhere (i.e. Newbold et al., 2016), thus such
changes must be accurately accounted for to assay both direct loss and
fragmentation, and to assess the vulnerability of regions in close
proximity to roads to other forms of exploitation (i.e. hunting).
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Que dit la recherche sur la biodiversité terrestre ?

[ 15 ] [ 3 7 ] . This implies that there might be a common mechanism across the F T phases, in
which a socio-economic factor might initially accelerate deforestation, but then encourage
reforestation. Such process could be a key to not only reduce deforestation but also enhance
forest recovery.

SE A sia used to experience the fastest rate of deforestation among the tropics especially
until the 19 9 0s[ 3 8 ] . Smallholders supported by recolonization programs by the state were con-
sidered the main driver of deforestation up to the 19 8 0s, but their role was replaced by private
enterprise agriculture until the 19 9 0s[ 3 9 ] . D eforestation continued during the 19 9 0s and 2000s
in the region but with a slower rate because of reversing trends in forest area in Thailand, the
P hilippines, and V iet N am ( F ig 1) [ 1] . D isplacement of deforestation to other countries
through timber imports played a big role to achieve forest recovery in V iet N am[ 3 4 ] [ 3 5 ] .
Expansion of oil-palm plantation has been one of the major causes of deforestation in I ndone-
sia and M alaysia during this period[ 3 9 ] [ 4 0] . I n M yanmar, commercial agricultural concession,
timber extraction and infrastructure development, underlain by international investment, civil
war and weak land tenure, were identified as the major drivers of deforestation[ 4 1] .

To elucidate the general process of F T in SE A sia, we employed 3 3 socio-economic factors
pertaining to proximate ( production of wood, food, wood and food aggregated, and export-
oriented food commodities) and underlying causes ( demographic, social, economic and envi-
ronmental factors, as well as land-use efficiency, and wood and food trade) of deforestation in
eight SE A sian countries at the national scale during 19 8 0– 2010. W e also examined the rela-
tionship between percentage forest area and these causative factors in 19 9 0 to understand the
conditions leading to forest scarcity. W e addressed three specific questions; 1) what are the
socio-economic conditions that lead a country to enter the forest scarcity pathway, 2) which
proximate and/ or underlying factors have the most significant impacts on forest area change,

Fig 1. Changes in percentage forest area of the eight SE Asian countries during 1980–2010.

https://doi.org/10.1371/journal.pone.0197391.g001

Factors affecting forest area change in SE Asia
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Animal movement is fundamental for ecosystem functioning and species survival, yet
the effects of the anthropogenic footprint on animal movements have not been estimated
across species. U sing a uniq ue G P S -tracking database of 8 0 3 individuals across
5 7 species, we found that movements of mammals in areas with a comparatively high
human footprint were on average one-half to one-third the extent of their movements in
areas with a low human footprint. We attribute this reduction to behavioral changes of
individual animals and to the exclusion of species with long-range movements from areas
with higher human impact. G lobal loss of vagility alters a key ecological trait of animals
that affects not only population persistence but also ecosystem processes such as
predator-prey interactions, nutrient cycling, and disease transmission.

W
ith approximately 50 to 70% of Earth’ s
land surface currently modified for hu-
man activities (1), patterns of biodiver-
sity and ecosystem functions worldwide
are changing (2). The expanding foot-

print of human activities not only is causing the
loss of habitat and biodiversity, but is also affect-
ing how animals move through fragmented and
disturbed habitats. The extent to which animal
movements are affected by anthropogenic effects
on the structure and composition of landscapes
and resource changes has been explored only in

local geographic regions or within single species.
Such studies typically report decreasing animal
movements—for example, as a result of habitat
fragmentation, barrier effects, or resource changes
(3–6)—with only a few studies reporting longer
movements as a result of habitat loss or altered
migration routes (7, 8).
We conducted a global comparative study of

how the human footprint affects movements of
terrestrial nonvolant mammals, using Global P o-
sitioning System (GP S) location data of 803 in-
dividuals from 57 mammal species (Fig. 1 and

table S2). Mean species mass ranged from 0.49
to 3940 kg and included herbivores, carnivores,
and omnivores (n = 28, 11, and 18 species, respec-
tively). For each individual, we annotated loca-
tions with the Human Footprint Index (HFI), an
index with a global extent that combines multiple
proxies of human influence: the extent of built
environments, crop land, pasture land, human
population density, nighttime lights, railways,
roads, and navigable waterways (9) (see supple-
mentary materials for details). The HFI ranges
from 0 (natural environments: e.g., the Brazilian
P antanal) to 50 (high-density built environments:
e.g., New Y ork City).
In addition to the human footprint, we included

other covariates that are known to influence
mammalianmovements. Because individualsmay
need to cover a larger area to gather sufficient
resources, mammals generally move farther in
environments with lower productivity (10). To
capture this effect, we annotated locations with
theNormalizedDifference V egetation Index (NDV I),
a well-established, satellite-derived measure of
resource abundance for both herbivores and car-
nivores (11). Because an allometric scaling rela-
tionship shows that animals of greater body size
usually move farther (12), and because diet may
influence movements as a result of differences in
foraging costs and availability of resource types
(13, 14), we annotated the database with species
averages for body size and dietary guild (i.e., car-
nivore, herbivore, or omnivore).
We then calculated displacements as the dis-

tance between subsequent GP S locations of each
individual at nine time scales (15) ranging from
1 hour to 10 days. For each individual at each
time scale, we calculated the 0.5 and 0.95 quan-
tile of displacement. The combination of different
time scales and quantile allowed us to examine
the effect of the human footprint on both the
median (0.5 quantile) and long-distance (0.95 quan-
tile) movements for within-day movements (e.g.,
1-hour time scale) up to longer time displace-
ments of more than 1 week (e.g., 10-day time
scale). We used linearmixed-effectsmodels that,
in addition to all covariates (i.e., NDV I, bodymass,
diet), also accounted for taxonomy and spatial
autocorrelation (see supplementarymaterials for
details).
We found strong negative effects of the human

footprint on median and long-distance displace-
ments of terrestrial mammals (Fig. 2, Fig. 3A , and
table S3). Displacements of individuals (across
species) living in areas of high footprint (HFI =
36) were shorter than displacements of individ-
uals living in areas of low footprint (HFI = 0) by as
much as a factor of 3. For example, median dis-
placements for carnivores over 10 days were 3.3 ±
1.4 km (SE) in areas of high footprint versus
6.9 ± 1.3 km in areas of low footprint (Fig. 2A
and table S3). Likewise, the maximum displace-
ment distances for carnivores at the 10-day scale
averaged 6.6 ± 1.4 km in areas of high footprint
versus 21.5 ± 1.4 km in areas of low footprint
(Fig. 2B and table S3). The effect was signifi-
cant on all temporal scales with 8 hours or more
between locations.
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Fi g . 1 . L o c a t i o n s f r o m t h e G P S t r a c k i n g d a t a b a s e a n d t h e H u m a n
Fo o t p r i n t I n d e x . (A) G PS relocations of 8 0 3 individuals across
5 7 species plotted on the global map of the H uman F ootprint Index (H F I)
spanning from 0 (low; yellow) to 5 0 (high; red). (B ) Examples of
landscapes under H F I = 2 (the Pantanal, B razil), H F I = 2 0 (B ernese
Alps, Switzerland), H F I = 3 0 (F reising, G ermany), and H F I = 4 2 (Albany,
New Y ork). (C) Species averages of 1 0 -day long-distance displacement
(0 .9 5 q uantile of individual displacements). Species (from top to
bottom): Mongolian wild ass (E q u u s h e m i o n u s h e m i o n u s ), Mongolian

gazelle (Pr o c a p r a g u t t u r o s a ), giraffe ( G i r a f f a c a m e l o p a r d a l i s ), wolverine
(G u l o g u l o ), muskox (O v i b o s m o s c h a t u s ), African forest elephant
(L o x o d o n t a a f r i c a n a c y c l o t i s ), African buffalo (S y n c e r u s c a f f e r ), wolf
(C a n i s l u p u s ), brown bear (U r s u s a r c t o s ), maned wolf (C h r y s o c y o n
b r a c h y u r u s ), coyote (C a n i s l a t r a n s ), leopard (Pa n t h e r a p a r d u s ),
wildcat ( F e l i s s i l v e s t r i s ), yellow baboon (Pa p i o c y n o c e p h a l u s ), tapir
(T a p i r u s t e r r e s t r i s ), roe deer (C a p r e o l u s c a p r e o l u s ), wild boar
(S u s s c r o f a ), European hare (L e p u s e u r o p a e u s ), brushtail possum
(T r i c h o s u r u s v u l p e c u l a ).

Fi g . 2 . M a m m a l i a n d i s p l a c e m e n t i n r e l a t i o n t o t h e H u m a n Fo o t p r i n t I n d e x . (A) Median displacements; ( B ) long-distance (0 .9 5 q uantile)
displacements. B oth displacements decline with increasing H F I at the 1 0 -day scale ( n = 4 8 species and 6 2 4 individuals). Plots include a
smoothing line from a locally weighted polynomial regression. An H F I value of 0 indicates areas of low human footprint; a value of 4 0 represents
areas of high human footprint.
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Animal movement is fundamental for ecosystem functioning and species survival, yet
the effects of the anthropogenic footprint on animal movements have not been estimated
across species. U sing a uniq ue G P S -tracking database of 8 0 3 individuals across
5 7 species, we found that movements of mammals in areas with a comparatively high
human footprint were on average one-half to one-third the extent of their movements in
areas with a low human footprint. We attribute this reduction to behavioral changes of
individual animals and to the exclusion of species with long-range movements from areas
with higher human impact. G lobal loss of vagility alters a key ecological trait of animals
that affects not only population persistence but also ecosystem processes such as
predator-prey interactions, nutrient cycling, and disease transmission.

W
ith approximately 50 to 70% of Earth’ s
land surface currently modified for hu-
man activities (1), patterns of biodiver-
sity and ecosystem functions worldwide
are changing (2). The expanding foot-

print of human activities not only is causing the
loss of habitat and biodiversity, but is also affect-
ing how animals move through fragmented and
disturbed habitats. The extent to which animal
movements are affected by anthropogenic effects
on the structure and composition of landscapes
and resource changes has been explored only in

local geographic regions or within single species.
Such studies typically report decreasing animal
movements—for example, as a result of habitat
fragmentation, barrier effects, or resource changes
(3–6)—with only a few studies reporting longer
movements as a result of habitat loss or altered
migration routes (7, 8).
We conducted a global comparative study of

how the human footprint affects movements of
terrestrial nonvolant mammals, using Global P o-
sitioning System (GP S) location data of 803 in-
dividuals from 57 mammal species (Fig. 1 and

table S2). Mean species mass ranged from 0.49
to 3940 kg and included herbivores, carnivores,
and omnivores (n = 28, 11, and 18 species, respec-
tively). For each individual, we annotated loca-
tions with the Human Footprint Index (HFI), an
index with a global extent that combines multiple
proxies of human influence: the extent of built
environments, crop land, pasture land, human
population density, nighttime lights, railways,
roads, and navigable waterways (9) (see supple-
mentary materials for details). The HFI ranges
from 0 (natural environments: e.g., the Brazilian
P antanal) to 50 (high-density built environments:
e.g., New Y ork City).
In addition to the human footprint, we included

other covariates that are known to influence
mammalianmovements. Because individualsmay
need to cover a larger area to gather sufficient
resources, mammals generally move farther in
environments with lower productivity (10). To
capture this effect, we annotated locations with
theNormalizedDifference V egetation Index (NDV I),
a well-established, satellite-derived measure of
resource abundance for both herbivores and car-
nivores (11). Because an allometric scaling rela-
tionship shows that animals of greater body size
usually move farther (12), and because diet may
influence movements as a result of differences in
foraging costs and availability of resource types
(13, 14), we annotated the database with species
averages for body size and dietary guild (i.e., car-
nivore, herbivore, or omnivore).
We then calculated displacements as the dis-

tance between subsequent GP S locations of each
individual at nine time scales (15) ranging from
1 hour to 10 days. For each individual at each
time scale, we calculated the 0.5 and 0.95 quan-
tile of displacement. The combination of different
time scales and quantile allowed us to examine
the effect of the human footprint on both the
median (0.5 quantile) and long-distance (0.95 quan-
tile) movements for within-day movements (e.g.,
1-hour time scale) up to longer time displace-
ments of more than 1 week (e.g., 10-day time
scale). We used linearmixed-effectsmodels that,
in addition to all covariates (i.e., NDV I, bodymass,
diet), also accounted for taxonomy and spatial
autocorrelation (see supplementarymaterials for
details).
We found strong negative effects of the human

footprint on median and long-distance displace-
ments of terrestrial mammals (Fig. 2, Fig. 3A , and
table S3). Displacements of individuals (across
species) living in areas of high footprint (HFI =
36) were shorter than displacements of individ-
uals living in areas of low footprint (HFI = 0) by as
much as a factor of 3. For example, median dis-
placements for carnivores over 10 days were 3.3 ±
1.4 km (SE) in areas of high footprint versus
6.9 ± 1.3 km in areas of low footprint (Fig. 2A
and table S3). Likewise, the maximum displace-
ment distances for carnivores at the 10-day scale
averaged 6.6 ± 1.4 km in areas of high footprint
versus 21.5 ± 1.4 km in areas of low footprint
(Fig. 2B and table S3). The effect was signifi-
cant on all temporal scales with 8 hours or more
between locations.
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erant species to outcompete human-sen-

sitive ones. Additionally, lethal activities 

may drive rapid evolutionary changes in 

seed size through the functional extinction 

of large seed dispersers in tropical forests 

(9), with concomitant shifts in ecosystem 

composition and structure. Finally, there 

is growing evidence of microevolutionary 

changes associated with adaptive responses 

to urban environments, including changes 

in bird song frequency (in response to an-

thropogenic noise) and increased sedentari-

ness in urban blackbirds (10).

Wildlife responses are not limited to spa-

tial or temporal avoidance of human dis-

turbance. Although not included in their 

analysis, Gaynor et al. highlight other behav-

ioral adjustments to cope with human activi-

ties, including an increase in vigilance rates 

and reduction in foraging activity, which 

may be detrimental for individual condition 

and reproductive success. However, there are 

many other responses that organisms use to 

cope with increased disturbance. Indeed, 

some animals may not display any visible be-

havioral adjustment in response to humans, 

giving the impression that human distur-

bance has no remarkable effect in this spe-

cies. Yet, at the physiological level, animals 

may increase the heart rate and the rate of 

glucocorticoid production (a physiological 

indicator of stress in wildlife) through the 

activation of stress responses (11, 12). The 

short-term release of glucocorticoids is an 

adaptive response that redirects energy 

from nonvital activities toward survival, 

but prolonged exposure to stressors and the 

cumulative effects of maintaining elevated 

glucocorticoid levels may impair immune 

and reproduction functions (13). Eventually, 

long-term disturbances may result in lower 

fitness, lower juvenile survival, or lower re-

production rates (14), with negative conse-

quences at population level. 

Given the continuing increase of the global 

human footprint (1), Gaynor et al.’s study 

is timely and of paramount importance for 

understanding the influence that humans 

may have on the behavior of diurnal, twi-

light-active, and nocturnal wildlife. Similar 

studies are needed to assemble the multiple 

responses to human disturbance of nonmam-

malian taxa. It is also important to keep in 

mind that the modulation of activity patterns 

is just one of the multiple responses of wild-

life to anthropogenic activities. Holistic ap-

proaches that take into account behavioral, 

physiological, population, and evolution-

ary responses to human disturbance across 

taxa are urgently needed to fully understand 

the consequences of human encroachment 

for the persistence of wildlife populations. 

This knowledge will be crucial to develop 

new tools in conservation planning that ad-

dress temporal human-wildlife interactions, 

similar to the way in which spatial ecology is 

currently incorporated for land planning or 

spatial conservation prioritization. j
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Facing 
your fears
Activation of remote 
fear memory promotes 
fear attenuation

By Paul W. Frankland and 

Sheena A. Josselyn

R
emembering traumatic fearful events 

is adaptive. However, treating no-lon-

ger-threatening situations as danger-

ous may be maladaptive and lead to 

anxiety disorders, including phobias 

and posttraumatic stress disorder. 

Central to many forms of therapy designed 

to tackle these anxiety disorders is the idea 

that to overcome fear, one needs to face it. 

For instance, cognitive behavioral therapy 

and exposure therapy allow patients to con-

front the objects or situations that provoke 

their anxiety in the controlled environment 

of the therapist’s office. With repeated ex-

posures, the patients’ anxiety levels gradu-

ally decline, and the objects or situations 

that they once feared no longer trouble 

them. On page 1239 of this issue Khalaf et 

al. (1) provide a neural mechanism in mice 

for “facing one’s fears.” These findings may 

inform the development of more effective 

forms of treatment for anxiety disorders.

The therapeutic strategy of facing your 

fear has its roots in Ivan Pavlov’s studies 

of classical fear conditioning in dogs. In 

his experiments, Pavlov paired an other-

wise innocuous stimulus (such as a buzzer) 

with an aversive stimulus (such as an elec-

tric shock). Subsequent presentation of the 

buzzer (the now-conditioned stimulus), by 

virtue of its association with the electric 

shock (the unconditioned stimulus), evoked 

fearlike behaviors (conditioned responses) 

in the dogs. However, similar to patients in 

therapy, repeated presentations of the con-

ditioned stimulus alone (in the absence of 

the unconditioned stimulus) eventually led 

to a decline in conditioned fearful respond-

ing (called behavioral extinction) (2). 

Khalaf et al. provide fundamental in-

sights into the neural mechanisms un-

derlying behavioral extinction in mice. 

During memory formation, populations of 

neurons (neuronal ensembles) become co-
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Human disturbance shifts animal activity into the night
Animals that are active during the day in areas with low human disturbance (left) change their activity patterns 
in areas with high human disturbance (right). Instead of a broad distribution of activity throughout the day, 
their activity peaks in the early morning and again in the early evening.
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A
bout 75% of Earth’s land surface is 

currently modified by human activi-

ties (1). The expanding footprint of 

human activities is not only causing 

the loss of habitat and biodiversity 

but also affecting the dynamics of 

wildlife populations. Researchers have long 

examined human-induced spatial shifts 

in the distribution of wildlife, but tempo-

ral adjustments in animal activity have 

received less attention. On page 1232 of 

this issue, Gaynor et al. (2) present a com-

prehensive meta-analysis to quantify the 

increase in wildlife nocturnality due to hu-

man disturbance.

About 50 years ago, Walther suggested 

that animals perceive human disturbance 

similarly to predation risk (3). According to 

this risk-disturbance hypothesis, animal re-

sponses to predation risk and anthropogenic 

disturbance stimuli create similar trade-offs 

between avoiding perceived risk and pursu-

ing other fitness-enhancing activities, in-

cluding feeding, parental care, or mating 

displays (4). Although these responses allow 

human-wildlife coexistence, they may have 

important effects on animal fitness through 

indirect effects on survival and reproduction. 

Humans, as day-active (diurnal) apex “su-

perpredators” (5), instill fear in other wild-

life like no other predatory species. Animals 

usually respond by reducing movement 

rates (6) and spatially avoiding anthropo-

genic activities (7). However, as wilderness 

areas disappear, there is little opportunity 

for animals to spatially avoid humans. In 

highly disturbed areas, animals may sub-

stitute spatial refuges by temporal refuges, 

with animals shifting daytime activities to 

the twilight or night hours (see the figure). 

Such temporal partitioning is a common 

response in animal communities that al-

lows coexistence between competitive spe-

cies and shapes predator-prey dynamics. 

However, until recently, the effect of human 

disturbance on animal temporal activities 

has been difficult to assess, particularly in 

secretive wildlife. 

In recent decades, the advent of tech-

nologies, such as satellite and global posi-

tioning system (GPS) telemetry or camera 

traps, has made it possible to monitor wild-

life activity more accurately. Gaynor et al. 

have now collated data from 76 studies of 

62 mammal species from different locations 

across the world and have quantified the ef-

fects of several forms of human disturbance 

on wildlife. They conclude that nocturnality 

is a universal behavioral adaptation of wild-

life in response to humans. 

In their analysis, the authors compared 

activity patterns of mammals in areas with 

high and low human disturbance. They re-

port that mammals increased their noctur-

nality by a factor of 1.36 across continents, 

habitats, taxa, and human activities. This 

means an increase of ~20% in nocturnality 

on average. Furthermore, out of 141 identi-

fied mammal responses to human distur-

bance, 83% corresponded to an increase 

in nocturnality; larger mammals exhibited 

a slightly stronger response than smaller 

mammals, either because they are more 

likely to be hunted (8) or as a result of an 

increased chance of human encounter. Le-

thal (hunting) and nonlethal activities had 

comparable effects on mammal activity, 

supporting Walther’s seminal idea on the 

similarity in animal perception of predation 

risk and human disturbance (3, 4). 

The consequences of human-altered pat-

terns in the activity of wildlife are manifold 

and are not necessarily limited to the dis-

turbed species or population. The dimin-

ished ability of apex predators to hunt at 

night may impair their role as top-down 

regulators, and predator-prey interactions 

may change drastically, whereas prey spe-

cies that become more nocturnal to avoid 

humans may be more susceptible to preda-

tion by nocturnal predators. Further, hu-

man impacts may constrain the temporal 

partitioning of carnivores exploiting the 

same prey communities, thus altering com-

petitive dynamics among carnivores by in-

creasing temporal overlap while hunting. 

Human-altered interspecific competition 

dynamics may in turn enable human-tol-
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boundaries (4, 5, 12); in addition, the au-

thors extensively smoothed the data for 

methodological reasons. The HCP dataset 

is well suited for further exploration be-

cause it was aligned using areal features 

rather than only cortical folding (5, 13) and 

it also includes a 180-area-per-hemisphere 

multimodal cortical parcellation that has 

been accurately delineated in individuals 

and as a group average (5). This should 

enable analysis of scaling relationships 

determined for each cortical parcel, which 

would circumvent the confounds of imper-

fect intersubject registration. 

Another issue is the possible relationship 

between the size of different brain regions 

and behavior. Reardon et al. found that the 

intelligence quotient (IQ) significantly corre-

lates with overall cortical surface area (higher 

IQ is observed in individuals with more cor-

tex, after factoring out age and sex). Others 

have reported that variability in “functional 

connectivity” in individuals at rest appears 

to be greatest in regions of higher cognitive 

function, including those associated with 

personality, intelligence, visual perception, 

and memory performance (14). Intersubject 

variations in behavior and lifestyle that are 

predictable from functional connectivity may 

largely reflect individual differences in the 

spatial arrangement of functional regions, 

  perhaps including their size, particularly in 

regions of higher cognitive function (15).

Questions of how areal scaling emerges 

during brain development and maturation 

are also intriguing to consider. Are areal-

scaling differences driven by genetic factors 

and/or influenced by environmental factors? 

Do regions that are larger in some individu-

als have a greater number of neurons and/or 

a larger fraction of neuropil (dendritic, axo-

nal, synaptic, and glial arborizations)? These 

questions are amenable to analysis through 

large-scale human neuroimaging projects 

combined with advances in postmortem and 

in vivo anatomical methods. j
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increase in wildlife nocturnality due to hu-
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About 50 years ago, Walther suggested 
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disturbance stimuli create similar trade-offs 

between avoiding perceived risk and pursu-

ing other fitness-enhancing activities, in-

cluding feeding, parental care, or mating 

displays (4). Although these responses allow 
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important effects on animal fitness through 
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perpredators” (5), instill fear in other wild-

life like no other predatory species. Animals 

usually respond by reducing movement 

rates (6) and spatially avoiding anthropo-

genic activities (7). However, as wilderness 

areas disappear, there is little opportunity 

for animals to spatially avoid humans. In 

highly disturbed areas, animals may sub-

stitute spatial refuges by temporal refuges, 

with animals shifting daytime activities to 

the twilight or night hours (see the figure). 

Such temporal partitioning is a common 

response in animal communities that al-

lows coexistence between competitive spe-

cies and shapes predator-prey dynamics. 

However, until recently, the effect of human 

disturbance on animal temporal activities 

has been difficult to assess, particularly in 

secretive wildlife. 

In recent decades, the advent of tech-

nologies, such as satellite and global posi-

tioning system (GPS) telemetry or camera 

traps, has made it possible to monitor wild-

life activity more accurately. Gaynor et al. 

have now collated data from 76 studies of 

62 mammal species from different locations 

across the world and have quantified the ef-

fects of several forms of human disturbance 

on wildlife. They conclude that nocturnality 

is a universal behavioral adaptation of wild-

life in response to humans. 

In their analysis, the authors compared 

activity patterns of mammals in areas with 

high and low human disturbance. They re-

port that mammals increased their noctur-

nality by a factor of 1.36 across continents, 

habitats, taxa, and human activities. This 

means an increase of ~20% in nocturnality 

on average. Furthermore, out of 141 identi-

fied mammal responses to human distur-

bance, 83% corresponded to an increase 

in nocturnality; larger mammals exhibited 

a slightly stronger response than smaller 

mammals, either because they are more 

likely to be hunted (8) or as a result of an 

increased chance of human encounter. Le-

thal (hunting) and nonlethal activities had 

comparable effects on mammal activity, 

supporting Walther’s seminal idea on the 

similarity in animal perception of predation 

risk and human disturbance (3, 4). 

The consequences of human-altered pat-

terns in the activity of wildlife are manifold 

and are not necessarily limited to the dis-

turbed species or population. The dimin-

ished ability of apex predators to hunt at 

night may impair their role as top-down 

regulators, and predator-prey interactions 

may change drastically, whereas prey spe-

cies that become more nocturnal to avoid 

humans may be more susceptible to preda-

tion by nocturnal predators. Further, hu-

man impacts may constrain the temporal 

partitioning of carnivores exploiting the 

same prey communities, thus altering com-

petitive dynamics among carnivores by in-

creasing temporal overlap while hunting. 

Human-altered interspecific competition 

dynamics may in turn enable human-tol-
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cause it was aligned using areal features 

rather than only cortical folding (5, 13) and 

it also includes a 180-area-per-hemisphere 

multimodal cortical parcellation that has 

been accurately delineated in individuals 

and as a group average (5). This should 

enable analysis of scaling relationships 

determined for each cortical parcel, which 

would circumvent the confounds of imper-

fect intersubject registration. 
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between the size of different brain regions 

and behavior. Reardon et al. found that the 

intelligence quotient (IQ) significantly corre-

lates with overall cortical surface area (higher 
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and memory performance (14). Intersubject 

variations in behavior and lifestyle that are 
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spatial arrangement of functional regions, 

  perhaps including their size, particularly in 

regions of higher cognitive function (15).
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during brain development and maturation 
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and/or influenced by environmental factors? 

Do regions that are larger in some individu-

als have a greater number of neurons and/or 
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questions are amenable to analysis through 
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in vivo anatomical methods. j
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erant species to outcompete human-sen-

sitive ones. Additionally, lethal activities 

may drive rapid evolutionary changes in 

seed size through the functional extinction 

of large seed dispersers in tropical forests 

(9), with concomitant shifts in ecosystem 

composition and structure. Finally, there 

is growing evidence of microevolutionary 

changes associated with adaptive responses 

to urban environments, including changes 

in bird song frequency (in response to an-

thropogenic noise) and increased sedentari-

ness in urban blackbirds (10).

Wildlife responses are not limited to spa-

tial or temporal avoidance of human dis-

turbance. Although not included in their 

analysis, Gaynor et al. highlight other behav-

ioral adjustments to cope with human activi-

ties, including an increase in vigilance rates 

and reduction in foraging activity, which 

may be detrimental for individual condition 

and reproductive success. However, there are 

many other responses that organisms use to 

cope with increased disturbance. Indeed, 

some animals may not display any visible be-

havioral adjustment in response to humans, 

giving the impression that human distur-

bance has no remarkable effect in this spe-

cies. Yet, at the physiological level, animals 

may increase the heart rate and the rate of 

glucocorticoid production (a physiological 

indicator of stress in wildlife) through the 

activation of stress responses (11, 12). The 

short-term release of glucocorticoids is an 

adaptive response that redirects energy 

from nonvital activities toward survival, 

but prolonged exposure to stressors and the 

cumulative effects of maintaining elevated 

glucocorticoid levels may impair immune 

and reproduction functions (13). Eventually, 

long-term disturbances may result in lower 

fitness, lower juvenile survival, or lower re-

production rates (14), with negative conse-

quences at population level. 

Given the continuing increase of the global 

human footprint (1), Gaynor et al.’s study 

is timely and of paramount importance for 

understanding the influence that humans 

may have on the behavior of diurnal, twi-

light-active, and nocturnal wildlife. Similar 

studies are needed to assemble the multiple 

responses to human disturbance of nonmam-

malian taxa. It is also important to keep in 

mind that the modulation of activity patterns 

is just one of the multiple responses of wild-

life to anthropogenic activities. Holistic ap-

proaches that take into account behavioral, 

physiological, population, and evolution-

ary responses to human disturbance across 

taxa are urgently needed to fully understand 

the consequences of human encroachment 

for the persistence of wildlife populations. 

This knowledge will be crucial to develop 

new tools in conservation planning that ad-

dress temporal human-wildlife interactions, 

similar to the way in which spatial ecology is 

currently incorporated for land planning or 

spatial conservation prioritization. j
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Facing 
your fears
Activation of remote 
fear memory promotes 
fear attenuation

By Paul W. Frankland and 

Sheena A. Josselyn

R
emembering traumatic fearful events 

is adaptive. However, treating no-lon-

ger-threatening situations as danger-

ous may be maladaptive and lead to 

anxiety disorders, including phobias 

and posttraumatic stress disorder. 

Central to many forms of therapy designed 

to tackle these anxiety disorders is the idea 

that to overcome fear, one needs to face it. 

For instance, cognitive behavioral therapy 

and exposure therapy allow patients to con-

front the objects or situations that provoke 

their anxiety in the controlled environment 

of the therapist’s office. With repeated ex-

posures, the patients’ anxiety levels gradu-

ally decline, and the objects or situations 

that they once feared no longer trouble 

them. On page 1239 of this issue Khalaf et 

al. (1) provide a neural mechanism in mice 

for “facing one’s fears.” These findings may 

inform the development of more effective 

forms of treatment for anxiety disorders.

The therapeutic strategy of facing your 

fear has its roots in Ivan Pavlov’s studies 

of classical fear conditioning in dogs. In 

his experiments, Pavlov paired an other-

wise innocuous stimulus (such as a buzzer) 

with an aversive stimulus (such as an elec-

tric shock). Subsequent presentation of the 

buzzer (the now-conditioned stimulus), by 

virtue of its association with the electric 

shock (the unconditioned stimulus), evoked 

fearlike behaviors (conditioned responses) 

in the dogs. However, similar to patients in 

therapy, repeated presentations of the con-

ditioned stimulus alone (in the absence of 

the unconditioned stimulus) eventually led 

to a decline in conditioned fearful respond-

ing (called behavioral extinction) (2). 

Khalaf et al. provide fundamental in-

sights into the neural mechanisms un-

derlying behavioral extinction in mice. 

During memory formation, populations of 

neurons (neuronal ensembles) become co-
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Human disturbance shifts animal activity into the night
Animals that are active during the day in areas with low human disturbance (left) change their activity patterns 
in areas with high human disturbance (right). Instead of a broad distribution of activity throughout the day, 
their activity peaks in the early morning and again in the early evening.
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H U M AN I M P ACTS

T he influence of human disturb ance
on w ildlife nocturnality
K a i t l y n M . G a y n or 1 * , C h e r y l E . H oj n ow s k i 1 , N e i l H . C a r t e r 2, J u s t i n S . B r a s h a r e s 1

R apid expansion of human activity has driven well-documented shifts in the spatial
distribution of wildlife, but the cumulative effect of human disturbance on the temporal
dynamics of animals has not been q uantified. We examined anthropogenic effects on
mammal diel activity patterns, conducting a meta-analysis of 7 6 studies of 6 2 species
from six continents. O ur global study revealed a strong effect of humans on daily patterns
of wildlife activity. Animals increased their nocturnality by an average factor of 1 .3 6 in
response to human disturbance. T his finding was consistent across continents, habitats,
taxa, and human activities. As the global human footprint expands, temporal avoidance
of humans may facilitate human-wildlife coexistence. H owever, such responses can result
in marked shifts away from natural patterns of activity, with conseq uences for fitness,
population persistence, community interactions, and evolution.

T
he global expansion of human activity has
had profound consequences for wildlife.
R esearch has documented the effects of
habitat destruction and defaunation on
species and ecosystems (1), but the indirect

or nonlethal pathways through which humans
alter the naturalworld have largely eluded quan-
tification.Human presence can instill strong fear
in wild animals, which may adjust their activity
to avoid contact with humans (2). A s in natural
predator-prey systems, such risk avoidance can
have important nonlethal effects on animal phys-
iology and fitness, affecting demography and
triggering trophic cascades (3).
The study of fear effects on animals has fo-

cused mainly on spatial avoidance, propelled by
rapid advances inwildlife tracking, remote sens-
ing, and computationalmethods (2, 4). However,
as the human footprint expands (5), fewer areas
are available for animals to seek spatial refuge
from people. In places where wild animals co-
occur with humans, animals mayminimize risk

by separating themselves in time rather than in
space (6). Temporal partitioning is a common,
even intrinsic, feature of ecological communities,
shaping spatiotemporal patterns of predation
and competition (6–8). Here we show that hu-
mans, as a diurnal apex “super predator” (9), are
driving increases in nocturnal activity across di-
verse mammalian taxa.
To quantify temporal shifts in wildlife activ-

ity in response to humans, we conducted ameta-
analysis of published literature on the activity of
mammals across gradients of humandisturbance.
O ur dataset included 141 effect sizes for 62mam-
mal species, representing 21 families and nine
orders, and spanned six continents (Fig. 1A ). We
restricted our analysis to medium- and large-
bodied mammals [> 1 kg in body size (10)] be-
cause of their large space needs, potential for
conflict with humans, and high levels of behav-
ioral plasticity and because data on their 24-hour
activity patterns were widely available. Within
each study, we compared animal nocturnality

under conditions of low and high human distur-
bance. We classified areas, time periods, or indi-
vidual animals as being associated with low or
high disturbance on the basis of categorical de-
scriptions of the study system or binned distance
or elapsed time from an anthropogenic distur-
bance (tables S1 and S3).
For each species in each study, we calculated

the risk ratio (R R ) as ameasure of effect size.We
compared the percentage of activity that occurred
at night (as measured by motion-activated cam-
eras, telemetry devices, and direct observation)
at sites or during seasons of high human distur-
bance (X h) with nighttime activity under low dis-
turbance (X l), with R R = ln(X h/ X l). A positive R R
indicated a relatively greater degree of noctur-
nality in response to humans, and a negative R R
indicated reduced nocturnality. We used meta-
analytical random-effectsmodels to estimate the
overall effect of human disturbance on noctur-
nality and to compare responses across types of
human disturbance, species traits, habitats, con-
tinents, and studymethods.We also usedmulti-
variatemodels to explore the relative importance
of these factors with an information-theoretic
approach.
O ur analysis revealed a marked increase in

nocturnal activity. O verall, mammal nocturnal-
ity increased by a factor of 1.36 [95% confidence
interval (CI), 1.23 to 1.51] in areas or time periods
of high human disturbance relative to noctur-
nality under low-disturbance conditions. For ex-
ample, an animal that typically split its activity
evenly between the day andnightwould increase
its proportion of nocturnal activity to 68% of total
activity near humandisturbance. O f the 141 effect
sizes, 83% corresponded to an increase in noctur-
nality in response to humans (Fig. 1B). This finding

RESEARCH

Gaynor et al., Science 360 , 1232–1235 (2018) 15 J une 2018 1 of 4

Fi g . 1 . M a m m a l s b e c o m e m o r e n o c t u r n a l t o a v o i d h u m a n s t h r o u g h o u t
t h e w o r l d . (A) Map illustrating the locations of the 7 6 studies included in the
meta-analysis. (B ) Paired measures of nocturnality (percentage of activity
that occurs in the night) in areas of high human disturbance (X h) and

low human disturbance (X l), displayed for each species in each study
(n = 1 4 1 effect sizes, ordered from high to low X l). The relative change in
nocturnality in response to human disturbance was used to calculate
the effect size (RR) for the meta-analysis, where RR = ln(X h/ X l).
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Que dit la recherche sur la biodiversité terrestre ?
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By Kevin J. Gaston

A
mong the most visually compelling 

images of the whole Earth have been 

those created using data obtained 

at night by astronauts or from sat-

ellites. The proliferation in use of 

electric lighting—including from 

industrial, commercial, municipal, and do-

mestic sources—is striking. It sketches the 

spatial distribution of much of the human 

population, outlining a substantial propor-

tion of the world’s coastline, highlighting a 

multitude of towns and cities, and drawing 

the major highways that connect them. The 

data embodied in these nighttime images 

have been used to estimate and map levels 

of energy use, urbanization, and economic 

activity. They have also been key in focus-

ing attention on the environmental impacts 

of the artificial light at night itself. Explicit 

steps need to be taken to limit these im-

pacts, which vary according to the intensity, 

spectrum, spatial extent, and temporal dy-

namics of this lighting.

FROM DIRECT LIGHT TO SKYGLOW

Artificial light at night can usefully be 

thought of as having two linked components. 

The first component—direct emissions from 

outdoor lighting sources, which include 

streetlights, building and infrastructure 

lighting, and road vehicle headlamps—is spa-

tially extremely heterogeneous. Ground-level 

illuminance in the immediate vicinity can 

vary from less than 10 lux (lx) to more than 

100 lx (for context, a full moon on a clear 

night has an illuminance of up to 0.1 lx). It 

often declines rapidly over distances of a few 

meters. However, emissions from unshielded 

lights can, when unobstructed, carry horizon-

tally over many kilometers, making artificial 

light at night both an urban and a rural issue. 

The second component of artificial light at 

night is skyglow, the brightening of the night-

time sky caused mainly by upwardly emitted 

and reflected artificial light that is scattered 

in the atmosphere by water, dust, and gas 

molecules. Although absolute illuminance 

levels are at most about 0.2 to 0.5 lx, much 

lower than those from direct emissions, these 

are often sufficiently high to obscure the 

Milky Way, which is used for orientation by 

some organisms. In many urban areas, sky-

glow even obscures lunar light cycles, which 

are used by many organisms as cues for bio-

logical activity.

CONSERVATION

Lighting up the nighttime
Artificial light at night needs to be reduced to limit 
negative environmental impacts
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Animals feel safer from 
humans in the dark
Mammals shift their activities to twilight and night 
hours in response to human disturbance

By Ana Benítez-López

A
bout 75% of Earth’s land surface is 

currently modified by human activi-

ties (1). The expanding footprint of 

human activities is not only causing 

the loss of habitat and biodiversity 

but also affecting the dynamics of 

wildlife populations. Researchers have long 

examined human-induced spatial shifts 

in the distribution of wildlife, but tempo-

ral adjustments in animal activity have 

received less attention. On page 1232 of 

this issue, Gaynor et al. (2) present a com-

prehensive meta-analysis to quantify the 

increase in wildlife nocturnality due to hu-

man disturbance.

About 50 years ago, Walther suggested 

that animals perceive human disturbance 

similarly to predation risk (3). According to 

this risk-disturbance hypothesis, animal re-

sponses to predation risk and anthropogenic 

disturbance stimuli create similar trade-offs 

between avoiding perceived risk and pursu-

ing other fitness-enhancing activities, in-

cluding feeding, parental care, or mating 

displays (4). Although these responses allow 

human-wildlife coexistence, they may have 

important effects on animal fitness through 

indirect effects on survival and reproduction. 

Humans, as day-active (diurnal) apex “su-

perpredators” (5), instill fear in other wild-

life like no other predatory species. Animals 

usually respond by reducing movement 

rates (6) and spatially avoiding anthropo-

genic activities (7). However, as wilderness 

areas disappear, there is little opportunity 

for animals to spatially avoid humans. In 

highly disturbed areas, animals may sub-

stitute spatial refuges by temporal refuges, 

with animals shifting daytime activities to 

the twilight or night hours (see the figure). 

Such temporal partitioning is a common 

response in animal communities that al-

lows coexistence between competitive spe-

cies and shapes predator-prey dynamics. 

However, until recently, the effect of human 

disturbance on animal temporal activities 

has been difficult to assess, particularly in 

secretive wildlife. 

In recent decades, the advent of tech-

nologies, such as satellite and global posi-

tioning system (GPS) telemetry or camera 

traps, has made it possible to monitor wild-

life activity more accurately. Gaynor et al. 

have now collated data from 76 studies of 

62 mammal species from different locations 

across the world and have quantified the ef-

fects of several forms of human disturbance 

on wildlife. They conclude that nocturnality 

is a universal behavioral adaptation of wild-

life in response to humans. 

In their analysis, the authors compared 

activity patterns of mammals in areas with 

high and low human disturbance. They re-

port that mammals increased their noctur-

nality by a factor of 1.36 across continents, 

habitats, taxa, and human activities. This 

means an increase of ~20% in nocturnality 

on average. Furthermore, out of 141 identi-

fied mammal responses to human distur-

bance, 83% corresponded to an increase 

in nocturnality; larger mammals exhibited 

a slightly stronger response than smaller 

mammals, either because they are more 

likely to be hunted (8) or as a result of an 

increased chance of human encounter. Le-

thal (hunting) and nonlethal activities had 

comparable effects on mammal activity, 

supporting Walther’s seminal idea on the 

similarity in animal perception of predation 

risk and human disturbance (3, 4). 

The consequences of human-altered pat-

terns in the activity of wildlife are manifold 

and are not necessarily limited to the dis-

turbed species or population. The dimin-

ished ability of apex predators to hunt at 

night may impair their role as top-down 

regulators, and predator-prey interactions 

may change drastically, whereas prey spe-

cies that become more nocturnal to avoid 

humans may be more susceptible to preda-

tion by nocturnal predators. Further, hu-

man impacts may constrain the temporal 

partitioning of carnivores exploiting the 

same prey communities, thus altering com-

petitive dynamics among carnivores by in-

creasing temporal overlap while hunting. 

Human-altered interspecific competition 

dynamics may in turn enable human-tol-

Department of Environmental Science, Institute for Water and 
Wetland Research, Radboud University, 6525 HP Nijmegen, 
Netherlands. Email: a.benitez@science.ru.nl

boundaries (4, 5, 12); in addition, the au-

thors extensively smoothed the data for 

methodological reasons. The HCP dataset 

is well suited for further exploration be-

cause it was aligned using areal features 

rather than only cortical folding (5, 13) and 

it also includes a 180-area-per-hemisphere 

multimodal cortical parcellation that has 

been accurately delineated in individuals 

and as a group average (5). This should 

enable analysis of scaling relationships 

determined for each cortical parcel, which 

would circumvent the confounds of imper-

fect intersubject registration. 

Another issue is the possible relationship 

between the size of different brain regions 

and behavior. Reardon et al. found that the 

intelligence quotient (IQ) significantly corre-

lates with overall cortical surface area (higher 

IQ is observed in individuals with more cor-

tex, after factoring out age and sex). Others 

have reported that variability in “functional 

connectivity” in individuals at rest appears 

to be greatest in regions of higher cognitive 

function, including those associated with 

personality, intelligence, visual perception, 

and memory performance (14). Intersubject 

variations in behavior and lifestyle that are 

predictable from functional connectivity may 

largely reflect individual differences in the 

spatial arrangement of functional regions, 

  perhaps including their size, particularly in 

regions of higher cognitive function (15).

Questions of how areal scaling emerges 

during brain development and maturation 

are also intriguing to consider. Are areal-

scaling differences driven by genetic factors 

and/or influenced by environmental factors? 

Do regions that are larger in some individu-

als have a greater number of neurons and/or 

a larger fraction of neuropil (dendritic, axo-

nal, synaptic, and glial arborizations)? These 

questions are amenable to analysis through 

large-scale human neuroimaging projects 

combined with advances in postmortem and 

in vivo anatomical methods. j
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In the laboratory, organismal responses, 

such as suppression of melatonin levels and 

changes to behavioral activity patterns, gener-

ally increase with greater intensities of artifi-

cial light at night. It is challenging to establish 

the form of such functional relationships in 

the field, but experiments and observations 

have shown that commonplace levels of artifi-

cial light at night influence a wide range of bi-

ological phenomena across a wide diversity of 

taxa, including individual physiology and be-

havior, species abundances and distributions, 

community structure and dynamics, and eco-

system function and process (1). Exposure to 

even dim nighttime lighting (below 1 lx) can 

drastically change activity patterns of both 

naturally day-active and night-active species. 

These effects can be exacerbated by trophic 

interactions, such that the abundances of spe-

cies whose activity is not directly altered may 

nonetheless be severely affected under low 

levels of nighttime lighting (2).

SHIFTING SPECTRA

Globally, the prevailing technology of out-

door lighting is undergoing a marked shift 

to light-emitting diodes (LEDs). Although 

LEDs can be used to produce a wide di-

versity of emission spectra, the main trend 

has been for narrower-spectrum street 

lighting with lower (“warmer”) correlated 

color temperature (CCT) to be replaced by 

broader-spectrum LED lamps with higher 

(“cool white”) CCT. This lighting provides 

improved color rendering, more faithfully 

revealing colors as seen under sunlight, 

but also tends to exacerbate skyglow unless 

accompanied by dimming and improved 

shielding (3). Biological responses to light 

are almost invariably spectrum-dependent, 

and broadening the spectrum of emissions 

increases the likelihood of their overlapping 

with these patterns of sensitivity, often in-

creasing the biological impact. 

Of particular concern is the growth in 

emissions of blue wavelengths, to which 

melatonin suppression is disproportionately 

sensitive. Multiple cascading processes can 

include stress responses, disease risk, and 

likelihood of obesity. Medical organizations 

have advised that poorly designed high-

intensity and high-CCT street lighting should 

be avoided to minimize potential harm to 

human sleep patterns, sleep quality, and cir-

cadian rhythms (4). Studies have also raised 

concerns that greater exposure to artificial 

light at night increases some cancer risks (5). 

However, it is difficult to isolate effects of out-

door lighting from those of indoor lighting 

(including the trespass of outdoor lighting 

indoors) and to adequately control for other 

risk factors to human health. Concerted ef-

fort needs to be invested in assessing the 

existing evidence for such impacts both in 

principle and practice, and to find improved 

methods for measuring these impacts.

SPATIAL PATTERNS

The global importance of the impacts of ar-

tificial light at night rests in large part on its 

spatial extent. The direct footprint of light 

emissions is hard to estimate, being heavily 

dependent on the spatial resolution of avail-

able data. According to the best estimates, 

this extent is increasing at about 2% per year, 

with growth in the intensity of lighting from 

already lit areas occurring at a similar rate 

(6). The reduced operational costs of using 

LED lamps seem to have encouraged the in-

stallation of yet more lighting, rather than 

savings on preexisting lighting needs.

Conservatively, the overall coverage by 

skyglow is now nearly one-fourth of global 

land area, with 83% of the human popu-

lation estimated to be living under light-

polluted skies (7). Skyglow can extend 

hundreds of kilometers from urban sources, 

changing the nighttime environment in 

places that may be protected from many 

other anthropogenic pressures. Yet those 

persons responsible for these distant effects 

rarely recognize their role in creating them, 

nor are they held accountable.

Understanding of landscape-scale impacts 

of artificial light at night is in its infancy. 

Nonetheless, there is evidence that the attrac-

tion of nighttime-migrating birds to artificial 

light sources has strong negative impacts on 

their routes, their stopover habitat selection, 

and likely their energetics (8, 9). Artificial 

light at night is also suspected to have played 

a role in catastrophic region-wide declines 

in insect populations. Although categori-

cal evidence remains wanting, those species 

of moths that would seem most vulnerable, 

such as those attracted to lights  or that are 

night-active, have been shown to have experi-

enced the greatest losses (10).

CHANGING NIGHTTIME LIGHT PATTERNS

Artificial lighting truncates the duration 

of darkness attained in lit areas. Stationary 

and mobile (e.g., vehicle headlamp) sources 

tend to be switched on around the onset of 

dusk, decline to some degree as nighttime 

progresses (with some stationary lights be-

ing switched off and traffic levels declining), 

and continue until around the conclusion of 

dawn. As a consequence, the sky over urban 

areas often becomes somewhat darker as 

night progresses, whereas in nearby rural lo-

cations the sky becomes brighter as the Moon 

rises and darker as it sets (11). 

Given the vital role of natural light cycles 

as cues for daily and seasonal timings of 

biological activities, it is unsurprising that 

these changes wrought by artificial light 

at night can alter those timings (12). This 

applies not only to animals. For example, 

artificial light at night has been found to ad-

vance the timing of budburst in temperate 

trees by several days (13). The magnitude of 

such changes can be similar to those caused 

by climate change, raising questions as to 

how the effects of climate change and artifi-

cial nighttime lighting interact.

REDUCING THE IMPACTS OF 

ARTIFICIAL LIGHT

Given the apparent pervasiveness of the 

negative biological impacts of artificial light 

at night, it is vital that these be reduced. Lag 

effects are common to many anthropogenic 

pressures on the environment. For example, 

even if levels of CO
2
 emissions were to be 

dramatically reduced, Earth would continue 

to warm. However, such lags seem much less 

likely for the effects of artificial light at night. 

Reductions in artificial light at night would 

not result in instant recovery, but such recov-

ery could be relatively swift.

Limiting the use of artificial light at night 

to the places, times, and forms required to 

ensure that people can use the nighttime 

appropriately would enable drastic reduc-

tions in artificial light at night in much of the 

world. Artificial light at night brings tangible 

benefits to people, most notably in extend-

ing the time available for work and social 

activities. However, existing regulations and 

requirements of lighting focusing on issues of 

safety and security are seldom supported by 

robust empirical evidence (14). 

To reduce the negative effects of artificial 

light at night requires a blend of common 

sense and exploitation of technology. First, 

artificial light at night should not casually 

be introduced into areas in which it has 

not previously occurred, especially in those 

regions in which naturally dark spaces are 

now scarce (e.g., Western Europe, the eastern 

United States, East Asia). 

Second, lighting should be at the lowest 

realistic intensity. The environmental im-

pacts and energy costs of artificial light at 

night could be much reduced if emissions 

were cut to the low levels already used in 

some cities (e.g., Berlin). 

Third, outdoor sources should be designed 

to ensure that lighting is limited to the places 

where it is actually required; many of the 

problems caused by artificial light at night 

result from poor lighting design, especially 

inadequate shielding. To date, attention here 

has fallen foremost on improved shielding of 

streetlights, which are often funded from the 

public purse. However, attention also needs 

The bright lights of Tokyo and other cities 

in Japan, photographed from the International 

Space Station in 2015, show the proliferation 

of artificial light on our planet.
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The incipient sixth mass extinction that started in the Late
Pleistocene has already erased over 300 mammal species and,
with them, more than 2.5 billion y of unique evolutionary history.
At the global scale, this lost phylogenetic diversity (PD ) can only be
restored with time as lineages evolve and create new evolutionary
history. Given the increasing rate of extinctions however, can
mammals evolve fast enough to recover their lost PD on a human
time scale? We use a birth–death tree framework to show that
even if extinction rates slow to preanthropogenic background lev-
els, recovery of lost PD will likely take millions of years. These
findings emphasize the severity of the potential sixth mass extinc-
tion and the need to avoid the loss of unique evolutionary
history now.
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evolutionary distinctiveness

As we enter a potential sixth mass extinction (1), triaging
species and prioritizing limited conservation funds grow

increasingly urgent if we wish to preserve biodiversity (2).
However, taxonomic species richness (SR ), the most used metric
for measuring biodiversity among researchers, governments, and
managers, is insufficient for these purposes because it implicitly
treats all species equally (3). Functional diversity (FD), a richer
metric that captures species’ ecological adaptations and contri-
butions to ecosystem function is growing in popularity, but it is
difficult to measure and hard to compare between different
taxonomic groups (2–4). P hylogenetic diversity (P D), the amount
of independent evolution within a phylogeny (5), is a comple-
mentary metric that measures lineage history and may be cor-
related to functional trait diversity and evolutionary potential (4,
6, 7, but cf. ref. 8). P D is generally considered a better metric of
biodiversity than SR because it incorporates both SR and phy-
logeny, is less influenced by arbitrary taxonomic decisions, and
provides a powerful metaphor of “ national heritage ” for con-
servationists (5, 9). Furthermore, unlike FD index values, which
are relative to each idiosyncratic analysis, P D is typically mea-
sured in millions of years of independent evolution (the sum of
all branch lengths connecting a set of species to the root of their
phylogenetic tree), a meaningful common currency that allows
comparisons across a wide range of taxa and studies (2, 5). It is
difficult to understand and measure the FD contribution of every
species in a community, but with the rapid advancement of en-
vironmental DNA methods and computational capabilities, we
could potentially place all those species on the tree of life to
measure their contribution to P D (6, 10).
The incipient sixth mass extinction that started during the Late

P leistocene has been diagnosed by extremely elevated modern
extinction rates compared with background levels (1). However,
one can also put our current biodiversity crisis in perspective by
estimating the time necessary for global diversity to recover to a
preanthropogenic state (11). Although regional losses in bio-
diversity might be lessened by restoration activities such as spe-
cies reintroductions and rewilding (12), at the global scale, lost

P D can only be restored by time as species evolve and create new
evolutionary history. For example, although as few as 500 indi-
viduals of the critically endangered (CR ) pygmy sloth (B rad y p u s
p y g m aeu s ) remain (13), global P D would recover from the ex-
tinction of this species in less than 2 y (11). This is not to say that
a new species of pygmy sloth would evolve within this time or
that the sloth’s ecological functions would be restored, but that
the 8,900-y loss in unique evolutionary history brought about by
the sloth’s extinction could be countered simply by all 5,418
remaining mammal species existing, and hence evolving, for an
additional 1.64 y. The pygmy sloth, however, is one of the
youngest mammal species, splitting from its congener during a
vicariance event in the Holocene. The extinction of the aardvark
(O ry c terop u s af er) would cause a much larger drop in P D, over 75
My, because the aardvark is the sole representative of an entire
order. Such deep cuts into the mammal tree are increasingly
likely, given that over one-fifth of current mammal species are
threatened with extinction (14). How much P D will mammals
lose during the ongoing sixth mass extinction, and can they re-
cover this lost biodiversity?

M a s s i v e Lo s s e s o f Ev o l u t i o n a r y H i s t o r y
We randomly sampled 30 phylogenies from the posterior distri-
bution reported by Faurby (15), which includes all extant and
extinct Late Q uaternary mammal species. Combining these trees

Significance

Biodiversity is more than the number of species on Earth. It is
also the amount of unique evolutionary history in the tree of
life. We find that losses of this phylogenetic diversity (PD ) are
disproportionally large in mammals compared with the num-
ber of species that have recently gone extinct. This lost PD can
only be restored with time as lineages evolve and create new
evolutionary history. Without coordinated conservation, it will
likely take millions of years for mammals to naturally recover
from the biodiversity losses they are predicted to endure over
the next 5 0 y. However, by prioritizing PD in conservation, we
could potentially save billions of years of unique evolutionary
history and the important ecological functions they may
represent.
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the next 5 0 y. However, by prioritizing PD in conservation, we
could potentially save billions of years of unique evolutionary
history and the important ecological functions they may
represent.
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The incipient sixth mass extinction that started in the Late
Pleistocene has already erased over 300 mammal species and,
with them, more than 2.5 billion y of unique evolutionary history.
At the global scale, this lost phylogenetic diversity (PD ) can only be
restored with time as lineages evolve and create new evolutionary
history. Given the increasing rate of extinctions however, can
mammals evolve fast enough to recover their lost PD on a human
time scale? We use a birth–death tree framework to show that
even if extinction rates slow to preanthropogenic background lev-
els, recovery of lost PD will likely take millions of years. These
findings emphasize the severity of the potential sixth mass extinc-
tion and the need to avoid the loss of unique evolutionary
history now.

phylogenetic diversity | mammals | mass ex tinction | diversification rate |
evolutionary distinctiveness

As we enter a potential sixth mass extinction (1), triaging
species and prioritizing limited conservation funds grow

increasingly urgent if we wish to preserve biodiversity (2).
However, taxonomic species richness (SR ), the most used metric
for measuring biodiversity among researchers, governments, and
managers, is insufficient for these purposes because it implicitly
treats all species equally (3). Functional diversity (FD), a richer
metric that captures species’ ecological adaptations and contri-
butions to ecosystem function is growing in popularity, but it is
difficult to measure and hard to compare between different
taxonomic groups (2–4). P hylogenetic diversity (P D), the amount
of independent evolution within a phylogeny (5), is a comple-
mentary metric that measures lineage history and may be cor-
related to functional trait diversity and evolutionary potential (4,
6, 7, but cf. ref. 8). P D is generally considered a better metric of
biodiversity than SR because it incorporates both SR and phy-
logeny, is less influenced by arbitrary taxonomic decisions, and
provides a powerful metaphor of “ national heritage ” for con-
servationists (5, 9). Furthermore, unlike FD index values, which
are relative to each idiosyncratic analysis, P D is typically mea-
sured in millions of years of independent evolution (the sum of
all branch lengths connecting a set of species to the root of their
phylogenetic tree), a meaningful common currency that allows
comparisons across a wide range of taxa and studies (2, 5). It is
difficult to understand and measure the FD contribution of every
species in a community, but with the rapid advancement of en-
vironmental DNA methods and computational capabilities, we
could potentially place all those species on the tree of life to
measure their contribution to P D (6, 10).
The incipient sixth mass extinction that started during the Late

P leistocene has been diagnosed by extremely elevated modern
extinction rates compared with background levels (1). However,
one can also put our current biodiversity crisis in perspective by
estimating the time necessary for global diversity to recover to a
preanthropogenic state (11). Although regional losses in bio-
diversity might be lessened by restoration activities such as spe-
cies reintroductions and rewilding (12), at the global scale, lost

P D can only be restored by time as species evolve and create new
evolutionary history. For example, although as few as 500 indi-
viduals of the critically endangered (CR ) pygmy sloth (B rad y p u s
p y g m aeu s ) remain (13), global P D would recover from the ex-
tinction of this species in less than 2 y (11). This is not to say that
a new species of pygmy sloth would evolve within this time or
that the sloth’s ecological functions would be restored, but that
the 8,900-y loss in unique evolutionary history brought about by
the sloth’s extinction could be countered simply by all 5,418
remaining mammal species existing, and hence evolving, for an
additional 1.64 y. The pygmy sloth, however, is one of the
youngest mammal species, splitting from its congener during a
vicariance event in the Holocene. The extinction of the aardvark
(O ry c terop u s af er) would cause a much larger drop in P D, over 75
My, because the aardvark is the sole representative of an entire
order. Such deep cuts into the mammal tree are increasingly
likely, given that over one-fifth of current mammal species are
threatened with extinction (14). How much P D will mammals
lose during the ongoing sixth mass extinction, and can they re-
cover this lost biodiversity?

M a s s i v e Lo s s e s o f Ev o l u t i o n a r y H i s t o r y
We randomly sampled 30 phylogenies from the posterior distri-
bution reported by Faurby (15), which includes all extant and
extinct Late Q uaternary mammal species. Combining these trees
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evolutionary history? P ut another way, given a human time scale,
can mammals evolve fast enough to recover from the sixth mass
extinction?
We considered a “ best-case ” counterfactual model where the

average global extinction rate drops down to background levels
(21) before mammals are allowed to recover and start evolving
new evolutionary history (Fig. 3). This could happen either be-
cause of a massive, global paradigm shift toward increased
conservation efforts or because human populations have some-
how collapsed to a point at which we are no longer a dominant
and threatening ecological force. Using extinction probabilities
extrapolated from IUCN definitions (16), we examined five
scenarios for when P D was allowed to recover. Mammals could
start recovering immediately or after 20, 50, or 100 y of status
quo conservation efforts. If they started recovering immediately,
only the P D lost during historic and prehistoric extinctions would
need to be recovered. However, if mammals were not allowed to
recover until sometime in the future, there would be a large
chance that many extant species would also go extinct (S I A p -
p end i x , Table S2), creating even more lost P D compared with the
baseline of all species alive at the Last Interglacial. To determine
how large of an effect prehistoric extinctions had (18, 22), we
also measured what would happen if mammals were allowed to
recover from a 1499 CE baseline (i.e., before any “ historic ” or
potential future extinctions). Using a birth–death tree framework
(23) and a range of preanthropogenic background extinction
rates (21), we then determined the speciation rate necessary to
generate enough new P D through the evolution of new branch
lengths to equal the P D lost during prehistoric and historic
extinctions and potential future extinctions (Fig. 3 and S I
A p p end i x ).
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F ig. 2. Proj ected ex tinctions show a greater loss of PD in mammals than
ex pected, given species loss. The black line shows the percentage of PD and
SR remaining compared with a preanthropogenic baseline (130,000 y ago).
Colored lines show 250 null simulations where ex tinctions are of equal
magnitude, but random with respect to phylogeny. Lines correspond to the
ex tinction scenarios labeled with the same color. Results from one randomly
selected phylogenetic tree are shown. Summary results for all trees are
shown in SI Appendix, Table S1, and results using the present day as a
baseline are shown in SI Appendix, Table S5.
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F ig. 3. Diagrammatic ex planation of how we modeled the loss and re-
covery of PD. The total PD of a prehistoric tree containing all mammals is
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pulse removes species from the tree proportional to their probability of
ex tinction (B). IUCN status abbreviations: EN, endangered; EP, ex tinct in
prehistory (a status added here); LC, least concern; VU, vulnerable. ( C )
After the ex tinction pulse, lineages are allowed to diversify at background
ex tinction rates until they have generated enough new branch lengths to
restore lost PD (red branches).
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Que dit la recherche sur la biodiversité terrestre ?
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By Chelsea M. Rochman

R
esearch on microplastic pollution 

(small particles of plastic <5 mm in 

size) has long focused on their larg-

est sink: the ocean. More recently, 

however, researchers have expanded 

their focus to include freshwater and 

terrestrial environments. This is a welcome 

development, given that an estimated 80% 

of microplastic pollution in the ocean comes 

from land (1) and that rivers are one of the 

dominant pathways for microplastics to 

reach the oceans (2). Like other persistent 

pollutants, such as polychlorinated biphe-

nyls (PCBs), microplastics are now recog-

nized as being distributed across the globe. 

Detailed understanding of the fate and 

impacts of this ubiquitous environmental 

contaminant will thus require a concerted 

effort among scientists with expertise be-

yond the marine sciences.

Scientists sporadically reported the pres-

ence of small plastic particles in the ocean 

as early as the 1970s, but research into their 

distribution and impacts effectively began in 

2004 with a pioneering study led by marine 

ecologist Richard Thompson (3). To describe 

small plastic particles and differentiate them 

from large plastic debris such as fishing nets, 

bottles, and bags, the authors dubbed them 

“microplastics.” Recognizing that microplas-

tics were both widespread and potentially 

unique in their impact on the environment, 

they encouraged scientists to include the fate, 

contamination, and effects of microplastics 

on Earth’s natural cycles, ecosystems, and or-

ganisms in their studies of plastic pollution.

What resulted was a scientific explosion. 

Over the past 14 years, researchers have doc-

umented and studied microplastics across 

the globe, resulting in tremendous advances 

regarding the sources, fate, and effects of 

microplastics and their associated chemi-

cals. Several hundred scientific publications 

now show that microplastics contaminate 

the world’s oceans, including marine species 

at every level of the food chain, from pole 

to pole and from the surface to the seafloor. 

Yet, scientists have only just begun to docu-

ment and study microplastics in freshwater 

and terrestrial systems.

Microplastics were first reported in fresh-

water lakes in 2013 (4). Since then, micro-

plastics have been reported on freshwater 

beaches, in lakes, or in rivers in Africa, 

Europe, Asia, North America, and South 

America (5). Just like in the marine realm, 

microplastics are common in freshwater 

systems at a global scale. Although contami-

nation tends to be greater near large popu-

lation centers, microplastics—often in the 

form of microfibers—have also been found 

in remote locations (6), perhaps as a result 

of atmospheric deposition (7). Microplastic 

concentrations in freshwater ecosystems 

are highly variable, and even though these 

systems are less dilute than oceans, concen-

trations reported thus far appear to be in 

a range similar to those in the marine en-

vironment (5). Microplastic contamination, 

as seen in marine animals, has also been 

reported in freshwater animals, including 

insects, worms, clams, fish, and birds. 

Researchers generally seem to expect the 

effects of microplastics on freshwater or-

ganisms to be similar to those on marine 

organisms. In fact, scientists have been test-

ing impacts of microplastics on freshwater 

animals for many years because several of 

them—such as Japanese medaka, zebrafish, 

Daphnia, and Ceriodaphnia—are standard 

toxicity test species. As a result, impacts from 

exposure to microplastics have been demon-

strated in freshwater plants, invertebrates, 

and several species of fish (5). Still, the re-

search remains young, and most studies of 

freshwater systems and organisms aim to 

better understand the sources of microplas-

tics to the environment and their effects on 

animals in general. Given that freshwater 

ecosystems are highly diverse, with roughly 

as many fish species as in the oceans, re-

searchers must also ask questions about the 

unique fate and effects of microplastics in 
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Microplastics research—
from sink to source
Microplastics are ubiquitous not just in the ocean 
but also on land and in freshwater systems
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Plastic fragments, including microplastics, are now 

ubiquitous on land, in freshwaters, and in the ocean.
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M icroplastic pollution can impact
filter-feeding marine megafauna,
namely mobulid rays, filter-feeding
shark s, and baleen whales. E merg-
ing research on these flagship spe-
cies highlights potential exposure
to microplastic contamination
and plastic-associated toxins.
R esearch and its wide communica-
tion are needed to understand the
magnitudeof the issueand improve
marine stewardship.

Mi croplastics (Box 1 , Figure I) have
emerged as a maj or threat to the marine
environment [1 ,2], highlighted at recent
global marine health conferences (The
Ocean Conference, held in J une 20 1 7
in N ew Yo rk, USAi

[12_TD$DIFF] and the World Ocean
Summit, held in February 20 1 7 in Bali,
Indonesiaii). M icroplastics are now pres-
ent in every marine environment [3], easily
permeate food webs, and are vectors for
toxins [2,4]. Despite the acceleration of
research on microplastics in the marine
environment, few reports focus on large
organisms near the base of food webs
and we have limited understanding of
microplastic pollution threats to large filter
feeders (i.e., mobulid rays, filter-feeding
sharks, and baleen whales). The first
warning of this emergent threat was
reported for baleen whales in 20 1 2 [5],
while the ingestion of microplastics was
confirmed only in 20 1 5 [6 ]. Filter-feeding
megafauna are particularly susceptible to

high levels of microplastic ingestion and
exposure to associated toxins [2,4] due to
their feeding strategies [7 ], target prey [8 ],
and, for most, habitat overlap with micro-
plastic pollution hotspots (Figure 1 ,
Table 1 ). Understanding the effects of
microplastic pollution on filter-feeding
megafauna is imperative because nearly
half of the mobulid rays, two-thirds of
filter-feeding sharks, and over a quarter
of baleen whales are listed by the IUCN as
globally threatened species and priori-
tized for conservation (Table 1 )iii[148_TD$DIFF]. M any
filter-feeding marine megafauna are char-
ismatic and iconic species, with the
potential to act as flagship species com-
municating awareness and stimulating
community action [9 ] to curb microplastic
pollution. Here, we provide a synthesis of
the demonstrated contamination of filter-
feeding megafauna by microplastic pollu-
tion and its potential effects, [149_TD$DIFF]and identify
knowledge gaps, geographic hotspots for
focused research, limitations, and chal-
lenges. Finally, we discuss how flagship
species in conservation improve marine
stewardship through the communication
of scientific findings on threats to iconic
marine megafauna and the broader
marine environment.

Susceptibility to M icroplastic
Ingestion
Data-calibrated models have been devel-
oped to estimate the distribution of micro-
plastics at the sea surface layer [3], with
predictions of microplastic pollution hot-
spots, which include five oceanic gyres,
semienclosed basins (Gulf of M exico,
M editerranean Sea, and Bay of Bengal)
and biodiversity hotspots (Coral Triangle).
In addition to these five oceanic gyres,
four key regions stand out as high-priority
areas for research and intervention based
on our assessment of overlap between
regions with estimated high levels of sur-
face microplastics [3], mismanaged
waste entering the ocean [2], and habitat
ranges for filter-feeding megafauna

(Figure 1 , Table 1 ): the M editerranean
Sea, with high microplastic: plankton
ratios [1 0 ]; the Gulf of M exico, an emerg-
ing hotspot for microplastic pollution [1 1 ];
the Bay of Bengal, downstream of the
Ganges river, one of many large rivers
facilitating the transport of plastic to the
marine environment from land-based
sources [2]; and the Coral Triangle, the
region with the world’ s richest biodiversity
and in close proximity to the world’ s larg-
est plastic pollution emitters [2].

Therefore, filter-feeding megafauna resi-
dent in these areas have a high probability
of ingesting microplastics, because they
must filter hundreds to thousands of
cubic meters of water daily to obtain ade-
quate nutrition [7 ]. They can ingest micro-
plastics directly from polluted water or
indirectly through contaminated plank-
tonic prey [8 ]. The high plastic: plankton
weight ratios (0 .5) in the M editerranean
[1 0 ] might lead to a significant reduction in
nutritional uptake for filter feeders, with
animals feeding on the same quantities
of particulate matter but receiving a low-
ered nutritional benefit. The estimated
daily plastic ingestion rates for filter-feed-
ingmegafauna vary greatly, depending on
location and feeding behavior, and range
from as low as 1 0 0 pieces for whale
sharks in the Gulf of California [1 2] to as
high as thousands of pieces for fin whales
in the P elagos Sanctuary [5]. Currently,
the plastic ingestion rates by filter-feeding
megafauna in the Gulf of M exico, Bay of
Bengal, and the Coral Triangle are
unknown, as are the ingestion rates for
mobulids anywhere in the world.

E ffects of M icroplastic Ingestion
The effects of ingesting indigestible par-
ticles include blocking adequate nutrient
absorption and causing mechanical dam-
age to the digestive tract. M icroplastics
can also harbor high levels of toxins and
persistent organic pollutants (P OP s) (Box
1 ), and introduce these toxins to
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nutritional uptake for filter feeders, with
animals feeding on the same quantities
of particulate matter but receiving a low-
ered nutritional benefit. The estimated
daily plastic ingestion rates for filter-feed-
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the plastic ingestion rates by filter-feeding
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Bengal, and the Coral Triangle are
unknown, as are the ingestion rates for
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E ffects of M icroplastic Ingestion
The effects of ingesting indigestible par-
ticles include blocking adequate nutrient
absorption and causing mechanical dam-
age to the digestive tract. M icroplastics
can also harbor high levels of toxins and
persistent organic pollutants (P OP s) (Box
1 ), and introduce these toxins to
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P lastic w aste associated w ith disease
on coral reefs
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P lastic waste can promote microbial coloniz ation by pathogens implicated in outbreaks of
disease in the ocean. We assessed the influence of plastic waste on disease risk in 1 2 4 ,0 0 0
reef-building corals from 1 5 9 reefs in the Asia-P acific region. T he likelihood of disease
increases from 4 % to 8 9 % when corals are in contact with plastic. S tructurally complex corals
are eight times more likely to be affected by plastic, suggesting that microhabitats for
reef-associated organisms and valuable fisheries will be disproportionately affected.
P lastic levels on coral reefs correspond to estimates of terrestrial mismanaged plastic
waste entering the ocean.We estimate that 1 1 .1 billion plastic items are entangled on coral
reefs across the Asia-P acific and project this number to increase 4 0 % by 2 0 2 5 . P lastic
waste management is critical for reducing diseases that threaten ecosystem health and
human livelihoods.

O
utbreaks of disease on coral reefs threaten
one of the most biodiverse ecosystems
on the planet (1), jeopardizing the U.S.
$ 375 billion in goods and services that
they provide to people each year through

fisheries, tourism, and coastal protection (2). P las-
tic waste can host pathogens that are frequently
implicated as triggers of disease outbreaks on
coral reefs (3–9). For example, microbial commu-
nities colonizing polypropylene marine debris
were dominated by the genus V ib rio (10), an
opportunistic pathogenic bacteria of a globally

devastating group of coral diseases known as
white syndromes (11). A lthough an estimated
4.8 million to 12.7 million metric tons of plastic
waste enter the ocean in a single year (12), the
resulting influence on disease susceptibility in
the marine environment is unknown. Microbial
rafting on plastic debris has been shown to
strongly control surface longevity (13) and is
highest in tropical regions near the equator com-
pared with more polar regions (14), suggesting
that coral reef ecosystems could have high levels
of colonized plastic waste.

We surveyed 159 coral reefs spanning eight
latitudinal regions from four countries in the
A sia-P acific for plastic waste and evaluated
the influence of plastic on diseases that affect
keystone reef-building corals (15) (benthic area =
12,840 m2) (Fig. 1). The A sia-P acific region con-
tains 55.5% of global coral reefs (2) and encom-
passes 73.0% of the global human population
residing within 50 km of a coast (12) (table S1).
O verall, we documented benthic plastic waste
(defined as an item with a diameter > 50 mm)
on one-third of the coral reefs surveyed, amount-
ing to 2.0 to 10.9 plastic items per 100 m2 of reef
area [95% confidence interval (CI), n = 8 survey
regions]. The number of plastic items observed on
each reef varied markedly among countries, from
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betweenplastic debris on coral reefs fromsurveysof 1 5 9 reefs in eight regions [ red
sq uares in (B )] from 2 0 1 1 – 2 0 1 4 and estimated levels ofmismanagedplasticwaste
(thousandmetric tons), assuming that 2 5 % of waste entered the ocean in 2 0 1 0
from human populations living within 5 0 km of the coast for each country (1 2 ).
Reef locations can be found in table S1 4 .TheAsia-Pacific region encompasses 9 of
1 0 countries with the highest global levels of estimatedmismanaged plastic waste
entering the ocean (table S3 ). G ray shading represents the upper and lower 9 5 %

C Is for themodel. (B andC)Modeledplastic debris levels on coral reefs (1 0 0 m−2 ),
as projected using the association between estimated mismanaged plastic waste
entering the ocean in 2 0 1 0 for each sovereign country (1 2 ) and plastic debris
surveys between 2 0 1 1 – 2 0 1 4 [ shown in (A)] .The color scale represents theminima
and maximamodel estimates of mismanaged plastic waste on coral reefs from
2 0 1 0 (tableS5 ). Projections of plastic debris on coral reefs for Indonesia and C hina
in 2 0 2 5 were set to the maxima from 2 0 1 0 , owing to the limitations of the
model range. C ountries without a coastline are shown in white.
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W hy we need an international agreement on
marine plastic pollution
S tephanie B . B orrellea,1, Chelsea M. Rochmanb,1,2, Max Liboironc, Alex ander L. B ondd, Amy Lu shere,
Hillary B radshawc, and Jennifer F . P rovencherf

Plastic pollution is strewn across beaches and in oceans,
bays, and estuaries. Tiny particles of plastic debris
(often called microplastics) are so pervasive in aquatic
ecosystems that we find them in seafood (1) and table
salt (2). Marine organisms ingest or are entangled by
plastic, sometimes with fatal consequences. Research
suggests plastic pollution may impact biodiversity, eco-
system services, food security, and human health. In
short, plastic pollution is a global threat.

Despite the ubiquity, persistence, and cross-boundary
nature of plastic pollution, stemming it is not an insur-
mountable task. Motivation for addressing the issue is
building at the international level. The time is ripe for the

initiation of an international agreement with measurable
reduction targets to lessen the plastic pollution in the
world’ s oceans.

P o l l u t i o n W i t h o u t B o r d e r s
An estimated 4.4–12.7 million metric tons of plastic
are added to the oceans annually (3). Like many
other contaminants (such as greenhouse gases and
ozone-depleting substances), plastic is not con-
strained by national boundaries, because it mi-
grates via water and air currents and settles in
benthic sediments. More than 50% of the ocean ’ s
area sits beyond national j urisdiction, including the

P lastics are accu mu lating across the globe at an astou nding pace, even in remote places like the one pictu red here— the
u ninhabited Henderson I sland in the S ou th P acific. The time is ripe for an international agreement with measu rable
redu ction targets to lessen the plastic pollu tion in the world’ s oceans. Reprinted with permission from ref. 19.
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REPLY TO DEES ET AL.:

Oceanwarmingpromotes species-specific increases
in the cellular growth rates of harmful algal blooms
Christopher J. Goblera,1, Theresa K. Hattenrath-Lehmanna, Owen M. Dohertyb, Andrew W. Griffitha,
Yoonja Kanga, and R. Wayne Litakerc

Recently, we (1) reported that, since 1982, several re-
gions across the North Atlantic and North Pacific
Oceans have experienced warming in specific sea-
sons and locations that have significantly increased
the potential cellular growth rates and bloom sea-
sons of two harmful algae, Alexandrium fundyense
and Dinophysis acuminata, and that new blooms
caused by these species have emerged in these
same regions. In their comment “Harmful algal
blooms in the Eastern North Atlantic Ocean,” Dees
et al. (2) examine the Continuous Plankton Recorder
data from the North Eastern Atlantic and North Sea
from 1982 to 2015 and find no relationship between
Dinophysis spp. abundance and sea-surface temper-
ature. This observation is consistent with the conclu-
sions of our original publication (1) and with two
central tenants of algal ecology.

First, phytoplankton display a great range of
physiological and trait-specific plasticity across spe-
cies and strains (3). Indeed, during our study (1) we
limited the application of our Alexandrium models to
the strains within Alexandrium group I (now Alexan-
drium catenella) only, as other species of Alexandrium
display broad differences in a multitude of character-
istics, including the temperature-dependence of
growth rates (4). With regard to Dinophysis, we fo-
cused solely on the species D. acuminata, as there
are significant differences amongDinophysis spp. with
regard to many aspects of their physiology, such as
their general reliance on phagotrophy compared to
phototrophy (5, 6) and temperature tolerances (5). Be-
cause the Continuous Plankton Recorder does not
provide species-level information, Dees et al. (2) only

examined Dinophysis at the genus level. Such a lump-
ing of species into a single genus masks trends among
the many individual Dinophysis spp. present in the
region (7), each of which is likely to differ in their
temperature-dependent growth rates (5). Such an ap-
proach (2) would be unlikely to reveal the species-
specific trends our model depicted.

A second central tenant of algal ecology that is
well-supported by the observations of Dees et al. (2),
and was featured prominently in our original publica-
tion (1), is that blooms occur as a function of growth
exceeding loss rates within a given ecosystem. While
temperatures that maximize harmful algal bloom
(HAB) growth create the potential for blooms, actual
bloom occurrence depends upon additional factors
(8). Dees et al. (2) examined abundances ofDinophysis
spp. and assumed the enhanced growth our models
depicted would be manifested as higher cell abun-
dances, an outcome requiring concurrent biological
and physical loss rates to remain unchanged. Given
the strong effect temperature has on key processes,
such as zooplankton grazing (9) and stratification (10),
it would be expected that there are regions of the
ocean where temperature-facilitated increases in cel-
lular growth rates of harmful algae have been offset by
concurrent increases in loss rates. Although the occur-
rence of HABs is controlled by multiple processes,
temperature is a central organizing factor (11). Our
models (1) and dozens of observations cited in our
study indicate increasing ocean temperatures have
facilitated an expansion of A. fundyense and D. acu-
minata blooms in regions across the North Atlantic
and North Pacific Oceans.

1 Gobler CJ, et al. (2017) Ocean warming since 1982 has expanded the niche of toxic algal blooms in the North Atlantic and North
Pacific oceans. Proc Natl Acad Sci USA 114:4975–4980.

2 Dees P, et al. (2017) Harmful algal blooms in the Eastern North Atlantic Ocean. Proc Natl Acad Sci USA 114:E9763–E9764.
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1 Gobler CJ, et al. (2017) Ocean warming since 1982 has expanded the niche of toxic algal blooms in the North Atlantic and North
Pacific oceans. Proc Natl Acad Sci USA 114:4975–4980.

2 Dees P, et al. (2017) Harmful algal blooms in the Eastern North Atlantic Ocean. Proc Natl Acad Sci USA 114:E9763–E9764.
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Coral reefs are increasingly degraded by climate-induced bleaching
and storm damage. Reef recovery relies on recruitment of young
fishes for the replenishment of functionally important taxa. Acoustic
cues guide the orientation, habitat selection, and settlement of
many fishes, but these processes may be impaired if degradation
alters reef soundscapes. Here, we report spatiotemporally matched
evidence of soundscapes altered by degradation from recordings
taken before and after recent severe damage on Australia’s Great
Barrier Reef. Postdegradation soundscapes were an average of
15 dB re 1 μPa quieter and had significantly reduced acoustic com-
plexity, richness, and rates of invertebrate snaps compared with
their predegradation equivalents. We then used these matched re-
cordings in complementary light-trap and patch-reef experiments to
assess responses of wild fish larvae under natural conditions. We
show that postdegradation soundscapes were 8% less attractive to
presettlement larvae and resulted in 40% less settlement of juvenile
fishes than predegradation soundscapes; postdegradation sound-
scapes were no more attractive than open-ocean sound. However,
our experimental design does not allow an estimate of how much
attraction and settlement to isolated postdegradation soundscapes
might change compared with isolated predegradation soundscapes.
Reductions in attraction and settlement were qualitatively similar
across and within all trophic guilds and taxonomic groups analyzed.
These patterns may lead to declines in fish populations, exacerbat-
ing degradation. Acoustic changes might therefore trigger a feed-
back loop that could impair reef resilience. To understand fully the
recovery potential of coral reefs, we must learn to listen.

acoustics | climate change | coral reefs | G reat Barrier Reef | settlement

Coral reefs are subject to intense and increasing damage from
anthropogenic climate change (1–3). The likelihood of reefs

recovering from degradation and returning to environments char-
acterized by live coral, as opposed to undergoing phase shifts to
persistent macroalgal-dominated states, is determined by reef
resilience (4, 5). The abundance and composition of fish commu-
nities is an important component of reef resilience (6, 7). P op-
ulations of many reef fishes are sustained by recruitment, whereby
young fish with a pelagic larval stage use a range of sensory cues to
detect, orient toward, and settle to suitable benthic habitats at night
(8–10). Degraded reefs receive lower rates of settlement (11, 12),
compromising recovery potential (13). However, investigations of
the mechanisms causing reduced recruitment in degraded habitats
are thus far limited to laboratory choice-tests and focus only on
visual and olfactory cues (e.g., refs. 13–15).

Acoustic cues are important for fish recruitment because they
facilitate offshore detection of reefs by young fishes at the end of
a planktonic larval phase (16–18). Further, reef sounds can act as
indicators of habitat quality, with acoustic parameters varying
across reefs that are home to different sound-producing com-
munities (19, 20). In this study, we compared nocturnal sound-
scapes from coral reefs around Lizard Island, a continental
midshelf island in Australia’s northern Great Barrier R eef

(GBR ), before and after the most severe period of degradation
in their recorded history (21). R ecordings of 10 lagoonal reefs
were taken in November 2012 and repeated in the same loca-
tions and times and under similar conditions in November 2016.
In the intervening period, three major disturbance events had
caused considerable reef degradation: Cyclone Ita occurred in
April 2014 [ Category 5; 40% reductions in lagoonal reef coral
cover and significantly altered fish-community dynamics (22, 23)]
and was followed by Cyclone Nathan in March 2015 (Category 3)
and the most severe global mass-bleaching event on record in
early 2016 [ over 60% of live coral bleached (21)] .
We then used two complementary field experiments to assess

the impact of changes in the soundscape associated with degra-
dation on the attractiveness of reef-sound and settlement behav-
iors of young reef fishes. Light traps (investigating presettlement
larval preferences) and patch reefs (investigating juvenile settle-
ment behavior) were coupled with loudspeakers broadcasting
playback of pre- and postdegradation reef sound and an ambient-
sound (open-ocean) control. The abundance of larvae and juve-
niles associated with each sound treatment was used to assess the
relative attractiveness of pre- and postdegradation coral reef
soundscapes to settlement-stage fishes.

Significance

Climate change is causing widespread damage to the world’s
tropical coral reefs, via increases in cyclones and mass bleaching.
Healthy populations of reef fishes facilitate recovery from such
events, and recruitment of juvenile fish is influenced by acoustic
cues that guide larval orientation, habitat selection, and settle-
ment to reefs. O ur matched recordings of Australia’s Great Bar-
rier Reef before and after recent severe degradation demonstrate
major changes to natural reef sound. In field experiments using
these recordings, we show the potential impact of such acoustic
changes. Postdegradation reef sounds were less attractive to
young fishes than their predegradation equivalents. Reductions
in fish settlement, caused by acoustic changes, may threaten the
recovery potential of degraded coral reefs.
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D eclines of marine megafauna due to fisheries by-catch are thought
to be mitigated by exclusion devices that release nontarget species.
However, exclusion devices may instead conceal negative effects
associated with by-catch caused by fisheries (i.e., unobserved or
discarded by-catch with low postrelease survival or reproduction).
We show that the decline of the endangered New Z ealand (NZ ) sea
lion (Phocarctos hook eri ) is linked to latent levels of by-catch occur-
ring in sub-Antarctic trawl fisheries. Exclusion devices have been
used since 2001 but have not slowed or reversed population decline.
However, 35 % of the variability in NZ sea lion pup production is
explained by latent by-catch, and the population would increase
without this factor. O ur results indicate that exclusion devices can
obscure rather than alleviate fishery impacts on marine megafauna.

by-catch | ex clusion devices | fisheries management | megafauna | recovery

Global fisheries, particularly trawl fishing, have steadily ex-
panded since the 1970s (1). Industrial fishing offers sub-

sistence and prosperity for many communities (2) but poses risks
to marine species, their habitats, and whole ecosystems (3). By-
catch, the unintentional catch of nontarget species, is a global
conservation problem for marine megafauna (4) such as ceta-
ceans (5), turtles (6), and pinnipeds (7–9). For trawl fisheries,
exclusion devices are an increasingly common tool to release
nontarget species from nets without substantially affecting
commercial landings (4). However, exclusion devices are con-
tentious because they may bias by-catch estimates (10) and cause
unknown postrelease mortality or reproductive failure due to
injuries sustained during capture and release (11). Crucially,
despite decades of use, there is scant empirical evidence to verify
whether exclusion devices improve the population growth of by-
caught species. Most analyses focus on changes in reported by-
catch numbers (e.g., refs. 9, 12, 13, and 14), compliance levels of
fishers (e.g., refs. 15 and 16), or simulated model predictions of
population responses (e.g., refs. 17, 18, 19, and 20). In this study,
we empirically analyze whether exclusion devices contribute to
recovery or decline of the endangered New Z ealand (NZ ) sea
lion (Phoc arc tos hook eri ) (21).
Since 1998, the main subpopulations of NZ sea lions, which

breed in the sub-Antarctic Auckland Islands (50° S, 166° E) (Fig.
1), have declined by 48% (22, 23) (Fig. 2), leading to a current
total population size of 11,767 [ 95% Credible Interval (CrI):
10,790–12,923] sea lions (23). Hypotheses for the NZ sea lion
decline include (i ) neonatal mortality of pups due to bacterial
epidemics, (i i ) emigration from breeding sites, ( i i i ) predation by
great white sharks (the sole predator), ( i v ) genetic effects of
overharvest during historic sealing, (v ) a carrying capacity over-
shoot, ( v i ) environmental change, (v i i ) contaminants, ( v i i i ) prey
depletion by fisheries, and (i x ) direct by-catch of sea lions in
trawl fisheries (24). Most hypotheses have been discounted due
to NZ sea lions’ philopatry to breeding sites, genetic diversity,
historical population sizes, and contaminant levels in blubber
(24, 25). Shark predation is considered poorly understood but an
unlikely cause of the NZ sea lion population decline (24, 25).
The pup disease hypothesis can be discounted because analyses
of mark–recapture time series have not revealed an increase in

overall pup mortality during epidemic years, suggesting com-
pensatory mortality (26), and elasticity analysis indicates a low
response of the NZ sea lion population growth rate to pup sur-
vival compared with survival of adult females (27). In this paper,
we analyze the hypotheses of prey depletion, environmental
change, and fisheries by-catch using long-term time series of pup
census data from the Auckland Islands subpopulations.
The main subpopulations of NZ sea lions that breed in the

Auckland Islands contain 70% of the overall population (21) and
are distributed among three breeding sites — Sandy Bay (Enderby
Island), Dundas Island, and Figure of Eight Island (22, 23) (Fig. 1).
Female NZ sea lions from the Auckland Islands usually breed be-
tween December and J anuary at their natal sites (28) from which
they predominantly forage northwest (individuals from Sandy Bay)
and southeast (individuals from Dundas Island and Figure of Eight
Island) of the Auckland Islands (29). Within these same areas, a
trawl fishery for arrow squid occurs— the Auckland Islands squid
fishery— which temporally overlaps with the first 4 mo of a 9-mo
lactation period (30) between February and April (12). P up pro-
duction, considered a reliable index for the population dynamics of
pinnipeds (31), has been estimated for NZ sea lions at the Auckland
Islands through a 2-d mark–recapture program immediately fol-
lowing pupping in J anuary in each year 1995–2016 (22, 23). Mor-
tality or reproductive failure of mature NZ sea lions caused by
the squid fishery will therefore directly impact the number of pups
born— and therefore the pup production estimate— in the breeding
season of the following year (30). We focused our analysis on pup
production of the two principal subpopulations (Sandy Bay and
Dundas Island; Figs. 1 and 2), together accounting for 97% (status
2016) of pup production at the Auckland Islands (22).

Significance

D eclines of marine megafauna such as turtles, pinnipeds, and
whales are often related to mortality caused by capture or
entanglement in fisheries gear. To help recovery of these
species, trawl fisheries have implemented exclusion devices
that release nontarget species. D espite decades of use, there
has been no empirical evaluation of whether or not exclusion
devices aid recovery of affected species. Long-term data on the
endangered New Z ealand sea lion and a trawl fishery in the
Southern O cean indicate that exclusion devices have para-
doxically contributed to ongoing decline rather than recovery.
Exclusion devices obscure the postrelease impact of elevated
mortality or reproductive failure; meanwhile, reduced levels of
reported by-catch may mislead management that continued
decline is not associated with fisheries.
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Auckland Islands contain 70% of the overall population (21) and
are distributed among three breeding sites — Sandy Bay (Enderby
Island), Dundas Island, and Figure of Eight Island (22, 23) (Fig. 1).
Female NZ sea lions from the Auckland Islands usually breed be-
tween December and J anuary at their natal sites (28) from which
they predominantly forage northwest (individuals from Sandy Bay)
and southeast (individuals from Dundas Island and Figure of Eight
Island) of the Auckland Islands (29). Within these same areas, a
trawl fishery for arrow squid occurs— the Auckland Islands squid
fishery— which temporally overlaps with the first 4 mo of a 9-mo
lactation period (30) between February and April (12). P up pro-
duction, considered a reliable index for the population dynamics of
pinnipeds (31), has been estimated for NZ sea lions at the Auckland
Islands through a 2-d mark–recapture program immediately fol-
lowing pupping in J anuary in each year 1995–2016 (22, 23). Mor-
tality or reproductive failure of mature NZ sea lions caused by
the squid fishery will therefore directly impact the number of pups
born— and therefore the pup production estimate— in the breeding
season of the following year (30). We focused our analysis on pup
production of the two principal subpopulations (Sandy Bay and
Dundas Island; Figs. 1 and 2), together accounting for 97% (status
2016) of pup production at the Auckland Islands (22).

Significance

D eclines of marine megafauna such as turtles, pinnipeds, and
whales are often related to mortality caused by capture or
entanglement in fisheries gear. To help recovery of these
species, trawl fisheries have implemented exclusion devices
that release nontarget species. D espite decades of use, there
has been no empirical evaluation of whether or not exclusion
devices aid recovery of affected species. Long-term data on the
endangered New Z ealand sea lion and a trawl fishery in the
Southern O cean indicate that exclusion devices have para-
doxically contributed to ongoing decline rather than recovery.
Exclusion devices obscure the postrelease impact of elevated
mortality or reproductive failure; meanwhile, reduced levels of
reported by-catch may mislead management that continued
decline is not associated with fisheries.
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P rotecting marine mammals,
turtles, and b irds b y reb uilding
glob al fisheries
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R eductions in global fishing pressure are needed to end overfishing of target species
and maximiz e the value of fisheries. We ask whether such reductions would also be
sufficient to protect non– target species threatened as bycatch. We compare changes in
fishing pressure needed to maximiz e profits from 4 7 1 3 target fish stocks—accounting
for > 7 5 % of global catch—to changes in fishing pressure needed to reverse ongoing
declines of 2 0 marine mammal, sea turtle, and seabird populations threatened as
bycatch. We project that maximiz ing fishery profits would halt or reverse declines of
approximately half of these threatened populations. R ecovering the other populations
would req uire substantially greater effort reductions or targeting improvements. Improving
commercial fishery management could thus yield important collateral benefits for
threatened bycatch species globally.

F
isheries employ 260 million people and
fish are a primary animal protein source
for roughly 40% of the world ’ s population
(1). R ecent studies suggest that more than
half of the world’ s fisheries are overfishing

(2), and rebuilding these fisheries could increase
global fishing yields by ~ 15% and profits by ~ 80%
(2, 3). Fisheries also affect many protected, non–
target species through bycatch (incidental capture),
including ecologically important and charismatic
megafauna such asmarinemammals, sea turtles,
seabirds, and sharks (4). Some of these bycatch
species, such as Mexico ’ s vaquita porpoise
( P hocoena sinus) and New Z ealand’ s Hector’ s
dolphin subspecies (Māuidolphin,Cephalorhy nchus
hectori maui), face imminent extinction (5, 6). For
these reasons, ending overfishing and protecting
threatened bycatch species are two of the main
goals of modern marine conservation efforts.
A t first glance, sustaining high fishery profits

andyields can seem in conflictwithbycatch species
conservation. Unless targeting can become more
selective through changing fishing technology or
practices, reducing bycatch requires reducing tar-
get stock catch.However, because rebuilding over-
fished target stocks requires reducing fishing
effort, bycatch populations should also benefit.
Indeed, regions with the most severe bycatch—

coastal fisheries of the developing world and,
to a lesser extent, high-seas fisheries (4)—also
experience some of the most severe overfishing
(2) (Fig. 1 and fig. S1).
We quantify the trade-offs globally between

protecting bycatch species andmeeting economic
fisheries objectives. To do this, we compare esti-
mates of the changes in fishing pressure needed
to maximize long-term profits [termed “maxi-
mum economic yield” (MEY )] for 4713 fish stocks,
accounting for > 75% of global catch (2), to the
changes in bycatch mortality needed to reverse
ongoing population declines of 20 populations
substantially affected by fisheries bycatch, for
which sufficient published information is avail-
able to calculate the reductions in mortality
needed to prevent further declines (materials
and methods and table S1).
O ur sample includes 9 of 26 marine mammal

populations, 6 of 8 sea turtle populations or
species, and 3 of 22 seabird populations that the
International Union for Conservation of Nature
(IUCN) identifies as threatened, declining, and
having bycatch as a primary threat (7). We also
include the Northwest A tlantic loggerhead turtle
(Caretta caretta) population, but it is not listed as
threatened by the IUCN owing to uncertainty as
to whether it remains in decline (7) (materials
and methods). The IUCN last assessed olive rid-
ley turtle (Lepid ochely s oliv acea) populations
jointly (7), and we include two of these in our
analysis (materials and methods). We restrict
our analysis to marine mammals, sea turtles,
and seabirds, because they are rarely retained or
commercially valuable (4). However, future work
could use similar methods to consider sharks,
rays, and other taxa retained as both target and
non–target catch (8).
A ccounting for multiple uncertainties, we ask

how likely it is that solely managing all target

fisheries to MEY would reduce bycatchmortality
sufficiently to halt each bycatch population’ s de-
cline. We further ask howmuch long-term profit
would need to be foregone, or how much more
selective targeting would need to become, to en-
sure that each bycatch population’ s decline was
halted. In other words, we assess whether there
is currently a trade-off betweenmaximizing long-
term profit and halting each bycatch population’ s
decline, and how severe the trade-off is, if one
exists. In the supplementary materials, we ex-
plore trade-offs relative to maximum long-term
catch [termed “maximumsustainable yield” (MSY )]
and obtain results similar to those for MEY
(figs. S2 to S4).
We assume that each population’ s annual rate

of change (denoted D , e.g., D = –0.05 year–1 im-
plies a 5% annual decline in abundance) can
be approximately expressed as (materials and
methods)

D ¼ D n " F e ð1Þ

Here, D n denotes the annual rate of change
in abundance that would occur if there were no
bycatch, and F e denotes the “effective” annual
bycatch mortality rate—the fraction of the pop-
ulation’ s total reproductive value removed by
bycatch annually. Derived from age-structured
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global fishing yields by ~ 15% and profits by ~ 80%
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target species through bycatch (incidental capture),
including ecologically important and charismatic
megafauna such asmarinemammals, sea turtles,
seabirds, and sharks (4). Some of these bycatch
species, such as Mexico ’ s vaquita porpoise
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jointly (7), and we include two of these in our
analysis (materials and methods). We restrict
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and seabirds, because they are rarely retained or
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could use similar methods to consider sharks,
rays, and other taxa retained as both target and
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selective targeting would need to become, to en-
sure that each bycatch population’ s decline was
halted. In other words, we assess whether there
is currently a trade-off betweenmaximizing long-
term profit and halting each bycatch population’ s
decline, and how severe the trade-off is, if one
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and obtain results similar to those for MEY
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We assume that each population’ s annual rate
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M esophotic coral ecosy stems are
threatened and ecologically distinct
from shallow w ater reefs
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T he rapid degradation of coral reefs is one of the most serious biodiversity problems facing our
generation. M esophotic coral reefs (at depths of 3 0 to 1 5 0 meters) have been widely
hypothesiz ed to provide refuge from natural and anthropogenic impacts, a promise for the
survival of shallow reefs. T he potential role of mesophotic reefs as universal refuges is
often highlighted in reef conservation research. T his hypothesis rests on two assumptions:
(i) that there is considerable overlap in species composition and connectivity between
shallow and deep populations and (ii) that deep reefs are less susceptible to anthropogenic
and natural impacts than their shallower counterparts. H ere we present evidence
contradicting these assumptions and argue that mesophotic reefs are distinct, impacted,
and in as much need of protection as shallow coral reefs.

C
oral reefs are perhaps the most threatened
ecosystem on the planet, and because of
their narrow optimum temperature range,
they are suffering catastrophic damage
caused by climate change (1). Becausemany

species occur across a wide depth range, the
deeper portions of coral reefs have generally
been considered potential refuges for shallow
organisms (2, 3). A s these reefs are difficult to
survey, species overlap between shallow and
mesophotic zones has been traditionally deter-
mined by analyzing reported depth ranges alone.
Thismethod consistently yields results that show
low species turnover and high overlap between
depth zones for shallow reef fishes and corals
(69.9 and 77% overlap, respectively, between
shallow and upper mesophotic zones in the
Caribbean) (4, 5), therefore lending support
to the refuge hypothesis.
However, because depth ranges are based

on historical records across tens to hundreds of
years, they include outliers and are misleading
in evaluating true community overlap. Through
technical diving down to depths of 150 m, we
reevaluated the potential refuge role of meso-
photic ecosystems by analyzing in situ observa-
tions. O ur underwater visual censuses of reef
fish communities in the P acific and the western
A tlantic showhigh dissimilarity between shallow
andmesophotic depth strata (Fig. 1) and indicate
that the main driver of assemblage composition
change across the depth gradient is species turn-
over (Fig. 2). We obtained an almost identical
result in our analysis of coral diversity in relation

to depth. This pattern contrasts with analyses of
species overlap on the basis of depth ranges
alone, which show that change in diversity across
depths results mostly from a decrease in spe-
cies richness (i.e., nestedness), with much higher
species overlap among depths (Fig. 2). Even
though we observed 27% of the shallow reef fish
assemblage reaching the mesophotic zone, the
majority of these species are not true depth
generalists, being much more abundant in one
depth strata or the other (fig. S1).
Furthermore, current exploration of P acific and

Caribbean mesophotic habitats by using closed-
circuit rebreathers and submersibles still yields
high rates of new species discovery (6–8), showing
thatmany species restricted tomesophotic depths
are still being revealed. R eef fish community
assessments have shown that the majority of
organisms reported between 30 and 150 m are
restricted to those depths (8–12), a sign of strong
depth specificity (4, 8). A dditionally, even some
of the few true depth-generalist species can have
their populations genetically disconnected be-
tween deep and shallow zones (13, 14).
Therefore, most species display a strong pref-

erence for a specific depth zone, indicating that
deep reefs do not constitute a refuge for the vast
majority of shallow reef–associated organisms.
Because the depth ranges of top predators (sharks,
jacks, groupers, and snappers) may span shallow
and deep habitats, they are often assumed to find
refuge from fishers at lower depths (15). However,
acoustic telemetry and dietary analyses show that
they move across shallow and mesophotic depth
zones daily and that more than half of their food
is captured in shallow habitats (16). Thus, these
predators are potentially captured even in places
where mesophotic depths are sheltered from
fishing.
The second assumption of the refuge hypoth-

esis is that mesophotic coral ecosystems are less
susceptible to human and natural impacts than

shallow coral reefs. However, we documented
both types of disturbance reaching deep reefs.
For example, hurricanes and tropical storms
cause extensive physical damage to shallow coral
reefs, and their impacts have critical ecological
consequences (17, 18). Because large surface waves
cause most of the damage to shallow reefs, deep
reefs were believed to be less affected by hurri-
canes (19). We observed the effects of Hurricane
Matthew (22 September to 9 O ctober 2016) over
the entire coral reef system (down to a depth of
135 m) just 4 days after Matthew’ s passage over
theBahamas. Coral reefs situated 40miles outside
of the hurricane path, both at shallow and meso-
photic depths, exhibited no signs of physical de-
struction and sedimentation (Fig. 3B). However,
within the hurricane path, upper mesophotic
coral reefs were completely buried by sediment
under a thick layer of suspended solids. A cloud
of particulate matter and biogenic debris was ob-
served in thewater columnofmany sites (Fig. 3C).
Lowermesophotic zones to depths of 135mwere
also covered by sediment, and strong physical
damage was evident, probably caused by an ava-
lanche of coral and other debris cascading down
the reef wall (Fig. 3D). Similar observations of
cyclone-associated damage at mesophotic reefs
have been reported for theGreat Barrier R eef (20).
We also detected signs of heavy fishing, sedi-

mentation, coral bleaching, and invasive species
atmesophotic depths in the P acific andCaribbean
(Fig. 3, E to H). For example, plastic trash and
fishing debris were observed in similarly high
frequencies at shallow and mesophotic depths
in the P hilippines (table S7). The only deep reefs
that consistently show little to no signs of human
impacts are those distant from human popula-
tion centers (Fig. 3, A and B) (11), and the same
can be said for shallow coral reefs (21). Mesophotic
ecosystems close to densely populated islandswith
a narrow shelf are particularly vulnerable to those
impacts. Thus, the real refuges seem to be located
in regions far from humans, regardless of depth.
However, not even these can escape the impacts
of climate change (1). A dditionally, because of con-
stant population expansion and increased demand
for food and natural resources, fishing andmining
impacts are beginning to reach even the most
distant and isolated deep and shallow coral reefs
alike (22, 23).
These observations suggest that the potential

for deep reefs to act in a refuge capacity is far less
than we have previously hoped, as mesophotic
ecosystems are home to largely distinct and in-
dependent communities and may be affected by
both human andnatural disturbances asmuch as
shallow reefs are. Moreover, unlike their shallow
counterparts, deep reefs are rarely the focus of
conservation efforts because of the widespread
belief that they are out of human reach and be-
cause they are largely unsurveyed (5). Many of
these reefsmay have already beendegraded and/
or eliminated by destructive fishing,mining, and
sedimentation, andmany species and potential
natural resources may disappear before we have
the chance to discover and study them. Because
of the generally slower growth of reef-building
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T he rapid degradation of coral reefs is one of the most serious biodiversity problems facing our
generation. M esophotic coral reefs (at depths of 3 0 to 1 5 0 meters) have been widely
hypothesiz ed to provide refuge from natural and anthropogenic impacts, a promise for the
survival of shallow reefs. T he potential role of mesophotic reefs as universal refuges is
often highlighted in reef conservation research. T his hypothesis rests on two assumptions:
(i) that there is considerable overlap in species composition and connectivity between
shallow and deep populations and (ii) that deep reefs are less susceptible to anthropogenic
and natural impacts than their shallower counterparts. H ere we present evidence
contradicting these assumptions and argue that mesophotic reefs are distinct, impacted,
and in as much need of protection as shallow coral reefs.

C
oral reefs are perhaps the most threatened
ecosystem on the planet, and because of
their narrow optimum temperature range,
they are suffering catastrophic damage
caused by climate change (1). Becausemany

species occur across a wide depth range, the
deeper portions of coral reefs have generally
been considered potential refuges for shallow
organisms (2, 3). A s these reefs are difficult to
survey, species overlap between shallow and
mesophotic zones has been traditionally deter-
mined by analyzing reported depth ranges alone.
Thismethod consistently yields results that show
low species turnover and high overlap between
depth zones for shallow reef fishes and corals
(69.9 and 77% overlap, respectively, between
shallow and upper mesophotic zones in the
Caribbean) (4, 5), therefore lending support
to the refuge hypothesis.
However, because depth ranges are based

on historical records across tens to hundreds of
years, they include outliers and are misleading
in evaluating true community overlap. Through
technical diving down to depths of 150 m, we
reevaluated the potential refuge role of meso-
photic ecosystems by analyzing in situ observa-
tions. Ou r underwater visual censuses of reef
fish communities in the P acific and the western
A tlantic showhigh dissimilarity between shallow
andmesophotic depth strata (Fig. 1) and indicate
that the main driver of assemblage composition
change across the depth gradient is species turn-
over (Fig. 2). We obtained an almost identical
result in our analysis of coral diversity in relation

to depth. This pattern contrasts with analyses of
species overlap on the basis of depth ranges
alone, which show that change in diversity across
depths results mostly from a decrease in spe-
cies richness (i.e., nestedness), with much higher
species overlap among depths (Fig. 2). Even
though we observed 27% of the shallow reef fish
assemblage reaching the mesophotic zone, the
majority of these species are not true depth
generalists, being much more abundant in one
depth strata or the other (fig. S1).
Furthermore, current exploration of P acific and

Caribbean mesophotic habitats by using closed-
circuit rebreathers and submersibles still yields
high rates of new species discovery (6–8), showing
thatmany species restricted tomesophotic depths
are still being revealed. R eef fish community
assessments have shown that the majority of
organisms reported between 30 and 150 m are
restricted to those depths (8–12), a sign of strong
depth specificity (4, 8). A dditionally, even some
of the few true depth-generalist species can have
their populations genetically disconnected be-
tween deep and shallow zones (13, 14).
Therefore, most species display a strong pref-

erence for a specific depth zone, indicating that
deep reefs do not constitute a refuge for the vast
majority of shallow reef–associated organisms.
Because the depth ranges of top predators (sharks,
jacks, groupers, and snappers) may span shallow
and deep habitats, they are often assumed to find
refuge from fishers at lower depths (15). However,
acoustic telemetry and dietary analyses show that
they move across shallow and mesophotic depth
zones daily and that more than half of their food
is captured in shallow habitats (16). Thus, these
predators are potentially captured even in places
where mesophotic depths are sheltered from
fishing.
The second assumption of the refuge hypoth-

esis is that mesophotic coral ecosystems are less
susceptible to human and natural impacts than

shallow coral reefs. However, we documented
both types of disturbance reaching deep reefs.
For example, hurricanes and tropical storms
cause extensive physical damage to shallow coral
reefs, and their impacts have critical ecological
consequences (17, 18). Because large surface waves
cause most of the damage to shallow reefs, deep
reefs were believed to be less affected by hurri-
canes (19). We observed the effects of Hurricane
Matthew (22 September to 9 O ctober 2016) over
the entire coral reef system (down to a depth of
135 m) just 4 days after Matthew’ s passage over
theBahamas. Coral reefs situated 40miles outside
of the hurricane path, both at shallow and meso-
photic depths, exhibited no signs of physical de-
struction and sedimentation (Fig. 3B). However,
within the hurricane path, upper mesophotic
coral reefs were completely buried by sediment
under a thick layer of suspended solids. A cloud
of particulate matter and biogenic debris was ob-
served in thewater columnofmany sites (Fig. 3C).
Lowermesophotic zones to depths of 135mwere
also covered by sediment, and strong physical
damage was evident, probably caused by an ava-
lanche of coral and other debris cascading down
the reef wall (Fig. 3D). Similar observations of
cyclone-associated damage at mesophotic reefs
have been reported for theGreat Barrier R eef (20).
We also detected signs of heavy fishing, sedi-

mentation, coral bleaching, and invasive species
atmesophotic depths in the P acific andCaribbean
(Fig. 3, E to H). For example, plastic trash and
fishing debris were observed in similarly high
frequencies at shallow and mesophotic depths
in the P hilippines (table S7). The only deep reefs
that consistently show little to no signs of human
impacts are those distant from human popula-
tion centers (Fig. 3, A and B) (11), and the same
can be said for shallow coral reefs (21). Mesophotic
ecosystems close to densely populated islandswith
a narrow shelf are particularly vulnerable to those
impacts. Thus, the real refuges seem to be located
in regions far from humans, regardless of depth.
However, not even these can escape the impacts
of climate change (1). A dditionally, because of con-
stant population expansion and increased demand
for food and natural resources, fishing andmining
impacts are beginning to reach even the most
distant and isolated deep and shallow coral reefs
alike (22, 23).
These observations suggest that the potential

for deep reefs to act in a refuge capacity is far less
than we have previously hoped, as mesophotic
ecosystems are home to largely distinct and in-
dependent communities and may be affected by
both human andnatural disturbances asmuch as
shallow reefs are. Moreover, unlike their shallow
counterparts, deep reefs are rarely the focus of
conservation efforts because of the widespread
belief that they are out of human reach and be-
cause they are largely unsurveyed (5). Many of
these reefsmay have already beendegraded and/
or eliminated by destructive fishing,mining, and
sedimentation, andmany species and potential
natural resources may disappear before we have
the chance to discover and study them. Because
of the generally slower growth of reef-building
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Seafood is an essential source of protein formore than 3 billion peopleworldwide, yet bycatch of threatened species in
capture fisheries remains a maj or impediment to fisheries sustainability. Management measures designed to reduce
bycatch often result in significant economic losses and even fisheries closures. Static spatial management approaches
can also be rendered ineffective by environmental variability and climate change, as productive habitats shift and
introduce new interactions between human activities and protected species. W e introduce a new multispecies and
dynamic approach that uses daily satellite data to track ocean features and aligns scales of management, species
movement, and fisheries. T o accomplish this, we create species distribution models for one target species and three
bycatch-sensitive species using both satellite telemetry and fisheries observer data. W e then integrate species-specific
probabilities of occurrence into a single predictive surface, weighing the contribution of each species bymanagement
concern. W e find that dynamic closures could be 2 to 10 times smaller than existing static closures while still providing
adeq uate protection of endangered nontarget species. O ur results highlight the opportunity to implement near real-
timemanagement strategies that would both support economically viable fisheries andmeetmandated conservation
obj ectives in the face of changing ocean conditions. W ith recent advances in eco-informatics, dynamic management
provides a new climate-ready approach to support sustainable fisheries.

INTRODUCTION
Unsustainable harvest of long-lived ocean predators has resulted in
contemporary populations that are a fraction of their baseline bio-
mass (1–4). The loss ofmarine predators can result in ecosystems cross-
ing tipping points from healthy to degraded states and can lead to a
significant loss of ecosystem services (5, 6). Even in fisheries where tar-
get fish stocks are currently managed at sustainable levels (2, 6, 7), in-
cidental capture of nontarget species (“ bycatch” ) remains a significant
global problem, threatening many populations of marine mammals,
turtles, seabirds, and sharks (8–11). In addition, climate variability
and change can create additional risks as productive pelagic habitats
shift (12, 13), introducing new ecological interactions (14) and an-
thropogenic threats (15).

Bycatch mitigation solutions have included changes in fishing gear
and methodology, acoustic deterrents, and temporal and spatial man-
agement measures such as marine protected areas closed to fishing
(8, 16). However, spatial management approaches remain tied large-
ly to static boundaries and coarse temporal scales (17), although the
fluidity of interactions among marine predators and their environ-
ments has long been recognized (18, 19). Consequently, fixed time-
area closuresmay not always encompass the core habitat of species of
concern andmay unnecessarily restrict fishing activity when bycatch
risk is low. While many of these approaches have been successful for
single species, managers are often faced with trading off protection

of multiple protected species with sustaining economically viable
fisheries (8, 9). Dynamic ocean management is an example of an eco-
logical informatics (“ eco-informatics” ) approach that uses near real-time
data streams to support sustainable use of marine resources (17, 19–22).
Dynamic oceanmanagement approaches are robust to climate variabil-
ity and change, as they account for speciesmovement or distributions at
scales matching those of human activities in the oceans (12, 13, 15, 23).
Here, we present a multispecies dynamic ocean management approach
designed to address the long-standing problem of how to balance sus-
tainable target catch with protected species bycatch.

We focus on theCalifornia drift gillnet (DGN ) fishery as a case study
in a highly dynamic pelagic system. The fishery targets broadbill sword-
fish (X i p h i a s g l a d i u s ) in the California Current, a highly productive
upwelling ecosystem and globally significant hotspot of marine bio-
diversity (24). An underexploited and economically valuable sword-
fish stock is targeted through overnight deployment of large mesh
gillnets of several kilometers in length. This indiscriminant fishing
technique can result in bycatch of protected species such as logger-
head (C a r e t t a c a r e t t a ) and leatherback (D e r m o c h e l y s c o r i a c e a ) turtles,
small delphinids, beaked whales, and California sea lions ( Z a l o p h u s
c a l i f o r n i a n u s ; Fig. 1). Because bycatch rates have exceeded manage-
ment targets, the fishery has been legally mandated to implement mit-
igation measures (16, 25), including gear modifications and a vast static
seasonal area closure [ Pacific Leatherback Conservation Area (PLCA);
552,000 km2] implemented in 2001, designed to avoid critically en-
dangered leatherback turtles and beaked whales in California waters
(16, 25, 26). N onetheless, catch rates of some nontarget species have re-
mained high (25). While these management actions have successfully
minimized bycatch of leatherback turtles, as intended, they have also
resulted in a downsizing of the fishery by 9 0%, leading to harvest levels
well below the sustainable swordfish quota (26), challenging the eco-
nomic viability of this fishery.

To address this problem, we take a novel, data-driven, multispecies
approach that allows for reduction of bycatch rates while maintaining
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Coral reefs provide ecosystem goods and services for millions of
people in the tropics, but reef conditions are declining worldwide.
Effective solutions to the crisis facing coral reefs depend in part on
understanding the context under which different types of conserva-
tion benefits can be maximized. O ur global analysis of nearly
1,800 tropical reefs reveals how the intensity of human impacts
in the surrounding seascape, measured as a function of human
population size and accessibility to reefs (“ gravity” ), diminishes the
effectiveness of marine reserves at sustaining reef fish biomass and
the presence of top predators, even where compliance with reserve
rules is high. Critically, fish biomass in high-compliance marine re-
serves located where human impacts were intensive tended to be
less than a quarter that of reserves where human impacts were low.
Similarly, the probability of encountering top predators on reefs with
high human impacts was close to zero, even in high-compliance ma-
rine reserves. However, we find that the relative difference between
openly fished sites and reserves (what we refer to as conservation
gains) are highest for fish biomass (excluding predators) where hu-
man impacts are moderate and for top predators where human im-
pacts are low. O ur results illustrate critical ecological trade-offs in
meeting key conservation objectives: reserves placed where there
are moderate-to-high human impacts can provide substantial conser-
vation gains for fish biomass, yet they are unlikely to support key
ecosystem functions like higher-order predation, which is more prev-
alent in reserve locations with low human impacts.

marine reserves | fisheries | coral reefs | social-ecological | socioeconomic

The world’s coral reefs are rapidly degrading (1–3), which is
diminishing ecological functioning and potentially affecting

the well-being of the millions of people with reef-dependent
livelihoods (4). Global climate change and local human impacts
(such as fishing) are pervasive drivers of reef degradation (1, 5). In

Significance

Marine reserves that prohibit fishing are a critical tool for sus-
taining coral reef ecosystems, yet it remains unclear how human
impacts in surrounding areas affect the capacity of marine re-
serves to deliver key conservation benefits. O ur global study
found that only marine reserves in areas of low human impact
consistently sustained top predators. Fi sh biomass inside marine
reserves declined along a gradient of human impacts in sur-
rounding areas; however, reserves located where human im-
pacts are moderate had the greatest difference in fish biomass
compared with openly fished areas. Reserves in low human-
impact areas are required for sustaining ecological functions like
high-order predation, but reserves in high-impact areas can
provide substantial conservation gains in fish biomass.
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Coral reefs provide ecosystem goods and services for millions of
people in the tropics, but reef conditions are declining worldwide.
Effective solutions to the crisis facing coral reefs depend in part on
understanding the context under which different types of conserva-
tion benefits can be maximized. O ur global analysis of nearly
1,800 tropical reefs reveals how the intensity of human impacts
in the surrounding seascape, measured as a function of human
population size and accessibility to reefs (“ gravity” ), diminishes the
effectiveness of marine reserves at sustaining reef fish biomass and
the presence of top predators, even where compliance with reserve
rules is high. Critically, fish biomass in high-compliance marine re-
serves located where human impacts were intensive tended to be
less than a quarter that of reserves where human impacts were low.
Similarly, the probability of encountering top predators on reefs with
high human impacts was close to zero, even in high-compliance ma-
rine reserves. However, we find that the relative difference between
openly fished sites and reserves (what we refer to as conservation
gains) are highest for fish biomass (excluding predators) where hu-
man impacts are moderate and for top predators where human im-
pacts are low. O ur results illustrate critical ecological trade-offs in
meeting key conservation objectives: reserves placed where there
are moderate-to-high human impacts can provide substantial conser-
vation gains for fish biomass, yet they are unlikely to support key
ecosystem functions like higher-order predation, which is more prev-
alent in reserve locations with low human impacts.

marine reserves | fisheries | coral reefs | social-ecological | socioeconomic

The world’s coral reefs are rapidly degrading (1–3), which is
diminishing ecological functioning and potentially affecting

the well-being of the millions of people with reef-dependent
livelihoods (4). Global climate change and local human impacts
(such as fishing) are pervasive drivers of reef degradation (1, 5). In

Significance

Marine reserves that prohibit fishing are a critical tool for sus-
taining coral reef ecosystems, yet it remains unclear how human
impacts in surrounding areas affect the capacity of marine re-
serves to deliver key conservation benefits. O ur global study
found that only marine reserves in areas of low human impact
consistently sustained top predators. F ish biomass inside marine
reserves declined along a gradient of human impacts in sur-
rounding areas; however, reserves located where human im-
pacts are moderate had the greatest difference in fish biomass
compared with openly fished areas. Reserves in low human-
impact areas are required for sustaining ecological functions like
high-order predation, but reserves in high-impact areas can
provide substantial conservation gains in fish biomass.
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A strategy for the conservation of biodiversity on
mid-ocean ridges from deep-sea mining
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Mineral exploitation has spread from land to shallow coastal waters and is now planned for the offshore, deep
seabed. L arge seafloor areas are being approved for exploration for seafloor mineral deposits, creating an
urgent need for regional environmental management plans. N etwork s of areas where mining and mining
impacts are prohibited are k ey elements of these plans. W e adapt marine reserve design principles to the
distinctive biophysical environment of mid-ocean ridges, offer a framework for design and evaluation of
these network s to support conservation of benthic ecosystems on mid-ocean ridges, and introduce proj ected
climate-induced changes in the deep sea to the evaluation of reserve design. W e enumerate a suite of metrics
to measure network performance against conservation targets and network design criteria promulgated by
the Convention on Biological Diversity. W e apply these metrics to network scenarios on the northern and
eq uatorial Mid-Atlantic Ridge, where contractors are exploring for seafloor massive sulfide ( SMS) deposits. A
latitudinally distributed network of areas performs well at ( i) capturing ecologically important areas and 3 0 to
5 0% of the spreading ridge areas, ( ii) replicating representative areas, ( iii) maintaining along-ridge population
connectivity, and ( iv) protecting areas potentially less affected by climate-related changes. Critically, the
network design is adaptive, allowing for refinement based on new k nowledge and the location of mining sites,
provided that design principles and conservation targets are maintained. T his framework can be applied along
the global mid-ocean ridge system as a precautionary measure to protect biodiversity and ecosystem function
from impacts of SMS mining.

INTRODUCTION
Mid-ocean ridges are located at divergent oceanic plate boundaries,
where volcanism associatedwith seafloor spreading creates new oceanic
crust. In these regions, seawater percolates through seafloor cracks and
fissures to depths where it reacts with host rock at high temperature and
pressure, stripping the rock of metals such as copper and zinc. The
heated, chemically modified fluid is thermally buoyant and rises to exit
the seafloor through hydrothermal vents, where metal sulfides precip-

itate and can accumulate as seafloormassive sulfides (SMS; also referred
to as polymetallic sulfides). Where uplifted and exposed as ophiolite
complexes on land, SMS deposits have long been exploited for their ores
(1). They are now targeted formining at the seabed (2). At slow seafloor
spreading rates (< 4 cm year−1), SMS deposits may accumulate over
thousands of years and can be of sufficient size and ore quality to be
of commercial interest (2, 3). Some large SMS deposits on the seabed
are located at “ active” hydrothermal vents, operationally defined as
vents that emit diffuse and/ or focused hydrothermal fluid and support
symbiont-hosting invertebrate taxa that rely on uptake of inorganic
compounds in the hydrothermal fluid to support microbial chemo-
synthesis (4). Large inactive, or “ extinct” SMS accumulations on mid-
ocean ridges are less studied than active vent systems. They generally
lack biomass-rich assemblages of vent-endemic taxa but likely support
highly diverse and complex benthic communities (5, 6). SMSdeposits at
inactive vents may be the preferred target for commercial mining based
on environmental considerations (7), estimated size of the ore bodies
(8–10), and the practicalities of avoiding equipment exposure to the
high-temperature, acidic conditions at active vents (11).

The United N ations Convention on the Law of the Sea (UN CLOS)
sets out the legal framework for seabed mining beyond the limits of na-
tional jurisdiction (referred to as “ the Area” ). The convention, along
with the 19 9 4 Implementing Agreement, established the International
Seabed Authority (ISA) as the regulatory agency for deep-sea mining
in the Area. The ISA is also charged with, among other things, en-
suring effective protection of the marine environment from harmful
effects arising from mining-related activities on the seabed (UN CLOS
article 145). These responsibilities include the need to adopt and peri-
odically review environmental rules, regulations, and procedures for the
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Securing a L ong- term Future for C oral R eefs
Ove Hoegh-Guldberg,1 ,2,3,* Emma V . K ennedy,1 Hawthorne L. Beyer,1 ,4 Caleb M cClennen,5 and
Hugh P . P ossingham1 ,4,6

R apid ocean warming as a result of climate change poses a k ey risk for coral
reefs. E ven if the goals of the P aris Climate A greement are achieved, coral reefs
are lik ely to decline by 7 0 – 9 0 % relative to their current abundance by mid-
century. A lthough alarming, coral communities that survivewill play a k ey role in
the regeneration of reefs by mid-to-late century. Here, we argue for a coordi-
nated, global coral reef conservation strategy that is centred on 5 0 large
( 5 0 0 k m2 ) regions that are the least vulnerable to climate change and which
are positioned to facilitate future coral reef regeneration. The proposed strategy
and actions should strengthen and expand existing conservation efforts for
coral reefs as we face the long-term consequences of intensifying climate
change.

Coral R eefs
Coral reefs provide habitat to over a million species as well as essential ecosystem services (e.
g., food, coastal protection) to hundreds of millions of people throughout the tropics and
subtropics [1 ,2]. Despite their importance, coral reefs are in rapid decline, with the rate
accelerating for many coral reefs over the past decade (e.g., Great Barrier Reef, [3]). Human
impacts such as fishing pressure, coastal development, and pollution are combining with rising
ocean temperatures to push reefs increasingly into states typified by low coral abundance,
reduced biodiversity, and degraded ecosystems services [1 ,2]. While all threats facing coral
reefs need addressing, those associated with global ocean warming are the most serious, with
the near total loss of coral reefs across the planet expected by midcentury under current
greenhouse gas emission proj ections [3–5]. Within this context, reducing the impact of local
threats has the potential to build much needed resilience for coral reefs as they face escalating
threats from global climate change.

P aris to the R escue
The United N ations Framework Convention on Climate Change (UN FCCC) and its 21 st
Conference of the P arties (COP 21 ) agreed to hold ‘ the increase in the global average temper-
ature to well below 2!C above preindustrial levels and pursuing efforts to limit the temperature
increase to 1 .5!C above preindustrial levels’ [6 ]. To date, 1 8 0 of the 1 9 7 parties have ratified the
P aris A greement on climate change. This agreement is founded upon a scientifically based
target under which relatively stable ocean conditions may be achieved by midcentury [4]. While
current pledges to reduce emissions by the world ’ s nations fall short of what is required to
achieve the goals of the P aris Agreement [7 ], there is considerable hope that the international
community will continue to work together to ramp up the emission reduction ambitions of its
member states over the coming years.

While the P aris Agreement was an impressive political achievement, average planetary
surface temperature is expected to increase by another 0 .5!C, putting further strain on
already stressed natural and human systems. Under optimistic proj ections, the trend of
increasing heat stress may render approximately 7 0 – 9 0 % of the current distribution of coral

Highlights
Severe degradation of coral reefs in
recent decades has been driven by a
range of threatening processes includ-
ing climate change. Ocean warming is
expected to have further severe
impacts on reefs unless global warm-
ing is restrained well below 2!C (the
goals of the P aris Agreement).

N ot all coral reefs are equally at risk
from climate change, however, sug-
gesting the potential for identifying
reefs for conservation action that are
less vulnerable to climate change and
which may be best positioned for
regenerating other degraded reefs in
the future.

There is uncertainty in future condi-
tions. V ariance reduction methods
from finance (e.g., modern portfolio
theory) can be applied to conservation
planning to identify a portfolio of coral
reefs for which the risk of widespread
failure across the portfolio is
minimised.

Long-term, risk-sensitive planning in
the context of the uncertainty of pro-
j ected climate impacts complements
existing conservation strategies.
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community to reduce greenhouse
gas emissions as part of the
UN FCCC P aris Climate Agreement.
P aris A greement: also called the
P aris Climate Agreement, the part of
the United N ations Framework
Convention on Climate Change
(UN FCCC) that is focused on
reducing climate change through
greenhouse gas emissions mitigation,
adaptation, and finance mechanisms,
with a review cycle starting in the
year 20 20 .
S ustainable develop ment goal
(S D G ): a universal call to action to
end poverty, protect the planet’ s
ecosystems, and ensure that all
people enj oy peace and prosperity.
SDG 1 4 focuses on the ocean.
S ustainable fisheries: those that
are harvested at a sustainable rate,
where the fish stocks size do not
decline over time because of
harvesting. M aximum sustainable
yield is central to this concept and
represents the largest yield (or catch)
that can be removed from fishery
without impacting stock size.

A recent study [20 ] applied modern portfolio theory (M P T, Box 1 , [21 ]) to solve the problem of
identifying a portfolio of reefs (Figure 1 ) that has a high probability, as a set, of surviving climate
change while having a good capacity to repopulate other reefs over time. M P T is a mathemati-
cal approach for identifying an optimal portfolio of assets, such that the expected return on
investments is maximized for a given level of risk. Up until recently, M P T has not been applied to
spatial planning problems, and not at a global scale [22,23]. In the context of long-term
conservation planning, risk arises from the substantial uncertainty in the proj ection of future
climate conditions. By accounting for the covariance in conditions among sites, M P T facilitates
the selection of a portfolio of sites or bioclimatic units (B C U s, Figure 1 ) that are likely to
provide good return on investment, with a lower risk of catastrophic loss across the entire
portfolio. M P T was used in this particular study to optimize the selection of a portfolio of 50
BCUs with respect to the reduced exposure of BCUs to thermal stress in the past and future (i.
e., mass coral bleaching and mortality) and storm damage, while also having a high degree of

(D) while others are uncorrelated or even negatively correlated. (E) The covariance among sites can vary among different
applications and contexts. The distribution may be dominated by uncorrelated or negatively correlated values (red line),
by positively correlated values (blue line), or a more even mix (black line). The obj ective is to select a portfolio of sites that
maximises expected value (returns). But selecting sites that are correlated is risky, because if one performs poorly, many
or all may also perform poorly. M odern portfolio theory provides a way of maximising returns while also reducing risk by
accounting for covariances in the selection of sites. (F) The shape of the trade-off between risk and return will be
determined by the return values and covariance among sites. If there are many positively correlated sites, this implies
relatively few opportunities for selecting negatively correlated sites, and the potential for risk reduction is modest (blue
line). Conversely, if there are many negatively correlated sites, the potential for risk reduction will be much stronger (red
line). (G) The decision maker must decide what a reasonable balance is between risk and return (black dot), which
corresponds to a specific selection of sites.
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R apid ocean warming as a result of climate change poses a k ey risk for coral
reefs. E ven if the goals of the P aris Climate A greement are achieved, coral reefs
are lik ely to decline by 7 0 – 9 0 % relative to their current abundance by mid-
century. A lthough alarming, coral communities that survivewill play a k ey role in
the regeneration of reefs by mid-to-late century. Here, we argue for a coordi-
nated, global coral reef conservation strategy that is centred on 5 0 large
( 5 0 0 k m2 ) regions that are the least vulnerable to climate change and which
are positioned to facilitate future coral reef regeneration. The proposed strategy
and actions should strengthen and expand existing conservation efforts for
coral reefs as we face the long-term consequences of intensifying climate
change.

Coral R eefs
Coral reefs provide habitat to over a million species as well as essential ecosystem services (e.
g., food, coastal protection) to hundreds of millions of people throughout the tropics and
subtropics [1 ,2]. Despite their importance, coral reefs are in rapid decline, with the rate
accelerating for many coral reefs over the past decade (e.g., Great Barrier Reef, [3]). Human
impacts such as fishing pressure, coastal development, and pollution are combining with rising
ocean temperatures to push reefs increasingly into states typified by low coral abundance,
reduced biodiversity, and degraded ecosystems services [1 ,2]. While all threats facing coral
reefs need addressing, those associated with global ocean warming are the most serious, with
the near total loss of coral reefs across the planet expected by midcentury under current
greenhouse gas emission proj ections [3–5]. Within this context, reducing the impact of local
threats has the potential to build much needed resilience for coral reefs as they face escalating
threats from global climate change.

P aris to the R escue
The United Na tions Framework Convention on Climate Change (UN FCCC) and its 21 st
Conference of the P arties (COP 21 ) agreed to hold ‘ the increase in the global average temper-
ature to well below 2!C above preindustrial levels and pursuing efforts to limit the temperature
increase to 1 .5!C above preindustrial levels’ [6 ]. To date, 1 8 0 of the 1 9 7 parties have ratified the
P aris A greement on climate change. This agreement is founded upon a scientifically based
target under which relatively stable ocean conditions may be achieved by midcentury [4]. While
current pledges to reduce emissions by the world ’ s nations fall short of what is required to
achieve the goals of the P aris Agreement [7 ], there is considerable hope that the international
community will continue to work together to ramp up the emission reduction ambitions of its
member states over the coming years.

While the P aris Agreement was an impressive political achievement, average planetary
surface temperature is expected to increase by another 0 .5!C, putting further strain on
already stressed natural and human systems. Under optimistic proj ections, the trend of
increasing heat stress may render approximately 7 0 – 9 0 % of the current distribution of coral
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Severe degradation of coral reefs in
recent decades has been driven by a
range of threatening processes includ-
ing climate change. Ocean warming is
expected to have further severe
impacts on reefs unless global warm-
ing is restrained well below 2!C (the
goals of the P aris Agreement).

N ot all coral reefs are equally at risk
from climate change, however, sug-
gesting the potential for identifying
reefs for conservation action that are
less vulnerable to climate change and
which may be best positioned for
regenerating other degraded reefs in
the future.

There is uncertainty in future condi-
tions. V ariance reduction methods
from finance (e.g., modern portfolio
theory) can be applied to conservation
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Although fishing is one of the most widespread activities by which humans harvest
natural resources, its global footprint is poorly understood and has never been directly
q uantified.We processed 2 2 billion automatic identification system messages and
tracked > 7 0 ,0 0 0 industrial fishing vessels from 2 0 1 2 to 2 0 1 6 , creating a global dynamic
footprint of fishing effort with spatial and temporal resolution two to three orders of
magnitude higher than for previous data sets. O ur data show that industrial fishing occurs
in > 5 5 % of ocean area and has a spatial extent more than four times that of agriculture.
We find that global patterns of fishing have surprisingly low sensitivity to short-term
economic and environmental variation and a strong response to cultural and political
events such as holidays and closures.

A
griculture, forestry, and fishing are themain
activities by which humans appropriate the
planet ’ s primary production (1, 2) and re-
shape ecosystems worldwide (3). R ecent
advances in satellite-based observationhave

allowed high-resolution monitoring of forestry
and agriculture, creating opportunities such as
carbon management (4), agricultural forecasting
(5), and biodiversity monitoring (6) on a global
scale. In contrast, we lack a precise understanding

of the spatial and temporal footprint of fishing,
limiting our ability to quantify the response of
global fleets to changes in climate, policy, eco-
nomics, and other drivers. A lthough fishing ac-
tivities have been monitored for selected fleets
using electronic vessel monitoring systems, log-
books, or onboard observers, these efforts have
produced heterogeneous data that are neither
publicly available nor global in scope. A s a result,
the global footprint of fishing activity, or “effort,”

could be inferred only from disaggregated catch
data (7, 8).
R ecent expansion of the automatic identifi-

cation system (A IS) (9) presents an opportu-
nity to fill this gap and quantify the behavior
of global fleets down to individual vessels (10).
A lthough A IS was originally designed to help
prevent ship collisions by broadcasting to nearby
vessels a ship’ s identity, position, speed, and turn-
ing angle every few seconds, these messages are
also recorded by satellite- or land-based receivers.
Whereas its usefulness as a tracking tool has
been established locally (11–13), we use A IS to
directly map global fishing activity.
We processed 22 billion global A IS positions

from 2012 to 2016 and trained two convolutional
neural networks (CNNs): one to identify vessel
characteristics and a second to detect A IS posi-
tions indicative of fishing activity (fig. S1). The
vessel characterization CNN was trained on
45,441 marine vessels (both fishing and nonfish-
ing) that were matched to official fleet registries.
The resulting model identifies six classes of
fishing vessels and six classes of nonfishing
vessels (tables S1 and S2) with 95% accuracy
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Fi g . 1 . Th e s p a t i a l
f o o t p r i n t o f f i s h i n g .
(A to D) Total fishing
effort [ hours fished per
sq uare kilometer
(h km−2 )] in 2 0 1 6 by
all vessels with AIS
systems (A), trawlers
(B ), drifting longliners
(C ), and purse seiners
(D). (E) Examples of
individual tracks of
a trawler (blue), a
longliner (red), and a
purse seiner (green).
B lack symbols show
fishing locations for
these vessels, as
detected by the neural
network, and colored
lines are AIS tracks.
(F) G lobal patterns of
average annual NPP
[ expressed as
milligrams of carbon
uptake per sq uare
meter per day
(mg C m−2 day−1 )] are
shown for reference.
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Bottom trawlers land around 19 million tons of fish and invertebrates
annually, almost one-quarter of wild marine landings. The extent of
bottom trawling footprint (seabed area trawled at least once in a
specified region and time period) is often contested but poorly
described.We quantify footprints using high-resolution satellite vessel
monitoring system (V MS) and logbook data on 24 continental shelves
and slopes to 1,000-m depth over at least 2 years. Trawling footprint
varied markedly among regions: from < 10% of seabed area in Aus-
tralian and New Z ealand waters, the Aleutian Islands, East Bering Sea,
South Chile, and Gulf of Alaska to >5 0% in some European seas.
O verall, 14% of the 7.8 million-km2 study area was trawled, and
86% was not trawled. Trawling activity was aggregated; the most
intensively trawled areas accounting for 90% of activity comprised
77% of footprint on average. Regional swept area ratio (SAR; ratio
of total swept area trawled annually to total area of region, a metric
of trawling intensity) and footprint area were related, providing an
approach to estimate regional trawling footprints when high-
resolution spatial data are unavailable. If SAR was ≤0.1, as in 8 of
24 regions, there was>95 % probability that>90% of seabedwas not
trawled. If SAR was 7.9, equal to the highest SAR recorded, there
was >95 % probability that >70% of seabed was trawled. F ootprints
were smaller and SAR was ≤0.25 in regions where fishing rates con-
sistently met international sustainability benchmarks for fish stocks,
implying collateral environmental benefits from sustainable fishing.

fisheries | effort | footprint | habitat | seabed

There has been sustained debate about the extent of bottom
trawling impacts on marine environments (1, 2). Both the scale
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Bottom trawlers land around 19 million tons of fish and invertebrates
annually, almost one-quarter of wild marine landings. The extent of
bottom trawling footprint (seabed area trawled at least once in a
specified region and time period) is often contested but poorly
described.We quantify footprints using high-resolution satellite vessel
monitoring system (V MS) and logbook data on 24 continental shelves
and slopes to 1,000-m depth over at least 2 years. Trawling footprint
varied markedly among regions: from < 10% of seabed area in Aus-
tralian and New Z ealand waters, the Aleutian Islands, East Bering Sea,
South Chile, and Gulf of Alaska to >5 0% in some European seas.
O verall, 14% of the 7.8 million-km2 study area was trawled, and
86% was not trawled. Trawling activity was aggregated; the most
intensively trawled areas accounting for 90% of activity comprised
77% of footprint on average. Regional swept area ratio (SAR; ratio
of total swept area trawled annually to total area of region, a metric
of trawling intensity) and footprint area were related, providing an
approach to estimate regional trawling footprints when high-
resolution spatial data are unavailable. If SAR was ≤0.1, as in 8 of
24 regions, there was>95 % probability that>90% of seabedwas not
trawled. If SAR was 7.9, equal to the highest SAR recorded, there
was >95 % probability that >70% of seabed was trawled. F ootprints
were smaller and SAR was ≤0.25 in regions where fishing rates con-
sistently met international sustainability benchmarks for fish stocks,
implying collateral environmental benefits from sustainable fishing.
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Sustainability of global fisheries is a growing concern. The United
Nations has identified three pillars of sustainability: economic
development, social development, and environmental protection.
The fisheries literature suggests that there are two key trade-offs
among these pillars of sustainability. F irst, poor ecological health
of a fishery reduces economic profits for fishers, and second,
economic profitability of individual fishers undermines the social
objectives of fishing communities. Although recent research has
shown that management can reconcile ecological and economic
objectives, there are lingering concerns about achieving positive
social outcomes. We examined trade-offs among the three pillars
of sustainability by analyzing the F ishery Performance Indicators, a
unique dataset that scores 121 distinct fishery systems worldwide
on 68 metrics categorized by social, economic, or ecological
outcomes. F or each of the 121 fishery systems, we averaged the
outcome measures to create overall scores for economic, ecolog-
ical, and social performance. We analyzed the scores and found
that they were positively associated in the full sample. We divided
the data into subsamples that correspond to fisheries manage-
ment systems with three categories of access— open access, access
rights, and harvest rights— and performed a similar analysis. O ur
results show that economic, social, and ecological objectives are at
worst independent and are mutually reinforcing in both types of
managed fisheries. The implication is that rights-based manage-
ment systems should not be rejected on the basis of potentially
negative social outcomes; instead, social considerations should be
addressed in the design of these systems.
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F ishing, as the world’s last major hunting and gathering in-
dustry, supports livelihoods, food security, and human health

(1–4). However, it is unclear whether, and if so, how fishing can
achieve the aspirations of the United Nations that specify three
pillars of sustainability: economic development, social develop-
ment, and environmental protection (5). Several scholars have
argued that the pursuit of economic objectives in fisheries, such
as profit and trade, can lead to ecological decline and undermine
social objectives, including employment, safe working conditions,
and gender equality (2–4, 6). Such arguments have entered the
policy dialog surrounding fishery management through two
broad narratives. First, economic benefits require high harvest
levels that undermine ecological sustainability. Second, only
policies that limit access to a subset of fishers can reduce the
effect of high harvest levels, but when implemented, they po-
tentially compromise the achievement of wider social objectives.
Numerous studies in the fisheries literature support the first

narrative by arguing that the pursuit of economic objectives is
instrumental in overfishing and declines in marine ecosystems
(7–13). There are three main lines of argument in support of this
narrative. First, due to the commons problem, in which access is
poorly (or not at all) regulated, individual fishers make privately

beneficial decisions that lead to overexploitation of fish stocks
that eventually reduce profit (7, 8). Sole ownership of the fishery
resource, thought to be a solution to the commons problem (7,
14), does not necessarily prevent overfishing, and under some
conditions, a sole owner would find it profitable to drive a fish
stock to extinction (9). The implication is that fisheries require
some form of management to set, implement, and enforce
binding biological targets (15). Second, short-run profit motives
in managed fisheries can create one-sided political pressure to
set unsustainable harvest levels (10). New accountability mea-
sures and strengthened authority of scientific and statistical
committees in the 2007 reauthorization of the US Magnuson
Stevens Fishery Conservation and Management Act is one ex-
ample of a response to this sort of pressure. Finally, especially in
developing countries, the commoditization of fish and pursuit of
economic development through industrialization and market
expansion are the drivers of overexploitation and may be more
important than the weak institutions associated with limited
regulation of the commons problem (12, 13). Empirically,

Significance

The United Nations proclaims that sustainable development
comprises environmental, economic, and social sustainability.
F isheries contribute to livelihoods, food security, and human
health worldwide; however, as the planet’s last major hunting
and gathering industry, whether, and if so, how fishing can
achieve all three pillars of sustainability is unclear. The rela-
tionships between environmental and economic sustainability,
as well as between economic and social sustainability, continue
to receive attention. We analyzed data from 121 fisheries
worldwide to evaluate potential trade-offs. We found no evi-
dence of trade-offs, and instead found that environmental,
economic, and social objectives are complementary when
fisheries are managed. O ur results challenge the idea that
the three pillars of sustainability are in conflict, suggesting
that rights-based systems can be designed to support all
three pillars.
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Sustainability of global fisheries is a growing concern. The United
Nations has identified three pillars of sustainability: economic
development, social development, and environmental protection.
The fisheries literature suggests that there are two key trade-offs
among these pillars of sustainability. F irst, poor ecological health
of a fishery reduces economic profits for fishers, and second,
economic profitability of individual fishers undermines the social
objectives of fishing communities. Although recent research has
shown that management can reconcile ecological and economic
objectives, there are lingering concerns about achieving positive
social outcomes. We examined trade-offs among the three pillars
of sustainability by analyzing the F ishery Performance Indicators, a
unique dataset that scores 121 distinct fishery systems worldwide
on 68 metrics categorized by social, economic, or ecological
outcomes. F or each of the 121 fishery systems, we averaged the
outcome measures to create overall scores for economic, ecolog-
ical, and social performance. We analyzed the scores and found
that they were positively associated in the full sample. We divided
the data into subsamples that correspond to fisheries manage-
ment systems with three categories of access— open access, access
rights, and harvest rights— and performed a similar analysis. O ur
results show that economic, social, and ecological objectives are at
worst independent and are mutually reinforcing in both types of
managed fisheries. The implication is that rights-based manage-
ment systems should not be rejected on the basis of potentially
negative social outcomes; instead, social considerations should be
addressed in the design of these systems.

seafood | sustainability | social | economic | environmental

F ishing, as the world’s last major hunting and gathering in-
dustry, supports livelihoods, food security, and human health

(1–4). However, it is unclear whether, and if so, how fishing can
achieve the aspirations of the United Nations that specify three
pillars of sustainability: economic development, social develop-
ment, and environmental protection (5). Several scholars have
argued that the pursuit of economic objectives in fisheries, such
as profit and trade, can lead to ecological decline and undermine
social objectives, including employment, safe working conditions,
and gender equality (2–4, 6). Such arguments have entered the
policy dialog surrounding fishery management through two
broad narratives. First, economic benefits require high harvest
levels that undermine ecological sustainability. Second, only
policies that limit access to a subset of fishers can reduce the
effect of high harvest levels, but when implemented, they po-
tentially compromise the achievement of wider social objectives.
Numerous studies in the fisheries literature support the first

narrative by arguing that the pursuit of economic objectives is
instrumental in overfishing and declines in marine ecosystems
(7–13). There are three main lines of argument in support of this
narrative. First, due to the commons problem, in which access is
poorly (or not at all) regulated, individual fishers make privately

beneficial decisions that lead to overexploitation of fish stocks
that eventually reduce profit (7, 8). Sole ownership of the fishery
resource, thought to be a solution to the commons problem (7,
14), does not necessarily prevent overfishing, and under some
conditions, a sole owner would find it profitable to drive a fish
stock to extinction (9). The implication is that fisheries require
some form of management to set, implement, and enforce
binding biological targets (15). Second, short-run profit motives
in managed fisheries can create one-sided political pressure to
set unsustainable harvest levels (10). New accountability mea-
sures and strengthened authority of scientific and statistical
committees in the 2007 reauthorization of the US Magnuson
Stevens Fishery Conservation and Management Act is one ex-
ample of a response to this sort of pressure. Finally, especially in
developing countries, the commoditization of fish and pursuit of
economic development through industrialization and market
expansion are the drivers of overexploitation and may be more
important than the weak institutions associated with limited
regulation of the commons problem (12, 13). Empirically,
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High seas fisheries play a negligible role in addressing 
global food security
L aurenne S chiller1,2 * , M egan B ailey 1, J ennifer J acq uet3, Enric S ala4

R ecent international negotiations have highlighted the need to protect marine diversity on the high seas— the 
ocean area beyond national jurisdiction. However, restricting fishing access on the high seas raises many concerns, 
including how such restrictions would affect food security. We analyze high seas catches and trade data to deter-
mine the contribution of the high seas catch to global seafood production, the main species caught on the high 
seas, and the primary markets where these species are sold. B y volume, the total catch from the high seas accounts 
for 4 .2 % of annual marine capture fisheries production and 2 .4 % of total seafood production, including freshwater 
fisheries and aquaculture. Thirty-nine fish and invertebrate species account for 9 9 .5% of the high seas targeted 
catch, but only one species, A ntarctic toothfish, is caught exclusively on the high seas. The remaining catch, which 
is caught both on the high seas and in national jurisdictions, is made up primarily of tunas, billfishes, small pelagic 
fishes, pelagic squids, toothfish, and krill. M ost high seas species are destined for upscale food and supplement 
markets in developed, food-secure countries, such as J apan, the European Union, and the United States, suggesting 
that, in aggregate, high seas fisheries play a negligible role in ensuring global food security.

I N T R O D U C T I O N
To address high seas conservation and governance issues, the U nited 
Nations (U N) will start negotiations on a legally binding instrument 
to protect biodiversity in marine waters beyond national j urisdiction 
in September 2018 (1 ). Among the proposed conservation sugges-
tions is the use of area-based management tools, in which fishing 
and other extractive activities could be prohibited. The prospect of 
closing any ocean area to fishing can raise many concerns, including 
negative impacts on food security. To understand potential trade-
offs between conservation actions on the high seas and food security 
outcomes, it is necessary to assess the contribution of high seas fisheries 
to global food security.

The U N defines food security as “ the condition in which all people, 
at all times, have physical, social, and economic access to sufficient, 
safe, and nutritious food that meets their dietary needs and food 
preferences for an active and healthy life”  (2 ). C urrently, more than 
800 million people remain affected by severe food insecurity, and 
recent increases in the prevalence of civil conflicts and the severity 
of natural disasters due to climate change have exacerbated this 
problem in certain parts of the world (3 ). Seafood (defined here as 
both marine and freshwater species) provides more than a third of 
the global population with 20% of their animal protein intake (4);  
many researchers and nongovernmental organizations suggest that 
it is especially important for assuring food security in less developed 
countries (5 – 7 ) and in coastal indigenous communities (8 ). M arine 
fish and invertebrates from both wild capture fisheries and aq uacul-
ture are predicted to be increasingly important protein sources as 
the global population grows to 9 billion by 2050 (5 , 9 , 1 0 ).

B etween one-q uarter and one-third of the world’s marine catch 
is caught by small-scale coastal fisheries ( 1 1 ), which play a role in 
addressing food security at a local level. H owever, fisheries are not 
j ust contained to the coasts. As inshore fish populations have been 

seq uentially overfished and depleted, the development of industrial 
and technologically advanced fishing gears, storage, and processing 
capabilities has enabled vessels to travel farther offshore in pursuit 
of fish (1 2 ), and industrial fishing currently occurs in more than half 
of the global ocean (1 3 ). As fisheries have industrialized and markets 
have become globalized, those who rely most on fish for food are often 
marginalized through lack of capital and restrictions on accessing 
fishing grounds or purchasing fish (1 4). H owever, markets may allow 
the fish caught far offshore by industrialized fleets to feed those who 
are food-insecure, and so it is often assumed that high seas fisheries 
make an essential contribution to global food security [ for example, 
(1 5 )] . B ut is it true?

The “ high seas”  are the area beyond national j urisdiction as defined 
by the 1982 U N C onvention on the L aw of the Sea and represent almost 
two-thirds of the ocean surface. Areas of ocean adj acent to shore—that 
is, the 200 nautical miles that extend from the coastline—are the exclu-
sive economic zones (EEZ s) of countries. While the pelagic environ-
ment is lower in biological productivity compared to nearshore areas, 
the high seas are habitat for migratory, high-trophic fish species, such as 
tuna and some sharks, and long-lived species, such as orange roughy and 
toothfish. Thus, high seas fisheries can exert a high degree of top-down 
control in the open ocean at both the species and community level (1 6 ).

To assess the contribution of the high seas catch to global food 
security, we determined (i) the contribution of the high seas catch 
relative to other sectors of seafood production, (ii) the main high seas 
fishing countries, (iii) the species composition of the high seas catch, 
and (iv) the primary importing countries and associated markets for 
those species. We used annual catch statistics from the Sea Around 
U s reconstructed fisheries database (v. 47), aq uaculture and fresh-
water production estimates from the U N and Food and Agriculture 
Organization (FAO) (4), and import and export data from the FAO 
FishStat database (v. 3.01).

R ES U L T S
H igh seas catch by  volume
B etween 2009 and 2014, the total landed catch on the high seas was an 
average of 4.32 million metric tons annually. This volume represents 
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ocean area beyond national jurisdiction. However, restricting fishing access on the high seas raises many concerns, 
including how such restrictions would affect food security. We analyze high seas catches and trade data to deter-
mine the contribution of the high seas catch to global seafood production, the main species caught on the high 
seas, and the primary markets where these species are sold. B y volume, the total catch from the high seas accounts 
for 4 .2 % of annual marine capture fisheries production and 2 .4 % of total seafood production, including freshwater 
fisheries and aquaculture. Thirty-nine fish and invertebrate species account for 9 9 .5% of the high seas targeted 
catch, but only one species, A ntarctic toothfish, is caught exclusively on the high seas. The remaining catch, which 
is caught both on the high seas and in national jurisdictions, is made up primarily of tunas, billfishes, small pelagic 
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markets in developed, food-secure countries, such as J apan, the European Union, and the United States, suggesting 
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To address high seas conservation and governance issues, the U nited 
Nations (U N) will start negotiations on a legally binding instrument 
to protect biodiversity in marine waters beyond national j urisdiction 
in September 2018 (1 ). Among the proposed conservation sugges-
tions is the use of area-based management tools, in which fishing 
and other extractive activities could be prohibited. The prospect of 
closing any ocean area to fishing can raise many concerns, including 
negative impacts on food security. To understand potential trade-
offs between conservation actions on the high seas and food security 
outcomes, it is necessary to assess the contribution of high seas fisheries 
to global food security.

The U N defines food security as “ the condition in which all people, 
at all times, have physical, social, and economic access to sufficient, 
safe, and nutritious food that meets their dietary needs and food 
preferences for an active and healthy life”  (2 ). C urrently, more than 
800 million people remain affected by severe food insecurity, and 
recent increases in the prevalence of civil conflicts and the severity 
of natural disasters due to climate change have exacerbated this 
problem in certain parts of the world (3 ). Seafood (defined here as 
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it is especially important for assuring food security in less developed 
countries (5 – 7 ) and in coastal indigenous communities (8 ). M arine 
fish and invertebrates from both wild capture fisheries and aq uacul-
ture are predicted to be increasingly important protein sources as 
the global population grows to 9 billion by 2050 (5 , 9 , 1 0 ).

B etween one-q uarter and one-third of the world’s marine catch 
is caught by small-scale coastal fisheries ( 1 1 ), which play a role in 
addressing food security at a local level. H owever, fisheries are not 
j ust contained to the coasts. As inshore fish populations have been 

seq uentially overfished and depleted, the development of industrial 
and technologically advanced fishing gears, storage, and processing 
capabilities has enabled vessels to travel farther offshore in pursuit 
of fish (1 2 ), and industrial fishing currently occurs in more than half 
of the global ocean (1 3 ). As fisheries have industrialized and markets 
have become globalized, those who rely most on fish for food are often 
marginalized through lack of capital and restrictions on accessing 
fishing grounds or purchasing fish (1 4). H owever, markets may allow 
the fish caught far offshore by industrialized fleets to feed those who 
are food-insecure, and so it is often assumed that high seas fisheries 
make an essential contribution to global food security [ for example, 
(1 5 )] . B ut is it true?

The “ high seas”  are the area beyond national j urisdiction as defined 
by the 1982 U N C onvention on the L aw of the Sea and represent almost 
two-thirds of the ocean surface. Areas of ocean adj acent to shore—that 
is, the 200 nautical miles that extend from the coastline—are the exclu-
sive economic zones (EEZ s) of countries. While the pelagic environ-
ment is lower in biological productivity compared to nearshore areas, 
the high seas are habitat for migratory, high-trophic fish species, such as 
tuna and some sharks, and long-lived species, such as orange roughy and 
toothfish. Thus, high seas fisheries can exert a high degree of top-down 
control in the open ocean at both the species and community level (1 6 ).

To assess the contribution of the high seas catch to global food 
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relative to other sectors of seafood production, (ii) the main high seas 
fishing countries, (iii) the species composition of the high seas catch, 
and (iv) the primary importing countries and associated markets for 
those species. We used annual catch statistics from the Sea Around 
U s reconstructed fisheries database (v. 47), aq uaculture and fresh-
water production estimates from the U N and Food and Agriculture 
Organization (FAO) (4), and import and export data from the FAO 
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4.2% of the annual marine catch (102 million metric tons) and 2.4% 
of all seafood production, including freshwater fisheries and aq ua-
culture (178 million metric tons;  Fig. 1).

H igh seas catch by  species
Thirty-nine fish and invertebrate species accounted for 99.5% of the 
high seas catch identifiable to the species level during the time period 
sampled (Table 1). Only one of those species, Antarctic toothfish, was 
caught exclusively on the high seas (3700 metric tons annually) and 
represented 0.11% of the total high seas catch. The remaining species 
are “ straddling”  and/ or highly migratory species (that is, caught both 
on the high seas and within EEZ s). The top three species caught on 
the high seas were all tunas:  skipj ack (967,000 metric tons annually), 
yellowfin (563,000 metric tons annually), and bigeye (336,000 metric 
tons annually). The tunas (these species plus albacore and the three 
bluefins) collectively accounted for 61% of the total high seas catch 
by volume. Other main species groups were non-tuna pelagic fishes 
(26%), pelagic sq uids (7%), billfishes (3%), demersal fishes and inver-
tebrates (2%), and krill (1%) (Table 1).

H igh seas catch by  producers and consumers
Ten fishing countries were responsible for 72% of the total high seas 
catch between 2002 and 2011 (Table 2). C hina and Taiwan alone 
accounted for one-third of the world’s total high seas catch, while 
C hile and Indonesia had the third and fourth largest catches, followed 
by Spain. D espite having the largest high seas catch by volume, fish 
from the high seas account for only 5% of C hina’s total domestic catch. 
C atch from the high seas contributed to ≤6% of the total national 
catch for half of the top 10 fleets:  C hina, J apan, India, Indonesia, and 
the P hilippines;  only for Ecuador and Taiwan did high seas catches 
account for more than one-third of their domestic landings (Table 2).

C urrent traceability standards do not allow disaggregation of im-
ported seafood into spatial j urisdictions (that is, caught on the high 
seas versus in an EEZ ). H owever, imports of species caught on the 
high seas are available, and J apan was the top importer of all three 
globally traded bluefins (93% for southern, 58% for Atlantic and 
P acific), as well as bigeye (75%), and the secondary importer of yellow-
fin (20%) and both toothfishes (22%). Thailand was the top importer 
of skipj ack (63%), yellowfin (21%), and albacore (30%), and Spain 
was the secondary importer of albacore (19%). The U nited States 
imported the maj ority of both toothfishes (48%) and all of the krill 

and was the secondary importer of southern bluefin (2%). With the 
exception of South K orea importing almost all of the globally exported 
chub mackerel and P acific saury, all other primary importers of spe-
cies caught on the high seas were from the European U nion (EU ) 
(for example, D enmark, France, Italy, Spain, and the Netherlands). 
Further details of these trade flows—and additional trade of affiliated 
processed products—are available in Fig. 2 and table S2 and are dis-
cussed below.

D I S C U S S I O N
H igh seas fish catch and global food security
H igh seas fisheries contribute an estimated 4.3 million metric tons 
(2.4%) to the global seafood supply. In 2014, these fisheries were 
valued $ 7.6 billion, yet they are enabled by an estimated $ 4.2 billion in 
annual government subsidies (1 7 ). We found that only one species, 
Antarctic toothfish, is caught on the high seas and nowhere else;  the 
remaining species are also caught in EEZ s.

Antarctic toothfish, along with its close relative, P atagonian tooth-
fish, is usually consumed under the pseudonym “ C hilean sea bass.”  
Our results indicated that citizens in the U nited States are the main 
consumers of these fish, which is consistent with other work that 
found that the U nites States imported roughly 70,000 metric tons of 
toothfish between 2007 and 2012 (four times as much as the second-
ary importer J apan) (1 8 ). Some toothfish are certified by the M arine 
Stewardship C ouncil eco-certification program, which notes that 
“ this fish’s fine q uality meat means it is considered to be luxury sea-
food”  (1 9 ). A 5-lb (2.3-kg) frozen portion currently retails through 
New Y ork C ity’s Fulton Fish M arket website for $ 170 (2 0 )—an eq uiv-
alent portion of fresh chicken costs $ 7.35.

The remaining species caught on the high seas are also caught 
within national waters. J apan catches P acific bluefin tuna within its 
EEZ  and on the high seas and imports most of all three bluefin species 
caught by other countries [ fish that were recently selling for $ 33/ kg 
at Tokyo’s Tsukij i M arket (2 1 )] . J apan is also the primary importer 
of bigeye tuna, which is used as an alternative to bluefin in sashimi 
(the fresh/ frozen tuna market). Similar to the large tunas, the bill-
fishes have relatively fatty and oily flesh and are usually sold as 
steaks. Italy is the world’s top importer of billfish species, followed 
by Spain and J apan. From M arch 2017 to 2018, the average price for 
frozen swordfish at the M ercamadrid fish market in M adrid, Spain 
was $ 11/ kg, while fresh swordfish fetched nearly triple at $ 31/ kg (2 2 ).

D warfing the fresh/ frozen market, however, is canned tuna. Two- 
thirds of all tuna caught globally is canned;  almost all of this is skip-
j ack, although yellowfin and albacore also contribute to this supply 
(2 3 ). As our analysis showed, Thailand is the main importer of these 
species, which is unsurprising given that Thailand processes many 
types of seafood and is the top global exporter of canned tuna, 
supplying about one-q uarter of all products to the market (2 3 , 2 4). 
C anned tuna is the least expensive form of tuna available and is 
heavily consumed in the EU  and North America (30 and 19%, respec-
tively), while African and eastern European nations consume the 
least (3 and 1.6%) (2 3 ). Egypt, Australia, J apan, and C anada are the 
top importers after the EU  and the U nited States, but current micro-
trends in the global tuna market suggest stagnation or decline in the 
import of canned tuna in all places, except the EU , where imports 
by five of the top six canned tuna– consuming countries (that is, 
Spain, Italy, France, U K , G ermany, and the Netherlands) increased 
in 2017 (2 5 ).

Fig. 1. A verage contribution (million metric tons) of seafood- producing sec-
tors, 2 0 0 9ñ 2 0 14 . Th e  h i g h  s e a s  c a t c h  r e p r e s e n t s  2 . 4 %  o f  t o t a l  g l o b a l  p r o d u c t i o n .  
Da t a :  F AO  2 0 1 6  a n d  Se a  Ar o u n d  U s .
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Wealthy countries dominate industrial fishing
D ouglas J . M cC auley 1,2 ,3* Ü , C aroline J ablonicky 2 ,3Ü , Edward H . A llison4 ,5, C hristopher D . G olden6 , 
Francis H . J oy ce2 ,3, J uan M ay orga3,7 ,8, D avid K roodsma9

The patterns by which different nations share global fisheries influence outcomes for food security, trajectories of 
economic development, and competition between industrial and small-scale fishing. We report patterns of industrial 
fishing effort for vessels flagged to higher- and lower-income nations, in marine areas within and beyond national 
jurisdiction, using analyses of high-resolution fishing vessel activity data. These analyses reveal global dominance 
of industrial fishing by wealthy nations. V essels flagged to higher-income nations, for example, are responsible 
for 9 7 % of the trackable industrial fishing on the high seas and 7 8% of such effort within the national waters of 
lower-income countries. These publicly accessible vessel tracking data have important limitations. However, insights 
from these new analyses can begin to strategically inform important international- and national-level efforts un-
derway now to ensure equitable and sustainable sharing of fisheries.

I N T R O D U C T I O N
H ow nations share access to fish in the oceans significantly influences 
global food security, wealth distribution, competition between indus-
trial and small-scale fisheries, and even international conflict. G lob-
ally, approximately 110 million metric tons of marine wild fish are 
caught annually, with an estimated annual value of over 171 billion 
U SD  for reported and unreported catch (1 ). Approximately 3 billion 
people receive 20% of their average intake of animal protein from 
aq uatic animals, and in certain countries the per capita intake can 
be > 50% (2 ). C ontributions to human health from seafood-derived 
nutrients other than protein may be even more important. It has been 
estimated, for example, that 845 million people are currently at risk 
of experiencing deficiencies of essential micronutrients including zinc, 
iron, and vitamin A, a number expected to increase if proj ected de-
clines in fisheries catch potential and per capita fish supply continue 
into 2050 (3 ). C onflict over fishery resource sharing has also shaped 
historical patterns of regional stability and promises to continue to 
do so in the near future (4, 5 ). The dynamics by which we divide up 
global fisheries resources also shape competition between large-scale, 
capital-intense industrial fisheries and small-scale fisheries, with cas-
cading effects upon the health, prosperity, and well-being of the com-
munities that depend on small-scale fisheries (6 – 8 ).

D escribing fishing patterns in comprehensive and q uantitative 
terms, both in national waters and on the high seas, is challenging 
due to the lack of open access to detailed records on the behavior of 
fishing vessels. H owever, advances in machine learning technologies 
and big data capacity now offer us access to high-resolution fishing 
vessel activity from 22 billion automatic identification systems (AIS) 
points, processed by the G lobal Fishing Watch platform using con-

volutional neural network models (9 , 1 0 ). We analyzed these data to 
generate a global, fishery-independent assessment of the amount of 
industrial fishing effort conducted by vessels flagged to higher-income 
nations (that is, World B ank categories “ high income”  and “ upper 
middle income”  combined) and lower-income nations (that is, World 
B ank categories “ lower middle income”  and “ low income”  combined). 
We concentrate this analysis solely on industrial fishing (defined 
here as all vessels > 24 m) (1 1 ) because industrial fishing is the dom-
inant fishery on the high seas, it is much more readily visible via AIS 
data than small-scale fishing, and it globally accounts for an esti-
mated 84 million metric tons and 119 billion U SD  [ 3.1 times more 
biomass and 2.3 times more revenue than smaller-scale artisanal 
fishing (1 )] .

Analyzing and communicating patterns of the distribution of fish-
ing effort by different nations on the high seas are especially timely 
and important given the immediate opportunity to use these data to 
shape progress toward a U nited Nations treaty being developed for 
biodiversity on the high seas (1 2 ). R esources on the high seas are uniq ue 
with respect to their governance, as they have been designated as inter-
national resources that are to be cooperatively managed. C urrently, 
fisheries are overseen by regional fishery management organizations, 
but both geographic and taxonomic gaps in coverage exist (1 3 , 1 4). 
New insight derived from these big data analyses of high seas fish-
eries can help decision makers at the U nited Nations identify how 
different policy interventions may affect high seas stakeholders and 
can highlight which states have the most opportunity and responsi-
bility for the development of this emerging treaty (1 4).

U nderstanding the distribution of fishing effort in a nation’s ma-
rine Exclusive Economic Z one (EEZ ) is also useful for policy-making, 
especially in the context of access agreements that allow foreign fishing 
in a nation’s waters. Existing research has highlighted the fact that fleets 
from higher-income nations travel farther to fish after they deplete 
their own fish populations, increase their per capita fish intake, or 
otherwise experience increases in seafood demand (1 5 ). The increased 
capacity and improved technology characteristic of higher-income na-
tions have also enabled these countries to build and operate their own 
distant water fishing fleets, and often to subsidize those fleets heavily 
(1 6 , 1 7 ). L ower-income countries usually lack the same capacity to indus-
trially catch their fish populations and thus freq uently enter into fishing 
access agreements with these wealthier countries, sanctioning foreign 
fishing within their national waters. There are numerous challenges 
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caught annually, with an estimated annual value of over 171 billion 
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people receive 20% of their average intake of animal protein from 
aq uatic animals, and in certain countries the per capita intake can 
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nutrients other than protein may be even more important. It has been 
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iron, and vitamin A, a number expected to increase if proj ected de-
clines in fisheries catch potential and per capita fish supply continue 
into 2050 (3 ). C onflict over fishery resource sharing has also shaped 
historical patterns of regional stability and promises to continue to 
do so in the near future (4, 5 ). The dynamics by which we divide up 
global fisheries resources also shape competition between large-scale, 
capital-intense industrial fisheries and small-scale fisheries, with cas-
cading effects upon the health, prosperity, and well-being of the com-
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and big data capacity now offer us access to high-resolution fishing 
vessel activity from 22 billion automatic identification systems (AIS) 
points, processed by the G lobal Fishing Watch platform using con-
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inant fishery on the high seas, it is much more readily visible via AIS 
data than small-scale fishing, and it globally accounts for an esti-
mated 84 million metric tons and 119 billion U SD  [ 3.1 times more 
biomass and 2.3 times more revenue than smaller-scale artisanal 
fishing (1 )] .

Analyzing and communicating patterns of the distribution of fish-
ing effort by different nations on the high seas are especially timely 
and important given the immediate opportunity to use these data to 
shape progress toward a U nited Nations treaty being developed for 
biodiversity on the high seas (1 2 ). R esources on the high seas are uniq ue 
with respect to their governance, as they have been designated as inter-
national resources that are to be cooperatively managed. C urrently, 
fisheries are overseen by regional fishery management organizations, 
but both geographic and taxonomic gaps in coverage exist (1 3 , 1 4). 
New insight derived from these big data analyses of high seas fish-
eries can help decision makers at the U nited Nations identify how 
different policy interventions may affect high seas stakeholders and 
can highlight which states have the most opportunity and responsi-
bility for the development of this emerging treaty (1 4).
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especially in the context of access agreements that allow foreign fishing 
in a nation’s waters. Existing research has highlighted the fact that fleets 
from higher-income nations travel farther to fish after they deplete 
their own fish populations, increase their per capita fish intake, or 
otherwise experience increases in seafood demand (1 5 ). The increased 
capacity and improved technology characteristic of higher-income na-
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T he economics of fishing the high seas
Enric Sala1*, J uan Mayorg a1,2, Christopher Costello2, David Kroodsma3 , Maria L. D. Palomares4,
Daniel Pauly4, U. Rashid Sumaila4, Dirk Z eller5

W hile the ecological impacts of fishing the waters beyond national j urisdiction ( the “high seas”) have been widely
studied, the economic rationale is more difficult to ascertain because of scarce data on the costs and revenues of
the fleets that fish there. N ewly compiled satellite data and machine learning now allow us to track individual fishing
vessels on the high seas in near real time. T hese technological advances help us q uantify high-seas fishing effort, costs,
and benefits, and assess whether, where, and when high-seas fishing mak es economic sense. W e characterize the
global high-seas fishing fleet and report the economic benefits of fishing the high seas globally, nationally, and at
the scale of individual fleets. O ur results suggest that fishing at the current scale is enabled by large government sub-
sidies,withoutwhich asmuchas 5 4%of thepresent high-seas fishinggroundswouldbeunprofitable at current fishing
rates. T he patterns of fishing profitability vary widely between countries, types of fishing, and distance to port. Deep-
sea bottom trawling often produces net economic benefits only thank s to subsidies, and much fishing by the world’s
largest fishing fleets would largely be unprofitable without subsidies and low labor costs. T hese results support recent
calls for subsidy and fishery management reforms on the high seas.

INTRODUCTION
Fishing in the marine waters beyond national jurisdiction (the “ high
seas” covering 64% of the ocean’ s surface) is dominated by a small
number of fishing countries, which reap most of the benefits of fishing
this internationally shared area (1). The rationality of widespread high-
seas fishing has been questioned because of its environmental impacts
and uncertain economic profitability (2). Deep-sea bottom trawling can
damage fragile habitats containing unique biodiversity including mil-
lenary deep-sea corals (3). Highly migratory species such as tuna and
sharks that move between the high seas and countries’ jurisdictional
waters [ exclusive economic zones (EEZ s)] tend to be intensely fished
and overexploited (4). Although the International Seafood Sustain-
ability Foundation indicates that 57% of managed tuna stocks are
considered to be at a healthy level of abundance, 13 % are overfished
(5), and even those that are not overfished show slight declines in
biomass over time (6) and may benefit from increases in biomass. Oce-
anic sharks, of which 44% are threatened (7), spend a great deal of time
in the high seas, where shark fishing is largely unregulated and unmo-
nitored (8).

Although the environmental impacts of fishing on the high seas
are well studied, the lack of transparency and data has precluded re-
liable estimates of the economic costs and benefits of high-seas fishing.
Fisheries data suggest that fish catch in this vast area amounted to
around 6% of global catch and 8% of the global fishing revenue in
2014 (see www.seaaroundus.org/ data/ # / global). However, the high level
of secrecy around distant-water fishing has impeded the calculation
of fishing effort and associated costs. N evertheless, recent technolo-
gical developments in machine learning and satellite data now allow us
to obtain a far more accurate picture of fishing effort across the globe at
the level of individual vessels (9). This capability provides a more trans-
parent and novelmethod to examine high-seas fisheries and answer key
questions such as whether fishing in the high seas is profitable and
whether government subsidies enable current levels of fishing.

Here, we characterize the global high-seas fleet in detail and estimate
the net economic benefit of high-seas fishing using (i) reconstructed
estimates of the global fishing catch and its landed value, (ii) the costs
of fishing based on satellite-inferred fishing effort and vessel charac-
teristics, and (iii) estimates of government subsidies per country. We
report high-seas fishing profits by fishing gear type, flag state, and
Food and Agriculture Organization of the United N ations (FAO)
region, with the goal of understanding whether fishing the high seas
is economically rational.

RESULTS
G lobal patterns
Until very recently, the composition of the high-seas fishing fleet has
been largely unknown, and this lack of transparency has prevented
any serious analysis of the economic rationality of fishing in that vast
swath of Earth’ s surface. N ew technologies are now shedding light on
this previously dark corner of Earth. Using the Global FishingWatch
(GFW) database, which uses automatic identification systems (AIS)
and vessel monitoring systems (V MS) to track individual vessel be-
havior, fishing activity, and other characteristics in near real time, we
identified a minimum of 3 620 unique fishing vessels operating in the
high seas in 2016 (Fig. 1). In addition to the actual fishing vessels, we
tracked 3 5 bunkers (tankers that refuel fishing vessels) and 154 reefers
(refrigerated cargo ships onto which fishing vessels transfer their catch
at sea, a process called transshipment), vital to the operation of the high-
seas fishing fleet (fig. S2 and table S6).Only six countries (China, Taiwan,
J apan, Indonesia, Spain, and South K orea) accounted for 77% of the
global high-seas fishing fleet and 80% of all AIS/ V MS-inferred fishing
effort (measured in kilowatt-hours; table S1). Fifty-nine percent of the
vessels active in the high seas used drifting longlines and represented
68% of all fishing days. The top four fishing gears operating in the high
seas are drifting longliners, purse seiners, squid jiggers, and trawlers
(Fig. 1 and table S2).

The global high-seas fishing fleet identified here spent an aggregate
510,000 days at sea in 2016; 77% of these days were spent fishing, with
an average of 141 days at sea per vessel (table S1). The time spent by
vessels fishing in the high seas versus fishing in EEZ s varied according
to the type of fishing they conduct (fig. S1).
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T he economics of fishing the high seas
Enric Sala1*, J uan Mayorg a1,2, Christopher Costello2, David Kroodsma3 , Maria L. D. Palomares4,
Daniel Pauly4, U. Rashid Sumaila4, Dirk Z eller5

W hile the ecological impacts of fishing the waters beyond national j urisdiction ( the “high seas”) have been widely
studied, the economic rationale is more difficult to ascertain because of scarce data on the costs and revenues of
the fleets that fish there. N ewly compiled satellite data and machine learning now allow us to track individual fishing
vessels on the high seas in near real time. T hese technological advances help us q uantify high-seas fishing effort, costs,
and benefits, and assess whether, where, and when high-seas fishing mak es economic sense. W e characterize the
global high-seas fishing fleet and report the economic benefits of fishing the high seas globally, nationally, and at
the scale of individual fleets. O ur results suggest that fishing at the current scale is enabled by large government sub-
sidies,withoutwhich asmuchas 5 4%of thepresent high-seas fishinggroundswouldbeunprofitable at current fishing
rates. T he patterns of fishing profitability vary widely between countries, types of fishing, and distance to port. Deep-
sea bottom trawling often produces net economic benefits only thank s to subsidies, and much fishing by the world’s
largest fishing fleets would largely be unprofitable without subsidies and low labor costs. T hese results support recent
calls for subsidy and fishery management reforms on the high seas.

INTRODUCTION
Fishing in the marine waters beyond national jurisdiction (the “ high
seas” covering 64% of the ocean’ s surface) is dominated by a small
number of fishing countries, which reap most of the benefits of fishing
this internationally shared area (1). The rationality of widespread high-
seas fishing has been questioned because of its environmental impacts
and uncertain economic profitability (2). Deep-sea bottom trawling can
damage fragile habitats containing unique biodiversity including mil-
lenary deep-sea corals (3). Highly migratory species such as tuna and
sharks that move between the high seas and countries’ jurisdictional
waters [ exclusive economic zones (EEZ s)] tend to be intensely fished
and overexploited (4). Although the International Seafood Sustain-
ability Foundation indicates that 57% of managed tuna stocks are
considered to be at a healthy level of abundance, 13 % are overfished
(5), and even those that are not overfished show slight declines in
biomass over time (6) and may benefit from increases in biomass. Oce-
anic sharks, of which 44% are threatened (7), spend a great deal of time
in the high seas, where shark fishing is largely unregulated and unmo-
nitored (8).

Although the environmental impacts of fishing on the high seas
are well studied, the lack of transparency and data has precluded re-
liable estimates of the economic costs and benefits of high-seas fishing.
Fisheries data suggest that fish catch in this vast area amounted to
around 6% of global catch and 8% of the global fishing revenue in
2014 (see www.seaaroundus.org/ data/ # / global). However, the high level
of secrecy around distant-water fishing has impeded the calculation
of fishing effort and associated costs. N evertheless, recent technolo-
gical developments in machine learning and satellite data now allow us
to obtain a far more accurate picture of fishing effort across the globe at
the level of individual vessels (9). This capability provides a more trans-
parent and novelmethod to examine high-seas fisheries and answer key
questions such as whether fishing in the high seas is profitable and
whether government subsidies enable current levels of fishing.

Here, we characterize the global high-seas fleet in detail and estimate
the net economic benefit of high-seas fishing using (i) reconstructed
estimates of the global fishing catch and its landed value, (ii) the costs
of fishing based on satellite-inferred fishing effort and vessel charac-
teristics, and (iii) estimates of government subsidies per country. We
report high-seas fishing profits by fishing gear type, flag state, and
Food and Agriculture Organization of the United N ations (FAO)
region, with the goal of understanding whether fishing the high seas
is economically rational.

RESULTS
G lobal patterns
Until very recently, the composition of the high-seas fishing fleet has
been largely unknown, and this lack of transparency has prevented
any serious analysis of the economic rationality of fishing in that vast
swath of Earth’ s surface. N ew technologies are now shedding light on
this previously dark corner of Earth. Using the Global FishingWatch
(GFW) database, which uses automatic identification systems (AIS)
and vessel monitoring systems (V MS) to track individual vessel be-
havior, fishing activity, and other characteristics in near real time, we
identified a minimum of 3 620 unique fishing vessels operating in the
high seas in 2016 (Fig. 1). In addition to the actual fishing vessels, we
tracked 3 5 bunkers (tankers that refuel fishing vessels) and 154 reefers
(refrigerated cargo ships onto which fishing vessels transfer their catch
at sea, a process called transshipment), vital to the operation of the high-
seas fishing fleet (fig. S2 and table S6).Only six countries (China, Taiwan,
J apan, Indonesia, Spain, and South K orea) accounted for 77% of the
global high-seas fishing fleet and 80% of all AIS/ V MS-inferred fishing
effort (measured in kilowatt-hours; table S1). Fifty-nine percent of the
vessels active in the high seas used drifting longlines and represented
68% of all fishing days. The top four fishing gears operating in the high
seas are drifting longliners, purse seiners, squid jiggers, and trawlers
(Fig. 1 and table S2).

The global high-seas fishing fleet identified here spent an aggregate
510,000 days at sea in 2016; 77% of these days were spent fishing, with
an average of 141 days at sea per vessel (table S1). The time spent by
vessels fishing in the high seas versus fishing in EEZ s varied according
to the type of fishing they conduct (fig. S1).
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T
he ocean is a critical source of nutri-

tion for billions of people, with po-

tential to yield further food, profits, 

and employment in the future (1). But 

fisheries face a serious new challenge 

as climate change drives the ocean 

to conditions not experienced historically. 

Local, national, regional, and international 

fisheries are substantially underprepared for 

geographic shifts in marine animals driven 

by climate change over the coming decades. 

Fish and other animals have already shifted 

into new territory at a rate averaging 70 km 

per decade (2), and these shifts are expected 

to continue or accelerate (3). 

We show here that many spe-

cies will likely shift across 

national and other political 

boundaries in the coming 

decades, creating the poten-

tial for conflict over newly 

shared resources.

A shifting fish stock ex-

acerbates existing fisheries 

challenges because it contravenes the “clear 

boundaries” principle for sustainable gover-

nance of common pool resources, eroding 

incentives for conservation when new free 

riders, having no agreed-upon responsibili-

ties for shared conservation and manage-

ment, gain access to a resource (4, 5). Stock 

shifts can incentivize regional overharvest-

ing as actors scramble to exploit a perceived 

disappearing resource. A stock that upon 

moving straddles national boundaries may 

find itself in “double jeopardy,” exposed to 

unsustainable competitive harvesting (5). 

Governance challenges posed by shifting 

marine animal distributions have been rec-

ognized in certain cases, but the scope and 

magnitude of this problem have remained 

unclear, and there have been few efforts to 

address the issues.

 SHIFTING FISHERIES DRIVE CONFLICTS

International law recognizes that coopera-

tion is necessary for management of shared 

stocks, yet fisheries disputes remain com-

monplace and are a leading cause of mili-

tarized disputes between democratic states 

in the post–World War II period (6). The 

so-called “mackerel war” erupted in 2007 

when the northeast Atlantic mackerel stock 

(Scomber scombrus)—a fishery then man-

aged by the European Union, Norway, and 

Faroe Islands—shifted into Iceland’s Ex-

clusive Economic Zone (EEZ) (7). Conflict 

arose over appropriate allocations among 

the actors, compounded by disagreement 

about the drivers and therefore the ex-

pected duration of the shift. In the absence 

of cooperation, the mackerel stock became 

increasingly overfished (7).

Shifting species have caused conflict even 

between countries that historically cooper-

ate closely. During a period of warmer-

than-average regional ocean temperatures 

in the 1980s and 1990s, U.S. catches of Pa-

cific salmon (Oncorhynchus spp.) increased 

more than 10-fold and included increased 

interceptions of Canadian-bound salmon 

(5). Canadian fisheries retaliated by tar-

geting salmon migrating to spawn in the 

United States. Six years of rancorous dis-

agreement passed before a new joint man-

agement agreement was concluded.

Shifting species distributions also pre-

sent internal challenges for nations. In 

the United States, Blueline tilefish (Caulo-

latilus microps) were historically caught 

and managed south of the Virginia–North 

Carolina border. When tilefish appeared 

farther north, a fishery exploited the stock 

for nearly a decade without regulation. This 

situation only changed in 2015 with emer-

gency rules from the National Marine Fish-

eries Service.

These cases exemplify a general pattern: 

Existing fisheries management and gov-

ernance are largely predicated on popula-

tion geographies that remain broadly static 

through time. Challenges emerge when 

stock distributions become less predictable 

and are compounded when states act uni-

laterally to exploit the resultant windfall.

MAGNITUDE OF FUTURE CHALLENGES

The oceans have already absorbed 93% 

of the heat from anthropogenic climate 

change (8), and if future species geographic 

shifts exceed historical variation, adjust-

ment to existing ocean governance will be 

needed. Alternatively, future geographic 

shifts could be sufficiently limited to retain 

stocks primarily under the jurisdiction of 

those countries currently managing them. 

The extent to which future shifts in species 

distributions will generate newly shared 

fish stocks and increase the potential for 

conflict, however, has not 

been clear. 

We therefore projected fu-

ture shifts in the distribution 

of 892 commercially impor-

tant marine fish and inver-

tebrates in relation to 261 of 

the world’s EEZs (see supple-

mentary materials). Instead 

of precisely forecasting fu-

ture changes, the projections help delineate 

plausible scenarios that illustrate the extent 

of future challenges. Comparing 1950–2014 

with 2090–2100, we found that many of the 

world’s EEZs are likely to receive one to five 

new, climate-driven transboundary stocks 

by the end of the century (see the first fig-

ure). Up to 10 new stocks were projected for 

some EEZs in east Asia, a region where new 

transboundary stocks could worsen mari-

time relations already complicated by dis-

puted territories, overlapping EEZ claims, 

and illegal fishing.

The number of EEZs with new trans-

boundary stocks was expected to reach 46 

6 8 (±standard error) or 60 6 4 by 2060 (57 

6 4 or 85 6 22 by 2080) under strong miti-

gation [representative concentration path-

way (RCP) 2.6] or business-as-usual (RCP 

8.5) greenhouse gas emissions scenarios, 

respectively (see the second figure). Limit-

OCEAN POLICY

Preparing ocean governance 
for species on the move
Policy must anticipate conflict over geographic shifts 

P O L I C Y  F O RU M

1Department of Ecology, Evolution, and Natural Resources, 
Rutgers University, New Brunswick, NJ, USA. 2Institute for 
the Oceans and Fisheries, University of British Columbia, 
Vancouver, BC, Canada. 3Netherlands Institute for the Law of 
the Sea, Utrecht University, Utrecht, Netherlands. 4School 
of Law and Politics, Cardiff University, Cardiff, UK. 5Stockholm 
Resilience Center, Stockholm University, Stockholm, Sweden. 
6Australian Research Council Centre of Excellence for Coral 
Reef Studies, James Cook University, Queensland, Australia. 
Email:  malin.pinsky@rutgers.edu 

“…widespread noncooperative management…
risks…fractured international relationships, 
and political conflicts that could spill over into 
other, nonfishery areas of international politics.”

15 JUNE 2018 • VOL 360 ISSUE 6394    1189

DA_0615PolicyForum.indd   1189 6/13/18   11:13 AM

Published by AAAS

on June 23, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

SCIENCE   sciencemag.org

By Malin L. Pinsky1, Gabriel Reygondeau2, 

Richard Caddell3,4, Juliano Palacios-

Abrantes2, Jessica Spijkers5,6, William W. 

L. Cheung2

T
he ocean is a critical source of nutri-

tion for billions of people, with po-

tential to yield further food, profits, 

and employment in the future (1). But 

fisheries face a serious new challenge 

as climate change drives the ocean 

to conditions not experienced historically. 

Local, national, regional, and international 

fisheries are substantially underprepared for 

geographic shifts in marine animals driven 

by climate change over the coming decades. 

Fish and other animals have already shifted 

into new territory at a rate averaging 70 km 

per decade (2), and these shifts are expected 

to continue or accelerate (3). 

We show here that many spe-

cies will likely shift across 

national and other political 

boundaries in the coming 

decades, creating the poten-

tial for conflict over newly 

shared resources.

A shifting fish stock ex-

acerbates existing fisheries 

challenges because it contravenes the “clear 

boundaries” principle for sustainable gover-

nance of common pool resources, eroding 

incentives for conservation when new free 

riders, having no agreed-upon responsibili-

ties for shared conservation and manage-

ment, gain access to a resource (4, 5). Stock 

shifts can incentivize regional overharvest-

ing as actors scramble to exploit a perceived 

disappearing resource. A stock that upon 

moving straddles national boundaries may 

find itself in “double jeopardy,” exposed to 

unsustainable competitive harvesting (5). 

Governance challenges posed by shifting 

marine animal distributions have been rec-

ognized in certain cases, but the scope and 

magnitude of this problem have remained 

unclear, and there have been few efforts to 

address the issues.

 SHIFTING FISHERIES DRIVE CONFLICTS

International law recognizes that coopera-

tion is necessary for management of shared 

stocks, yet fisheries disputes remain com-

monplace and are a leading cause of mili-

tarized disputes between democratic states 

in the post–World War II period (6). The 

so-called “mackerel war” erupted in 2007 

when the northeast Atlantic mackerel stock 

(Scomber scombrus)—a fishery then man-

aged by the European Union, Norway, and 

Faroe Islands—shifted into Iceland’s Ex-

clusive Economic Zone (EEZ) (7). Conflict 

arose over appropriate allocations among 

the actors, compounded by disagreement 

about the drivers and therefore the ex-

pected duration of the shift. In the absence 

of cooperation, the mackerel stock became 

increasingly overfished (7).

Shifting species have caused conflict even 

between countries that historically cooper-

ate closely. During a period of warmer-

than-average regional ocean temperatures 

in the 1980s and 1990s, U.S. catches of Pa-

cific salmon (Oncorhynchus spp.) increased 

more than 10-fold and included increased 

interceptions of Canadian-bound salmon 

(5). Canadian fisheries retaliated by tar-

geting salmon migrating to spawn in the 

United States. Six years of rancorous dis-

agreement passed before a new joint man-

agement agreement was concluded.

Shifting species distributions also pre-

sent internal challenges for nations. In 

the United States, Blueline tilefish (Caulo-

latilus microps) were historically caught 

and managed south of the Virginia–North 

Carolina border. When tilefish appeared 

farther north, a fishery exploited the stock 

for nearly a decade without regulation. This 

situation only changed in 2015 with emer-

gency rules from the National Marine Fish-

eries Service.

These cases exemplify a general pattern: 

Existing fisheries management and gov-

ernance are largely predicated on popula-

tion geographies that remain broadly static 

through time. Challenges emerge when 

stock distributions become less predictable 

and are compounded when states act uni-

laterally to exploit the resultant windfall.

MAGNITUDE OF FUTURE CHALLENGES

The oceans have already absorbed 93% 

of the heat from anthropogenic climate 

change (8), and if future species geographic 

shifts exceed historical variation, adjust-

ment to existing ocean governance will be 

needed. Alternatively, future geographic 

shifts could be sufficiently limited to retain 

stocks primarily under the jurisdiction of 

those countries currently managing them. 

The extent to which future shifts in species 

distributions will generate newly shared 

fish stocks and increase the potential for 

conflict, however, has not 

been clear. 

We therefore projected fu-

ture shifts in the distribution 

of 892 commercially impor-

tant marine fish and inver-

tebrates in relation to 261 of 

the world’s EEZs (see supple-

mentary materials). Instead 

of precisely forecasting fu-

ture changes, the projections help delineate 

plausible scenarios that illustrate the extent 

of future challenges. Comparing 1950–2014 

with 2090–2100, we found that many of the 

world’s EEZs are likely to receive one to five 

new, climate-driven transboundary stocks 

by the end of the century (see the first fig-

ure). Up to 10 new stocks were projected for 

some EEZs in east Asia, a region where new 

transboundary stocks could worsen mari-

time relations already complicated by dis-

puted territories, overlapping EEZ claims, 

and illegal fishing.

The number of EEZs with new trans-

boundary stocks was expected to reach 46 

6 8 (±standard error) or 60 6 4 by 2060 (57 

6 4 or 85 6 22 by 2080) under strong miti-

gation [representative concentration path-

way (RCP) 2.6] or business-as-usual (RCP 

8.5) greenhouse gas emissions scenarios, 

respectively (see the second figure). Limit-

OCEAN POLICY

Preparing ocean governance 
for species on the move
Policy must anticipate conflict over geographic shifts 

P O L I C Y  F O RU M

1Department of Ecology, Evolution, and Natural Resources, 
Rutgers University, New Brunswick, NJ, USA. 2Institute for 
the Oceans and Fisheries, University of British Columbia, 
Vancouver, BC, Canada. 3Netherlands Institute for the Law of 
the Sea, Utrecht University, Utrecht, Netherlands. 4School 
of Law and Politics, Cardiff University, Cardiff, UK. 5Stockholm 
Resilience Center, Stockholm University, Stockholm, Sweden. 
6Australian Research Council Centre of Excellence for Coral 
Reef Studies, James Cook University, Queensland, Australia. 
Email:  malin.pinsky@rutgers.edu 

“…widespread noncooperative management…
risks…fractured international relationships, 
and political conflicts that could spill over into 
other, nonfishery areas of international politics.”

15 JUNE 2018 • VOL 360 ISSUE 6394    1189

DA_0615PolicyForum.indd   1189 6/13/18   11:13 AM

Published by AAAS

on June 23, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

SCIENCE   sciencemag.org

By Malin L. Pinsky1, Gabriel Reygondeau2, 

Richard Caddell3,4, Juliano Palacios-

Abrantes2, Jessica Spijkers5,6, William W. 

L. Cheung2

T
he ocean is a critical source of nutri-

tion for billions of people, with po-

tential to yield further food, profits, 

and employment in the future (1). But 

fisheries face a serious new challenge 

as climate change drives the ocean 

to conditions not experienced historically. 

Local, national, regional, and international 

fisheries are substantially underprepared for 

geographic shifts in marine animals driven 

by climate change over the coming decades. 

Fish and other animals have already shifted 

into new territory at a rate averaging 70 km 

per decade (2), and these shifts are expected 

to continue or accelerate (3). 

We show here that many spe-

cies will likely shift across 

national and other political 

boundaries in the coming 

decades, creating the poten-

tial for conflict over newly 

shared resources.

A shifting fish stock ex-

acerbates existing fisheries 

challenges because it contravenes the “clear 

boundaries” principle for sustainable gover-

nance of common pool resources, eroding 

incentives for conservation when new free 

riders, having no agreed-upon responsibili-

ties for shared conservation and manage-

ment, gain access to a resource (4, 5). Stock 

shifts can incentivize regional overharvest-

ing as actors scramble to exploit a perceived 

disappearing resource. A stock that upon 

moving straddles national boundaries may 

find itself in “double jeopardy,” exposed to 

unsustainable competitive harvesting (5). 

Governance challenges posed by shifting 

marine animal distributions have been rec-

ognized in certain cases, but the scope and 

magnitude of this problem have remained 

unclear, and there have been few efforts to 

address the issues.

 SHIFTING FISHERIES DRIVE CONFLICTS

International law recognizes that coopera-

tion is necessary for management of shared 

stocks, yet fisheries disputes remain com-

monplace and are a leading cause of mili-

tarized disputes between democratic states 

in the post–World War II period (6). The 

so-called “mackerel war” erupted in 2007 

when the northeast Atlantic mackerel stock 

(Scomber scombrus)—a fishery then man-

aged by the European Union, Norway, and 

Faroe Islands—shifted into Iceland’s Ex-

clusive Economic Zone (EEZ) (7). Conflict 

arose over appropriate allocations among 

the actors, compounded by disagreement 

about the drivers and therefore the ex-

pected duration of the shift. In the absence 

of cooperation, the mackerel stock became 

increasingly overfished (7).

Shifting species have caused conflict even 

between countries that historically cooper-

ate closely. During a period of warmer-

than-average regional ocean temperatures 

in the 1980s and 1990s, U.S. catches of Pa-

cific salmon (Oncorhynchus spp.) increased 

more than 10-fold and included increased 

interceptions of Canadian-bound salmon 

(5). Canadian fisheries retaliated by tar-

geting salmon migrating to spawn in the 

United States. Six years of rancorous dis-

agreement passed before a new joint man-

agement agreement was concluded.

Shifting species distributions also pre-

sent internal challenges for nations. In 

the United States, Blueline tilefish (Caulo-

latilus microps) were historically caught 

and managed south of the Virginia–North 

Carolina border. When tilefish appeared 

farther north, a fishery exploited the stock 

for nearly a decade without regulation. This 

situation only changed in 2015 with emer-

gency rules from the National Marine Fish-

eries Service.

These cases exemplify a general pattern: 

Existing fisheries management and gov-

ernance are largely predicated on popula-

tion geographies that remain broadly static 

through time. Challenges emerge when 

stock distributions become less predictable 

and are compounded when states act uni-

laterally to exploit the resultant windfall.

MAGNITUDE OF FUTURE CHALLENGES

The oceans have already absorbed 93% 

of the heat from anthropogenic climate 

change (8), and if future species geographic 

shifts exceed historical variation, adjust-

ment to existing ocean governance will be 

needed. Alternatively, future geographic 

shifts could be sufficiently limited to retain 

stocks primarily under the jurisdiction of 

those countries currently managing them. 

The extent to which future shifts in species 

distributions will generate newly shared 

fish stocks and increase the potential for 

conflict, however, has not 

been clear. 

We therefore projected fu-

ture shifts in the distribution 

of 892 commercially impor-

tant marine fish and inver-

tebrates in relation to 261 of 

the world’s EEZs (see supple-

mentary materials). Instead 

of precisely forecasting fu-

ture changes, the projections help delineate 

plausible scenarios that illustrate the extent 

of future challenges. Comparing 1950–2014 

with 2090–2100, we found that many of the 

world’s EEZs are likely to receive one to five 

new, climate-driven transboundary stocks 

by the end of the century (see the first fig-

ure). Up to 10 new stocks were projected for 

some EEZs in east Asia, a region where new 

transboundary stocks could worsen mari-

time relations already complicated by dis-

puted territories, overlapping EEZ claims, 

and illegal fishing.

The number of EEZs with new trans-

boundary stocks was expected to reach 46 

6 8 (±standard error) or 60 6 4 by 2060 (57 

6 4 or 85 6 22 by 2080) under strong miti-

gation [representative concentration path-

way (RCP) 2.6] or business-as-usual (RCP 

8.5) greenhouse gas emissions scenarios, 

respectively (see the second figure). Limit-

OCEAN POLICY

Preparing ocean governance 
for species on the move
Policy must anticipate conflict over geographic shifts 

P O L I C Y  F O RU M

1Department of Ecology, Evolution, and Natural Resources, 
Rutgers University, New Brunswick, NJ, USA. 2Institute for 
the Oceans and Fisheries, University of British Columbia, 
Vancouver, BC, Canada. 3Netherlands Institute for the Law of 
the Sea, Utrecht University, Utrecht, Netherlands. 4School 
of Law and Politics, Cardiff University, Cardiff, UK. 5Stockholm 
Resilience Center, Stockholm University, Stockholm, Sweden. 
6Australian Research Council Centre of Excellence for Coral 
Reef Studies, James Cook University, Queensland, Australia. 
Email:  malin.pinsky@rutgers.edu 

“…widespread noncooperative management…
risks…fractured international relationships, 
and political conflicts that could spill over into 
other, nonfishery areas of international politics.”

15 JUNE 2018 • VOL 360 ISSUE 6394    1189

DA_0615PolicyForum.indd   1189 6/13/18   11:13 AM

Published by AAAS

on June 23, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

SCIENCE   sciencemag.org

By Malin L. Pinsky1, Gabriel Reygondeau2, 

Richard Caddell3,4, Juliano Palacios-

Abrantes2, Jessica Spijkers5,6, William W. 

L. Cheung2

T
he ocean is a critical source of nutri-

tion for billions of people, with po-

tential to yield further food, profits, 

and employment in the future (1). But 

fisheries face a serious new challenge 

as climate change drives the ocean 

to conditions not experienced historically. 

Local, national, regional, and international 

fisheries are substantially underprepared for 

geographic shifts in marine animals driven 

by climate change over the coming decades. 

Fish and other animals have already shifted 

into new territory at a rate averaging 70 km 

per decade (2), and these shifts are expected 

to continue or accelerate (3). 

We show here that many spe-

cies will likely shift across 

national and other political 

boundaries in the coming 

decades, creating the poten-

tial for conflict over newly 

shared resources.

A shifting fish stock ex-

acerbates existing fisheries 

challenges because it contravenes the “clear 

boundaries” principle for sustainable gover-

nance of common pool resources, eroding 

incentives for conservation when new free 

riders, having no agreed-upon responsibili-

ties for shared conservation and manage-

ment, gain access to a resource (4, 5). Stock 

shifts can incentivize regional overharvest-

ing as actors scramble to exploit a perceived 

disappearing resource. A stock that upon 

moving straddles national boundaries may 

find itself in “double jeopardy,” exposed to 

unsustainable competitive harvesting (5). 

Governance challenges posed by shifting 

marine animal distributions have been rec-

ognized in certain cases, but the scope and 

magnitude of this problem have remained 

unclear, and there have been few efforts to 

address the issues.

 SHIFTING FISHERIES DRIVE CONFLICTS

International law recognizes that coopera-

tion is necessary for management of shared 

stocks, yet fisheries disputes remain com-

monplace and are a leading cause of mili-

tarized disputes between democratic states 

in the post–World War II period (6). The 

so-called “mackerel war” erupted in 2007 

when the northeast Atlantic mackerel stock 

(Scomber scombrus)—a fishery then man-

aged by the European Union, Norway, and 

Faroe Islands—shifted into Iceland’s Ex-

clusive Economic Zone (EEZ) (7). Conflict 

arose over appropriate allocations among 

the actors, compounded by disagreement 

about the drivers and therefore the ex-

pected duration of the shift. In the absence 

of cooperation, the mackerel stock became 

increasingly overfished (7).

Shifting species have caused conflict even 

between countries that historically cooper-

ate closely. During a period of warmer-

than-average regional ocean temperatures 

in the 1980s and 1990s, U.S. catches of Pa-

cific salmon (Oncorhynchus spp.) increased 

more than 10-fold and included increased 

interceptions of Canadian-bound salmon 

(5). Canadian fisheries retaliated by tar-

geting salmon migrating to spawn in the 

United States. Six years of rancorous dis-

agreement passed before a new joint man-

agement agreement was concluded.

Shifting species distributions also pre-

sent internal challenges for nations. In 

the United States, Blueline tilefish (Caulo-

latilus microps) were historically caught 

and managed south of the Virginia–North 

Carolina border. When tilefish appeared 

farther north, a fishery exploited the stock 

for nearly a decade without regulation. This 

situation only changed in 2015 with emer-

gency rules from the National Marine Fish-

eries Service.

These cases exemplify a general pattern: 

Existing fisheries management and gov-

ernance are largely predicated on popula-

tion geographies that remain broadly static 

through time. Challenges emerge when 

stock distributions become less predictable 

and are compounded when states act uni-

laterally to exploit the resultant windfall.

MAGNITUDE OF FUTURE CHALLENGES

The oceans have already absorbed 93% 

of the heat from anthropogenic climate 

change (8), and if future species geographic 

shifts exceed historical variation, adjust-

ment to existing ocean governance will be 

needed. Alternatively, future geographic 

shifts could be sufficiently limited to retain 

stocks primarily under the jurisdiction of 

those countries currently managing them. 

The extent to which future shifts in species 

distributions will generate newly shared 

fish stocks and increase the potential for 

conflict, however, has not 

been clear. 

We therefore projected fu-

ture shifts in the distribution 

of 892 commercially impor-

tant marine fish and inver-

tebrates in relation to 261 of 

the world’s EEZs (see supple-

mentary materials). Instead 

of precisely forecasting fu-

ture changes, the projections help delineate 

plausible scenarios that illustrate the extent 

of future challenges. Comparing 1950–2014 

with 2090–2100, we found that many of the 

world’s EEZs are likely to receive one to five 

new, climate-driven transboundary stocks 

by the end of the century (see the first fig-

ure). Up to 10 new stocks were projected for 

some EEZs in east Asia, a region where new 

transboundary stocks could worsen mari-

time relations already complicated by dis-

puted territories, overlapping EEZ claims, 

and illegal fishing.

The number of EEZs with new trans-

boundary stocks was expected to reach 46 

6 8 (±standard error) or 60 6 4 by 2060 (57 

6 4 or 85 6 22 by 2080) under strong miti-

gation [representative concentration path-

way (RCP) 2.6] or business-as-usual (RCP 

8.5) greenhouse gas emissions scenarios, 

respectively (see the second figure). Limit-
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E C O L O G Y

Improved fisheries management could offset many 
negative effects of climate change
S teven D . G aines1* , C hristopher C ostello1, B randon O washi1Ü , T racey  M angin1Ü , J ennifer B one1Ü , 
J orge G arcÌ a M olinos2 ,3,4 , M errick B urden5, H eather D ennis6 , B enj amin S . H alpern1,7 ,8,  
C arrie V . K appel7 , K ristin M . K leisner5, D aniel Ov ando1

The world’s oceans supply food and livelihood to billions of people, yet species’ shifting geographic ranges and 
changes in productivity arising from climate change are expected to profoundly affect these benefits. We ask how 
improvements in fishery management can offset the negative consequences of climate change;  we find that the 
answer hinges on the current status of stocks. The poor current status of many stocks combined with potentially 
maladaptive responses to range shifts could reduce future global fisheries yields and profits even more severely 
than previous estimates have suggested. However, reforming fisheries in ways that jointly fix current inefficiencies, 
adapt to fisheries productivity changes, and proactively create effective transboundary institutions could lead to 
a future with higher profits and yields compared to what is produced today.

I N T R O D U C T I O N
Oceans provide enormous benefits to people (1 ). Each year, more 
than 80 million metric tons of seafood is harvested, providing more 
than 20% of needed animal protein to nearly 3 billion people and 
livelihood to 10% of the global population ( 2 ). H owever, climate 
change is already compromising these benefits through changes in 
both stock productivity and location (3 , 4). P revious estimates of 
climate change impacts on the world’s fisheries have focused on the 
direct effects of ecosystem-level changes by comparing maximum 
potential food production today with that in the future (4). While 
instructive for assessing what could theoretically be possible, focus-
ing on changes in maximum potential food production alone over-
looks the effects of alternative human responses to climate change, 
which could either limit or exacerbate ecosystem changes. The ac-
tions of fishermen, management institutions, and markets can all 
influence the magnitude of fisheries benefits obtained from an eco-
system (5 ). H ere, we ask:  What are the potential benefits of adaptive 
fisheries management reforms that address anticipated conseq uences 
of changes in species productivity and distribution due to climate 
change?  We examine how future global biomass, harvest, and prof-
it of the world’s fisheries might change over time if a range of poten-
tial human responses and climate change are considered together.

C onsiderable scope remains for increasing global fisheries yield, 
conservation, and profitability by improving current fishery man-
agement (5 ), but climate change could compromise these potential 
upside benefits (4, 6 ). Although climate effects are diverse, the im-
pacts on global fisheries can be clustered into two broad categories:  

changes in stock productivity, which affect potential yields and prof-
its, and changes in stock distributions, which affect where fish can 
be caught and who might catch them. These changes pose distinct 
management challenges. R esponding to changes in fisheries produc-
tivity req uires harvest policies that are appropriately adaptive to 
changing demographics. For example, banded morwong and many 
other species in the Tasman Sea have already experienced noticeable 
changes in their population sizes driven by rapid warming ( 7 , 8 ). 
Failure to adeq uately address these changes can further exacerbate 
management failures. B y contrast, changes in species distributions 
(3 , 9 , 1 0 ) can move stocks into and out of management j urisdictions, 
such as countries’ exclusive economic zones (EEZ s), altering manage-
ment j urisdiction and incentives for those stocks. A perceived or antic-
ipated decline of a stock due to a range shift out of one country 
creates an incentive to overharvest before it leaves the nation’s waters 
(1 1 ). In contrast, as a stock enters a new EEZ  or the high seas, a new 
and potentially unmanaged fishery emerges. If left unaddressed, these 
range shift challenges can drive overharvesting, even in fisheries that 
are currently managed effectively. For example, until 2009, North 
East Atlantic mackerel was well managed under a trilateral agreement 
between Norway, the Faroe Islands, and the European U nion. H ow-
ever, because of shifts in migration patterns, Iceland suddenly became 
a key contender in the fishery and maximized its newfound access to a 
valuable fishery. Since countries could not agree on appropriate q uota 
allocations, management was compromised. B y 2010, mackerel har-
vest was 40% above safe biological recommendations (1 2 ). Solving 
these stock movement challenges req uires the proactive development 
of effective transboundary institutions (1 3 , 1 4).

To explore the potential range of human responses to climate 
change, we analyze four management scenarios that bound human 
responses to the dual challenges of range and productivity shifts:  
(i) Full Adaptation, (ii) R ange Shift Adaptation, (iii) P roductivity 
Adaptation, and (iv) No Adaptation. The Full Adaptation scenario 
assumes that management addresses both productivity and range 
shift challenges. Thus, we apply an economically optimal harvest 
policy that maximizes long-term economic benefits to each stock ( 5 ). 
This dynamic harvest control rule optimally adj usts fishing mortality 
on the basis of available biomass and is therefore naturally adaptive 
to climate-driven productivity changes. In this scenario, we assume 
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The world’s oceans supply food and livelihood to billions of people, yet species’ shifting geographic ranges and 
changes in productivity arising from climate change are expected to profoundly affect these benefits. We ask how 
improvements in fishery management can offset the negative consequences of climate change;  we find that the 
answer hinges on the current status of stocks. The poor current status of many stocks combined with potentially 
maladaptive responses to range shifts could reduce future global fisheries yields and profits even more severely 
than previous estimates have suggested. However, reforming fisheries in ways that jointly fix current inefficiencies, 
adapt to fisheries productivity changes, and proactively create effective transboundary institutions could lead to 
a future with higher profits and yields compared to what is produced today.

I N T R O D U C T I O N
Oceans provide enormous benefits to people (1 ). Each year, more 
than 80 million metric tons of seafood is harvested, providing more 
than 20% of needed animal protein to nearly 3 billion people and 
livelihood to 10% of the global population ( 2 ). H owever, climate 
change is already compromising these benefits through changes in 
both stock productivity and location (3 , 4). P revious estimates of 
climate change impacts on the world’s fisheries have focused on the 
direct effects of ecosystem-level changes by comparing maximum 
potential food production today with that in the future (4). While 
instructive for assessing what could theoretically be possible, focus-
ing on changes in maximum potential food production alone over-
looks the effects of alternative human responses to climate change, 
which could either limit or exacerbate ecosystem changes. The ac-
tions of fishermen, management institutions, and markets can all 
influence the magnitude of fisheries benefits obtained from an eco-
system (5 ). H ere, we ask:  What are the potential benefits of adaptive 
fisheries management reforms that address anticipated conseq uences 
of changes in species productivity and distribution due to climate 
change?  We examine how future global biomass, harvest, and prof-
it of the world’s fisheries might change over time if a range of poten-
tial human responses and climate change are considered together.

C onsiderable scope remains for increasing global fisheries yield, 
conservation, and profitability by improving current fishery man-
agement (5 ), but climate change could compromise these potential 
upside benefits (4, 6 ). Although climate effects are diverse, the im-
pacts on global fisheries can be clustered into two broad categories:  

changes in stock productivity, which affect potential yields and prof-
its, and changes in stock distributions, which affect where fish can 
be caught and who might catch them. These changes pose distinct 
management challenges. R esponding to changes in fisheries produc-
tivity req uires harvest policies that are appropriately adaptive to 
changing demographics. For example, banded morwong and many 
other species in the Tasman Sea have already experienced noticeable 
changes in their population sizes driven by rapid warming ( 7 , 8 ). 
Failure to adeq uately address these changes can further exacerbate 
management failures. B y contrast, changes in species distributions 
(3 , 9 , 1 0 ) can move stocks into and out of management j urisdictions, 
such as countries’ exclusive economic zones (EEZ s), altering manage-
ment j urisdiction and incentives for those stocks. A perceived or antic-
ipated decline of a stock due to a range shift out of one country 
creates an incentive to overharvest before it leaves the nation’s waters 
(1 1 ). In contrast, as a stock enters a new EEZ  or the high seas, a new 
and potentially unmanaged fishery emerges. If left unaddressed, these 
range shift challenges can drive overharvesting, even in fisheries that 
are currently managed effectively. For example, until 2009, North 
East Atlantic mackerel was well managed under a trilateral agreement 
between Norway, the Faroe Islands, and the European U nion. H ow-
ever, because of shifts in migration patterns, Iceland suddenly became 
a key contender in the fishery and maximized its newfound access to a 
valuable fishery. Since countries could not agree on appropriate q uota 
allocations, management was compromised. B y 2010, mackerel har-
vest was 40% above safe biological recommendations (1 2 ). Solving 
these stock movement challenges req uires the proactive development 
of effective transboundary institutions (1 3 , 1 4).

To explore the potential range of human responses to climate 
change, we analyze four management scenarios that bound human 
responses to the dual challenges of range and productivity shifts:  
(i) Full Adaptation, (ii) R ange Shift Adaptation, (iii) P roductivity 
Adaptation, and (iv) No Adaptation. The Full Adaptation scenario 
assumes that management addresses both productivity and range 
shift challenges. Thus, we apply an economically optimal harvest 
policy that maximizes long-term economic benefits to each stock ( 5 ). 
This dynamic harvest control rule optimally adj usts fishing mortality 
on the basis of available biomass and is therefore naturally adaptive 
to climate-driven productivity changes. In this scenario, we assume 
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This characterization of the global high-seas fleet enables a detailed
estimation of the total cost of fishing the high seas. Using vessel-level
data on ship length, tonnage, engine power, gear, flag state, trip-level
fishing and transit tracks, speed, and other factors that affect the costs of
fishing, we estimate that total costs of fishing in the high seas in 2014
(the most recent year for which spatially allocated global reconstructed
catch data are available) ranged between $ 6.2 billion and $ 8.0 billion
(Table 1). The uncertainty around total costswas drivenmainly by labor
costs, particularly for China and Taiwan, which exhibited the highest
total costs, but for which fisheries data are often scarce.

The total fisheries catch from the high seas in 2014 was 4.4 mil-
lionmetric tons, with an aggregate revenue (landed value of the catch in
US$ ) of $ 7.6 billion (Table 1). Five countries alone accounted for
64% of the global high-seas fishing revenue: China (21%), Taiwan
(13 %), J apan (11%), South K orea (11%), and Spain (8%). High-seas

catch by country and FAO region significantly and positively in-
creased with rising fishing effort ( R 2 = 0.46, P < 0.001) (fig. S4). Sub-
tracting our estimated costs from the landed value of catch provides
the first empirically based estimates of the net economic profit of fishing
the high seas.

Globally, our estimates of high-seas fishing profits (without ac-
counting for subsidies) ranged between−$ 3 64 million and + $ 1.4 billion
(Table 1). We estimated that governments subsidized high-seas fishing
with $ 4.2 billion in 2014, far exceeding the net economic benefit of
fishing in the high seas. This result suggests that without subsidies,
high-seas fishing at the global scale that we currently witness would
be unlikely (at the aggregate level), and thatmost of the negative returns
accrue fromChina, Taiwan, andRussia (Table 1). Coupling our estimates
of profits with country-level subsidies suggests that subsidy-distorted
high-seas profits range between $ 3 .8 billion and $ 5.6 billion.
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F ig . 1. The hig h- seas fishing fleet. High-seas vessels by flag state and gear type, as detected by GFW in 2016 .
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T he economics of fishing the high seas
Enric Sala1*, J uan Mayorg a1,2, Christopher Costello2, David Kroodsma3 , Maria L. D. Palomares4,
Daniel Pauly4, U. Rashid Sumaila4, Dirk Z eller5

W hile the ecological impacts of fishing the waters beyond national j urisdiction ( the “high seas”) have been widely
studied, the economic rationale is more difficult to ascertain because of scarce data on the costs and revenues of
the fleets that fish there. N ewly compiled satellite data and machine learning now allow us to track individual fishing
vessels on the high seas in near real time. T hese technological advances help us q uantify high-seas fishing effort, costs,
and benefits, and assess whether, where, and when high-seas fishing mak es economic sense. W e characterize the
global high-seas fishing fleet and report the economic benefits of fishing the high seas globally, nationally, and at
the scale of individual fleets. O ur results suggest that fishing at the current scale is enabled by large government sub-
sidies,withoutwhich asmuchas 5 4%of thepresent high-seas fishinggroundswouldbeunprofitable at current fishing
rates. T he patterns of fishing profitability vary widely between countries, types of fishing, and distance to port. Deep-
sea bottom trawling often produces net economic benefits only thank s to subsidies, and much fishing by the world’s
largest fishing fleets would largely be unprofitable without subsidies and low labor costs. T hese results support recent
calls for subsidy and fishery management reforms on the high seas.

INTRODUCTION
Fishing in the marine waters beyond national jurisdiction (the “ high
seas” covering 64% of the ocean’ s surface) is dominated by a small
number of fishing countries, which reap most of the benefits of fishing
this internationally shared area (1). The rationality of widespread high-
seas fishing has been questioned because of its environmental impacts
and uncertain economic profitability (2). Deep-sea bottom trawling can
damage fragile habitats containing unique biodiversity including mil-
lenary deep-sea corals (3). Highly migratory species such as tuna and
sharks that move between the high seas and countries’ jurisdictional
waters [ exclusive economic zones (EEZ s)] tend to be intensely fished
and overexploited (4). Although the International Seafood Sustain-
ability Foundation indicates that 57% of managed tuna stocks are
considered to be at a healthy level of abundance, 13 % are overfished
(5), and even those that are not overfished show slight declines in
biomass over time (6) and may benefit from increases in biomass. Oce-
anic sharks, of which 44% are threatened (7), spend a great deal of time
in the high seas, where shark fishing is largely unregulated and unmo-
nitored (8).

Although the environmental impacts of fishing on the high seas
are well studied, the lack of transparency and data has precluded re-
liable estimates of the economic costs and benefits of high-seas fishing.
Fisheries data suggest that fish catch in this vast area amounted to
around 6% of global catch and 8% of the global fishing revenue in
2014 (see www.seaaroundus.org/ data/ # / global). However, the high level
of secrecy around distant-water fishing has impeded the calculation
of fishing effort and associated costs. N evertheless, recent technolo-
gical developments in machine learning and satellite data now allow us
to obtain a far more accurate picture of fishing effort across the globe at
the level of individual vessels (9). This capability provides a more trans-
parent and novelmethod to examine high-seas fisheries and answer key
questions such as whether fishing in the high seas is profitable and
whether government subsidies enable current levels of fishing.

Here, we characterize the global high-seas fleet in detail and estimate
the net economic benefit of high-seas fishing using (i) reconstructed
estimates of the global fishing catch and its landed value, (ii) the costs
of fishing based on satellite-inferred fishing effort and vessel charac-
teristics, and (iii) estimates of government subsidies per country. We
report high-seas fishing profits by fishing gear type, flag state, and
Food and Agriculture Organization of the United N ations (FAO)
region, with the goal of understanding whether fishing the high seas
is economically rational.

RESULTS
G lobal patterns
Until very recently, the composition of the high-seas fishing fleet has
been largely unknown, and this lack of transparency has prevented
any serious analysis of the economic rationality of fishing in that vast
swath of Earth’ s surface. N ew technologies are now shedding light on
this previously dark corner of Earth. Using the Global FishingWatch
(GFW) database, which uses automatic identification systems (AIS)
and vessel monitoring systems (V MS) to track individual vessel be-
havior, fishing activity, and other characteristics in near real time, we
identified a minimum of 3 620 unique fishing vessels operating in the
high seas in 2016 (Fig. 1). In addition to the actual fishing vessels, we
tracked 3 5 bunkers (tankers that refuel fishing vessels) and 154 reefers
(refrigerated cargo ships onto which fishing vessels transfer their catch
at sea, a process called transshipment), vital to the operation of the high-
seas fishing fleet (fig. S2 and table S6).Only six countries (China, Taiwan,
J apan, Indonesia, Spain, and South K orea) accounted for 77% of the
global high-seas fishing fleet and 80% of all AIS/ V MS-inferred fishing
effort (measured in kilowatt-hours; table S1). Fifty-nine percent of the
vessels active in the high seas used drifting longlines and represented
68% of all fishing days. The top four fishing gears operating in the high
seas are drifting longliners, purse seiners, squid jiggers, and trawlers
(Fig. 1 and table S2).

The global high-seas fishing fleet identified here spent an aggregate
510,000 days at sea in 2016; 77% of these days were spent fishing, with
an average of 141 days at sea per vessel (table S1). The time spent by
vessels fishing in the high seas versus fishing in EEZ s varied according
to the type of fishing they conduct (fig. S1).
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SUMMARY

F i s h e r i e s t r a n s f o r m m a r i n e e c o s y s t e m s a n d c o m p e t e
w i t h p r e d a t o r s [ 1 ] , b u t t e m p o r a l t r e n d s i n s e a b i r d -
fi s h e r y c o m p e t i t i o n h a d n e v e r b e e n a s s e s s e d o n a
w o r l d w i d e s c a l e . U s i n g c a t c h r e c o n s t r u c t i o n s [ 2 ] f o r
a l l fi s h e r i e s t a r g e t i n g t a x a t h a t a r e a l s o s e a b i r d p r e y ,
w e d e m o n s t r a t e d t h a t a v e r a g e a n n u a l fi s h e r y c a t c h
i n c r e a s e d f r o m 5 9 t o 6 5 m i l l i o n m e t r i c t o n s b e t w e e n
1 9 7 0 – 1 9 8 9 a n d 1 9 9 0 – 2 0 1 0 . F o r t h e s a m e p e r i o d s ,
w e e s t i m a t e d t h a t g l o b a l a n n u a l s e a b i r d f o o d c o n -
s u m p t i o n d e c r e a s e d f r o m 7 0 t o 5 7 m i l l i o n m e t r i c
t o n s . D e s p i t e t h i s d e c r e a s e , w e f o u n d s u s t a i n e d
g l o b a l s e a b i r d - fi s h e r y f o o d c o m p e t i t i o n b e t w e e n
1 9 7 0 – 1 9 8 9 a n d 1 9 9 0 – 2 0 1 0 . E n h a n c e d c o m p e t i t i o n
w a s i d e n t i fi e d i n 4 8 % o f a l l a r e a s , n o t a b l y t h e S o u t h -
e r n O c e a n , A s i a n s h e l v e s , M e d i t e r r a n e a n S e a ,
N o r w e g i a n S e a , a n d C a l i f o r n i a n c o a s t . F i s h e r i e s
g e n e r a t e s e v e r e c o n s t r a i n t s f o r s e a b i r d p o p u l a t i o n s
o n a w o r l d w i d e s c a l e , a n d t h o s e n e e d t o b e a d -
d r e s s e d u r g e n t l y . I n d e e d , s e a b i r d s a r e t h e m o s t
t h r e a t e n e d b i r d g r o u p , w i t h a 7 0 % c o m m u n i t y - l e v e l
p o p u l a t i o n d e c l i n e a c r o s s 1 9 5 0 – 2 0 1 0 [ 3] .

RESULTS

We tested temporal trends in global seabird-fishery competition.
To this end, we used an updated version of the Sea Around U s
seabird database [3] (see STAR Methods) and focused on the
time period for which seabird population data were the most
abundant, 1970 to 2010. This period was split into two eras:
1970–1989 (era 1) and 1990–2010 (era 2). During this time global
marine fishery catches doubled [2], and the overall period there-
fore seems ideal to test seabird-fishery competition. Our anal-
ysis encompassed 276 seabird species in 1,4 82 populations,
with 0.53 and 0.4 7 billion individuals for era 1 and era 2, respec-
tively, corresponding to 62% and 60% of the world’ s seabird
population (see STARMethods for an analysis of the representa-
tiveness of this sample). U sing bioenergetics modeling to draw

from regional seabird population numbers, species-specific dis-
tributions, metabolic rates and diets, we estimated that annual
seabird food consumption decreased by 19%, from 70 to 57
million metric tons between era 1 and era 2 (Figure 1). This
decrease primarily occurred in the Southern Ocean and in the
North Atlantic and was most marked in diving petrels (!66%),
terns (!4 8%), and frigatebirds (!4 7%). The cephalopod (primar-
ily squid) consumption of seabirds dropped by 31%, and their
consumptions of euphausiids (primarily Antarctic krill, E u p h a u s i a
s u p e r b a ) and small pelagic fish declined by 21% and 16%,
respectively.
We then mapped seabird predatory pressure on marine or-

ganisms, using estimated seabird at-sea home ranges during
and outside of the reproductive season. This information was
confronted with global maps of reconstructed fisheries catches
of taxa targeted by both seabirds and fisheries [2, 4 ] (see
STAR Methods). In striking contrast to the observed declining
trend of the global seabird community, overall yields of the
world’ s fisheries increased from 59 to 65 million metric tons
annually between era 1 and era 2 (Figures 2 and 3), with a 5% in-
crease in the catch of small pelagic fish, an 8% increase for other
fish, a 91% increase for squid, and a 4 8% decrease for krill.
Fishery catches decreased between era 1 and era 2 in some
areas (e.g., North West Atlantic and Bering Sea). This might be
due to a reduction in fishery effort but more likely, to a decrease
in prey availability.
Further, seabird-fishery competition was evaluated as a

resource overlap index [5]:

a =
2$

PG
i = 1 P i j $ P f jP G

i = 1 P
2
i j +

PH
f = 1 P

2
f j

;

where a ranges from 0 (no overlap) to 1 (complete overlap), P i j is
the proportion of a food group j to the total amount of food taken
by a seabird i , P f j is the proportion of j in the total catch of the fish-
ery f , G denotes the number of food groups taken by i , and H de-
notes the number of food groups caught by f .
Surprisingly, despite reduced seabird predatory pressure, our

analyses indicate that overall competition between seabirds and
fisheries remained at similar levels between era 1 and era 2. Spe-
cifically, we found that average seabird-fishery resource overlap
was 0.4 29 ± 0.263 for era 1 and 0.4 36 ± 0.24 9 for era 2. Between
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To this end, we used an updated version of the Sea Around U s
seabird database [3] (see STAR Methods) and focused on the
time period for which seabird population data were the most
abundant, 1970 to 2010. This period was split into two eras:
1970–1989 (era 1) and 1990–2010 (era 2). During this time global
marine fishery catches doubled [2], and the overall period there-
fore seems ideal to test seabird-fishery competition. Our anal-
ysis encompassed 276 seabird species in 1,4 82 populations,
with 0.53 and 0.4 7 billion individuals for era 1 and era 2, respec-
tively, corresponding to 62% and 60% of the world’ s seabird
population (see STARMethods for an analysis of the representa-
tiveness of this sample). U sing bioenergetics modeling to draw
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tributions, metabolic rates and diets, we estimated that annual
seabird food consumption decreased by 19%, from 70 to 57
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North Atlantic and was most marked in diving petrels (!66%),
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and outside of the reproductive season. This information was
confronted with global maps of reconstructed fisheries catches
of taxa targeted by both seabirds and fisheries [2, 4 ] (see
STAR Methods). In striking contrast to the observed declining
trend of the global seabird community, overall yields of the
world’ s fisheries increased from 59 to 65 million metric tons
annually between era 1 and era 2 (Figures 2 and 3), with a 5% in-
crease in the catch of small pelagic fish, an 8% increase for other
fish, a 91% increase for squid, and a 4 8% decrease for krill.
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seabird database [3] (see STAR Methods) and focused on the
time period for which seabird population data were the most
abundant, 1970 to 2010. This period was split into two eras:
1970–1989 (era 1) and 1990–2010 (era 2). During this time global
marine fishery catches doubled [2], and the overall period there-
fore seems ideal to test seabird-fishery competition. Our anal-
ysis encompassed 276 seabird species in 1,4 82 populations,
with 0.53 and 0.4 7 billion individuals for era 1 and era 2, respec-
tively, corresponding to 62% and 60% of the world’ s seabird
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of fieldmetabolic rates, or by outputs frommechanisticmodeling
tools [15].Whether these extremely time-consuming refinements
would lead to significant improvements of the overall calcula-
tions remains unclear. Third, seabird at-sea home ranges were
primarily determined using atlases of their general distribution
patterns, and we assumed even distributions of seabird preda-
tory pressure across these surfaces. This approach could be
substantially refined, by using electronic tracking studies of
seabird movements at sea. For instance, the Tracking Ocean
Wanderers database maintained by BirdLife International in-
cludes such information for 113 species (!32% of all seabird
species). Yet, tracking studies have a strong bias toward
larger-bodied species, to the neglect of smaller species. This is
the case for species we identified as particularly vulnerable,
such as diving petrels and terns. Regardless, we believe that
the simultaneous electronic tracking of seabirds and fisheries
[16] is a major forthcoming research topic on a worldwide scale.
Finally, specific caveats are also linked to the use of recon-
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Figure 4. Persisting Worldwide Seabird-
Fishery Competition
Distribution (0.5" cells) of the ratio of resource

overlap indexes (seabird-fishery competition) be-

tween 1990–2010 (era 2) and 1970–1989 (era 1).

Areas in orange and red denote marine regions in

which seabird-fishery competition has increased

(see also Table S1).

structed fisheries catch statistics, but
those have been addressed in great detail
in the literature [17] and will not be reiter-
ated here.
Notwithstanding these potential limita-

tions, our analyses reveal sustained
seabird-fishery competition in recent de-
cades,despitedecreases inglobal seabird
numbers. Competition with fisheries is
noted for some declining seabird groups,
such as terns, but not for others, notably
diving petrels, which are also planktivo-
rous. Nevertheless, it is the seabird com-

munity as a whole that is being significantly challenged by
fisheries, and such pressuremay further increase within balanced
harvest schemes [18], which envisage exploiting all trophic levels,
including zooplankton [19].
The seabird community is affected by a number of threats [20].

Historically, direct harvesting of adults, juveniles, and eggs prob-
ably led to the most important population declines, especially in
the North Atlantic. Such additional mortality persists today, in the
form of accidental bycatch by fishing gear, followed by the
destruction of breeding habitat and its colonization by invasive
species and pathogens, as well as the impacts of oil spills and
chemical and plastic pollutions [21]. More recently, climate
change has been shown to significantly impact seabird popula-
tions, directly and indirectly. In the latter case, this can result in
changes in the spatiotemporal availability of seabird food [22],
which may occur synoptically with fisheries impacts and compli-
cate the attribution of seabird population declines to the conse-
quences of either climate change or fisheries [23]. Yet recent
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V irtually all studies reporting deepening with increasing size or age
by fishes involve commercially harvested species. Studies of North
Sea plaice in the early 1900s first documented this phenomenon
(named Heincke’s law); it occurred at a time of intensive harvesting
and rapid technological changes in fishing methods. The possibility
that this deepening might be the result of harvesting has never
been evaluated. Instead, age- or size-related deepening have been
credited to interactions between density-dependent food resources
and density-independent environmental factors. Recently, time-
dependent depth variations have been ascribed to ocean warming.
We use a model, initialized from observations of Atlantic cod (G ad u s
m orhu a) on the eastern Scotian Shelf, where an age-dependent deep-
ening of ∼60 mwas observed, to assess the effect of size- and depth-
selective exploitation on fish distribution. Exploitation restricted to
the upper 80 m can account for ∼72% of the observed deepening;
by extending exploitation to 120 m, all of the deepening can be
accounted for. In the absence of fishing, the model indicated no
age-related deepening. O bservations of depth distributions of older
cod during a moratorium on fishing supported this prediction; how-
ever, younger cod exhibited low-amplitude deepening (10–15 m) sug-
gestive of an ontogenetic response. The implications of these findings
are manifold, particularly as they relate to hypotheses advanced to
explain the ecological and evolutionary basis for ontogenetic deep-
ening and to recent calls for the adoption of evidence of species
deepening as a biotic indicator or “ footprint” of warming seas.

ontogeny | fishing mortality | deepening | Heincke ’ s law | cod

Aprogressive deepening of exploited marine fish species with
increasing age or size is commonly observed throughout

the oceans. This phenomenon was first brought to scientific at-
tention through field studies of North Sea plaice (Pleu ronec tes
p latess a) conducted in the early 1900s (1, 2). There, 2-y-old plaice
were located at an average depth of 20 m and a progressive size-
based deepening occurred such that by age 15 individuals pre-
dominantly inhabited depths of about 85 m (S I A p p end i x , Fig. S1).
The amplitude of this deepening is similar to that subsequently
observed for other North Atlantic species including cod (G ad u s
m orhu a), haddock (M elanog ram m u s aeg lef i nu s ), pollock (Pollac hi u s
p ollac hi u s ), and several flatfish species (Fig. 1). This “ ontogenetic
deepening” has been observed so frequently (S I A p p end i x , Table
S1) that it has been designated as Heincke’s law (2, 3). Indeed, it
has been argued (4) that, given the generality of this pattern, it can
be considered a fundamental characteristic of fish life history hav-
ing important evolutionary implications.
Several hypotheses have been advanced to explain Heincke’s

law, one of which entails a life-history strategy that involves a
trade-off between age- or size-dependent growth and metabo-
lism. This growth/ metabolism hypothesis assumes that increased
longevity and greater energy allocation to reproduction will ac-
crue, and ultimately produce, a higher fitness advantage if larger
individuals selectively occupy cooler temperatures, leading to
lower metabolic costs (4). A second hypothesis invokes density-
dependent habitat selection in which fish occupy the highest-quality
habitat available when populations are low. As population density
increases, larger individuals move differentially into less-productive

habitat where intraspecific competition is lower (5). In support of
this hypothesis, it has been found that larger cod occupied
deeper waters when abundance was high, whereas when abun-
dance was low larger cod were found in the shallowest depths
and the age-specific bathymetric pattern was weak (6). A third
hypothesis argues that predator–prey dynamics involving the
interaction between adults and juveniles generates ontogenetic
deepening as smaller, younger individuals seek refuge in shal-
lower waters from adults (7). These hypotheses rest on several
untested assumptions that can lead to apparent paradoxes. For
example, under the second hypothesis, when cod abundance is
low and intraspecific competition is reduced, all sizes would be
expected to prefer habitats with the highest resource level, typ-
ically in shallow water (8–10). However, why would only larger
cod shift to deeper, less-productive waters when abundance and
competition for resources increases?
R ecently, several researchers have hypothesized that a pro-

gressive deepening (range from 5–10 m per decade) and/ or a
poleward redistribution (10–80 km per decade) of exploited fish
assemblages in the extratropical regions of the North Atlantic is a
response to their efforts to maintain thermally optimal habitats
during climate-driven ocean warming (refs. 11–17 and S I A p p end i x ,
Table S2). R eports of correlations between deepening and tem-
perature increases are so widespread that it is now being advanced
as a biotic indicator or “ footprint” of warming seas (18, 19).

Significance

The occupation of progressively deeper waters with increasing
size and age of fish is common among commercially exploited
species, a behavior attributed to evolved ontogenies. Recently
deepening has been attributed to ocean warming. We evaluated
the possibility, ignored in previous analyses, that these patterns
result from selective exploitation of larger individuals. We found
that size-selective exploitation accounted for >70% of the
deepening of cod on the Scotian Shelf (Northwest Atlantic). This
deepening declined dramatically when exploitationwas banned.
O ntogeny contributed to the remaining variance. The claim that
deepening can be used as an index of ocean warming should be
exercised with caution; the overarching effect of exploitation
should be specifically addressed in all such analyses.
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P ERSI STENT CH E M I CAL S

P redicting glob al k iller w hale
population collapse from
P CB pollution
Je a n - P i e r r e D e s for g e s 1 *, A i l s a H a l l 2*, B e r n i e M c C on n e l l 2, A q q a l u R os i n g - A s v i d 3,
Jo n a t h a n L . B a r b e r 4 , A n d r e w B r ow n l ow 5, S y l v a i n D e G u i s e 6, 7 , I g or E u l a e r s 1 ,
P a u l D . J e p s on 8 , R ob e r t J . L e t ch e r 9 , M i l t on L e v i n 6, P e t e r S . R os s 1 0 , F i l i p a S a m a r r a 1 1 ,
G í s l i V í k i n g s on 1 1 , C h r i s t i a n S on n e 1 , R u n e D i e t z 1 *

K iller whales ( O rcinus orca) are among the most highly polychlorinated biphenyl
(P C B )– contaminated mammals in the world, raising concern about the health conseq uences
of current P C B exposures. U sing an individual-based model framework and globally
available data on P C B concentrations in killer whale tissues, we show that P C B -mediated
effects on reproduction and immune function threaten the long-term viability of > 5 0 % of
the world’ s killer whale populations. P C B -mediated effects over the coming 1 0 0 years
predicted that killer whale populations near industrializ ed regions, and those feeding at
high trophic levels regardless of location, are at high risk of population collapse. Despite a
near-global ban of P C B s more than 3 0 years ago, the world’ s killer whales illustrate the
troubling persistence of this chemical class.

T
he widespread industrial use of polychlori-
nated biphenyls (P CBs) during the 20th cen-
tury led to ubiquitous contamination of the
biosphere, with substantial harm among
different wildlife populations (1). P CBs are

toxic anthropogenic compounds shown to impair
reproduction, disrupt the endocrine and immune
systems, and increase the risk of cancer in verte-
brates (2, 3). National and international regulatory
actions succeeded in reducing P CB contamination
of the environment primarily in the first decades
after the bans (4); however, P CB concentrations
remain high in many long-lived wildlife species
because of their environmental persistence and
efficient biological cycling (mother-calf transfer),
as well as dietary shifts in some species over time
to more contaminated prey (2, 5). For example,
P CB concentrations are exceedingly high in the
tissue of high–trophic level killer whales (O rcinus

orca) and other dolphin species (5, 6). It has been
suggested that high P CB concentrations in killer
whales may be contributing to observations of
low recruitment and population decline, poten-
tially leading to local extinctions (5, 7). To date,
only one study, focusing on resident killer whales
in western Canada, has investigated population
risk from P CB exposure (8). Exposure modeling
predicted protracted health risks in these resi-
dent populations over the next century, under-
scoring the vulnerability of this long-lived species
to P CBs (9). With many killer whale populations
facing growing conservation pressures, there is
an urgent need to assess the impact of P CBs on
global killer whale populations.
We compiled available data on blubber P CB

concentrations [ S P CBs, mg/ kg lipid weight (lw)]
in killerwhales frompopulations around theworld
and compared these to established concentration-
response relationships for reproductive impair-
ment and immunotoxicity-relateddiseasemortality
using an individual-based model framework
(8, 10). Thismodel incorporates published killer
whale fecundity and survival data to construct a
stable age-structured baseline population. The
model then simulates the accumulation and loss
of P CBs in blubber through placental and lacta-
tion transfer to the fetus and calf, as well as prey
ingestion after weaning. Simulated P CB concen-
trations are then evaluated against concentration-
response relationships for calf survival and immune
suppression. Immunity is linked to survival prob-
ability based on relationships between immune
suppression and disease mortality (11). We then
forecast the predicted effects of P CB exposure on
killer whale population growth around theworld
over the next 100 years.
P CB concentrations in killer whales around

theworld reflect proximity to P CB production and
usage, as well as diet and trophic level (Fig. 1 and

table S1). Global P CB production (1930 to 1993)
was estimated to be between 1 and 1.5 million
metric tons (tonnes), andmostly occurring in the
United States (~ 50% ), R ussia (~ 13% ), Germany
(~ 12% ), France (~ 10% ), and the United K ingdom
(5% ) (12, 13). The global manufacture of P CBs cor-
responded well with the observed pattern of P CB
levels in killer whale populations, which ranged
widely from lowest values in A ntarctica, < 10 mg/
kg lw (14), to values above 500 mg/ kg lw in indi-
viduals near the highly industrialized areas of
the Strait of Gibraltar, the United K ingdom, and
the Northeast P acific (5, 15, 16). Diet is an impor-
tant contributor to P CB accumulation in killer
whales via biomagnification across trophic levels,
resulting in sharp differences between populations
feeding onmarinemammals, tuna (Scomb rid ae),
and sharks (Selachimorpha) and those feeding
on lower–trophic level fish (Fig. 1 and table S1).
This is exemplified in the Northeast P acific where
marine mammal–eating Bigg’ s killer whales carry
10- to 20-fold higher P CB burdens compared to
fish-eating northern residents, despite sharing the
same coastline (15, 17). O verall, females exhibit
lower blubber P CB levels than males because of
maternal sequestration to young during fetal de-
velopment and lactation (18, 19). Exceptions have
been reported in themosthighly P CB-contaminated
populations, including in the United K ingdom,
Strait of Gibraltar (5), and Bigg’ s individuals in
the Northeast P acific (17), suggesting that P CBs
may be limiting successful reproduction and con-
sequently reducing the maternal loss of P CBs.
Model forecasting over the next 100 years shows

the large potential impact of P CBs on popula-
tion size and long-term viability of long-lived killer
whales around the world (Fig. 2). K iller whale
populations with similar P CB levels were grouped
together and assigned to exposure groups (Fig. 2,
C andD, and table S1) (10). Themodeled reference
(unexposed) population grew by 141% [inter-
quartile range (25/ 75th) = 96.3 to 176.5% ] over the
100-year simulationperiod. The least-contaminated
populations (group 1) included A laskan residents,
A ntarctica type C, CanadianNorthern residents,
Crozet A rchipelago, Eastern Tropical P acific, and
Norwegian populations. These are estimated to
accumulate 1 mg/ kg lw of P CBs per year, result-
ing in median blubber concentrations of 7.9 (4.7
to 14.0) mg/ kg lw and effects causing a popula-
tion decrease of 8.8% (4.1 to 25.3% ) or 15.4% (3.5
to 25.2% ) relative to the reference population for
reproductive effects alone or combined reproduc-
tive and immune effects, respectively. However,
although relative population-level effects were
observed for these low-exposed populations, the
model still predicts a net doubling in their pop-
ulation size over 100 years (Fig. 2C and figs. S2 and
S3). A nnual P CB accumulation rates of 3, 6, 9, 15,
18, and 27 mg/ kg are represented by exposure
groups 2 through 7, which have incrementally
greater blubber P CB levels (Fig. 2C and table
S1). A laskan offshore, Faroe Islands, and Iceland
whales (group 2) have similar P CB burdens (13.9
to 41.5mg/ kg lw) and are predicted to havemodest
population growth over the 100-year simulation
period, albeit at a reduced rate relative to the
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P ERSI STENT CH E M I CAL S

P redicting glob al k iller w hale
population collapse from
P CB pollution
J e a n - P i e r r e D e s for g e s 1 *, A i l s a H a l l 2*, B e r n i e M c C on n e l l 2, A q q a l u R os i n g - A s v i d 3,
J on a t h a n L . B a r b e r 4 , A n d r e w B r ow n l ow 5, S y l v a i n D e G u i s e 6, 7 , I g or E u l a e r s 1 ,
P a u l D. J e p s on 8 , R ob e r t J . L e t c h e r 9 , M i l t on L e v i n 6, P e t e r S . R os s 1 0 , F i l i p a S a m a r r a 1 1 ,
G í s l i V í k i n g s on 1 1 , C h r i s t i a n S on n e 1 , R u n e D i e t z 1 *

K iller whales ( O rcinus orca) are among the most highly polychlorinated biphenyl
(P C B )– contaminated mammals in the world, raising concern about the health conseq uences
of current P C B exposures. U sing an individual-based model framework and globally
available data on P C B concentrations in killer whale tissues, we show that P C B -mediated
effects on reproduction and immune function threaten the long-term viability of > 5 0 % of
the world’ s killer whale populations. P C B -mediated effects over the coming 1 0 0 years
predicted that killer whale populations near industrializ ed regions, and those feeding at
high trophic levels regardless of location, are at high risk of population collapse. Despite a
near-global ban of P C B s more than 3 0 years ago, the world’ s killer whales illustrate the
troubling persistence of this chemical class.

T
he widespread industrial use of polychlori-
nated biphenyls (P CBs) during the 20th cen-
tury led to ubiquitous contamination of the
biosphere, with substantial harm among
different wildlife populations (1). P CBs are

toxic anthropogenic compounds shown to impair
reproduction, disrupt the endocrine and immune
systems, and increase the risk of cancer in verte-
brates (2, 3). National and international regulatory
actions succeeded in reducing P CB contamination
of the environment primarily in the first decades
after the bans (4); however, P CB concentrations
remain high in many long-lived wildlife species
because of their environmental persistence and
efficient biological cycling (mother-calf transfer),
as well as dietary shifts in some species over time
to more contaminated prey (2, 5). For example,
P CB concentrations are exceedingly high in the
tissue of high–trophic level killer whales (O rcinus

orca) and other dolphin species (5, 6). It has been
suggested that high P CB concentrations in killer
whales may be contributing to observations of
low recruitment and population decline, poten-
tially leading to local extinctions (5, 7). To date,
only one study, focusing on resident killer whales
in western Canada, has investigated population
risk from P CB exposure (8). Exposure modeling
predicted protracted health risks in these resi-
dent populations over the next century, under-
scoring the vulnerability of this long-lived species
to P CBs (9). With many killer whale populations
facing growing conservation pressures, there is
an urgent need to assess the impact of P CBs on
global killer whale populations.
We compiled available data on blubber P CB

concentrations [ S P CBs, mg/ kg lipid weight (lw)]
in killerwhales frompopulations around theworld
and compared these to established concentration-
response relationships for reproductive impair-
ment and immunotoxicity-relateddiseasemortality
using an individual-based model framework
(8, 10). Thismodel incorporates published killer
whale fecundity and survival data to construct a
stable age-structured baseline population. The
model then simulates the accumulation and loss
of P CBs in blubber through placental and lacta-
tion transfer to the fetus and calf, as well as prey
ingestion after weaning. Simulated P CB concen-
trations are then evaluated against concentration-
response relationships for calf survival and immune
suppression. Immunity is linked to survival prob-
ability based on relationships between immune
suppression and disease mortality (11). We then
forecast the predicted effects of P CB exposure on
killer whale population growth around theworld
over the next 100 years.
P CB concentrations in killer whales around

theworld reflect proximity to P CB production and
usage, as well as diet and trophic level (Fig. 1 and

table S1). Global P CB production (1930 to 1993)
was estimated to be between 1 and 1.5 million
metric tons (tonnes), andmostly occurring in the
United States (~ 50% ), R ussia (~ 13% ), Germany
(~ 12% ), France (~ 10% ), and the United K ingdom
(5% ) (12, 13). The global manufacture of P CBs cor-
responded well with the observed pattern of P CB
levels in killer whale populations, which ranged
widely from lowest values in A ntarctica, < 10 mg/
kg lw (14), to values above 500 mg/ kg lw in indi-
viduals near the highly industrialized areas of
the Strait of Gibraltar, the United K ingdom, and
the Northeast P acific (5, 15, 16). Diet is an impor-
tant contributor to P CB accumulation in killer
whales via biomagnification across trophic levels,
resulting in sharp differences between populations
feeding onmarinemammals, tuna (Scomb rid ae),
and sharks (Selachimorpha) and those feeding
on lower–trophic level fish (Fig. 1 and table S1).
This is exemplified in the Northeast P acific where
marine mammal–eating Bigg’ s killer whales carry
10- to 20-fold higher P CB burdens compared to
fish-eating northern residents, despite sharing the
same coastline (15, 17). O verall, females exhibit
lower blubber P CB levels than males because of
maternal sequestration to young during fetal de-
velopment and lactation (18, 19). Exceptions have
been reported in themosthighly P CB-contaminated
populations, including in the United K ingdom,
Strait of Gibraltar (5), and Bigg’ s individuals in
the Northeast P acific (17), suggesting that P CBs
may be limiting successful reproduction and con-
sequently reducing the maternal loss of P CBs.
Model forecasting over the next 100 years shows

the large potential impact of P CBs on popula-
tion size and long-term viability of long-lived killer
whales around the world (Fig. 2). K iller whale
populations with similar P CB levels were grouped
together and assigned to exposure groups (Fig. 2,
C andD, and table S1) (10). Themodeled reference
(unexposed) population grew by 141% [inter-
quartile range (25/ 75th) = 96.3 to 176.5% ] over the
100-year simulationperiod. The least-contaminated
populations (group 1) included A laskan residents,
A ntarctica type C, CanadianNorthern residents,
Crozet A rchipelago, Eastern Tropical P acific, and
Norwegian populations. These are estimated to
accumulate 1 mg/ kg lw of P CBs per year, result-
ing in median blubber concentrations of 7.9 (4.7
to 14.0) mg/ kg lw and effects causing a popula-
tion decrease of 8.8% (4.1 to 25.3% ) or 15.4% (3.5
to 25.2% ) relative to the reference population for
reproductive effects alone or combined reproduc-
tive and immune effects, respectively. However,
although relative population-level effects were
observed for these low-exposed populations, the
model still predicts a net doubling in their pop-
ulation size over 100 years (Fig. 2C and figs. S2 and
S3). A nnual P CB accumulation rates of 3, 6, 9, 15,
18, and 27 mg/ kg are represented by exposure
groups 2 through 7, which have incrementally
greater blubber P CB levels (Fig. 2C and table
S1). A laskan offshore, Faroe Islands, and Iceland
whales (group 2) have similar P CB burdens (13.9
to 41.5mg/ kg lw) and are predicted to havemodest
population growth over the 100-year simulation
period, albeit at a reduced rate relative to the
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reference population; modeled P CB effects on re-
production alone or in combinationwith immune
suppression resulted in a population reduction
of 22.6% (14.0 to 38.3% ) or 40.5% (32.6 to 48.7% ).
A laskan transient and Canadian Southern resident
populations have similar P CB burdens (group 3:
28 to 83mg/ kg lw), and P CB effects are predicted
to inhibit population growth or cause a gradual
decline of ~ 15% (4.3 to 33.9% ) for reproductive or

combined effects, respectively. These representme-
dian reductions of 54.7 and 64.7% relative to un-
exposed populations. Greenland, Canary Islands,
Hawaii, J apan, Brazil, Northeast P acific Bigg ’ s,
Strait of Gibraltar, and U.K . populations all possess
P CB levels above 40 mg/ kg lw (Fig. 2C), and this
level of exposure is predicted to cause population
declines at various rates depending on the expo-
sure group. P opulations of J apan, Brazil, North-

east P acific Bigg’ s, Strait of Gibraltar, and United
K ingdom are all tending toward complete col-
lapse in our modeled scenarios.
To quantify and compare the global risk of

P CB exposure in killer whales,we used population
trajectories from themodel to calculate potential
annual population growth rates (l ). The achievable
growth rates, incorporating combined P CB effects
on both reproduction and immune function, were
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Fi g . 1 . G l o b a l P CB c o n c e n t r a t i o n s i n k i l l e r w h a l e s . (A) C onceptual
model of PC B bioaccumulation and magnification, leading to elevated
PC B concentrations in killer whale populations. ( B ) G lobal overview
of PC B concentrations in killer whale blubber (ppm, parts per million).

Light and dark green circles represent males and females, respectively.
Also shown is population density – normalized cumulative global
usage of PC B s per country from 1 9 3 0 to 2 0 0 0 ( 1 2 ). Number labels
indicate populations with measured PC B concentrations (table S1 ).

Ta b l e 1 . G l o b a l a s s e s s m e n t o f p o p u l a t i o n - l e v e l r i s k f r o m P CB e x p o s u r e . Risk categories were set based on predicted growth rates (l ) and significant
difference by using a one-sample t test against a reference of no growth ( l = 1 ): low risk ( l > 1 , little to no effect on population growth), moderate risk
( l = 1 , stagnant population growth), high risk ( l < 1 , population decline).

P CB r i s k P o p u l a t i o n L o c a t i o n P o p u l a t i o n s i z e
P r o t e c t i o n

s t a t u s

L o w
( l > 1 )

Alaska offshore North Pacific > 2 0 0 * None*
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Alaska resident North Pacific 2 3 4 7 * None*
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Antarctica type C Southern Ocean Unknown Unknown
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Northeast Pacific
North resident

Northeast Pacific 2 9 0 † Threatened†

. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

C rozet Archipelago South Indian Ocean 3 7 – 9 8 ‡ Unknown
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Eastern Tropical Pacific Tropical Pacific 8 5 0 0 * Unknown
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

F aroe Islands Northeast Atlantic Unknown Unknown
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Iceland North Atlantic 3 7 6 § None§
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Norway Northeast Atlantic 5 0 0 – 1 1 0 0 | | Unknown
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

M o d e r a t e
( l = 1 )

Alaska transient North Pacific 5 8 7 * None/ Depleted*
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

C anada South resident Northeast Pacific 7 8 † Endangered†
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

H i g h
( l < 1 )

B razil Southwest Atlantic Unknown Unknown
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Northeast Pacific B igg ’ s Northeast Pacific 5 2 1 * None*/ Threatened†
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

C anary Islands Atlantic Ocean Unknown Unknown
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

G reenland North Atlantic Unknown None
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

H awaii Tropical Pacific 1 0 1 * None*
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

J apan Northwest Pacific Unknown Unknown
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

Strait of G ibraltar Mediterranean 3 6 ¶ V ulnerable¶
. .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ...

United K ingdom Northeast Atlantic ≤9 # None
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

*National Oceanographic and Atmospheric Administration (NOAA) stock assessment reports (www.fisheries.noaa.gov/ species/ killer-whale); AT1 transients in Alaska are
a subgroup considered depleted under the U.S. Marine Mammal Protection Act. †G overnment of C anada, Species at Risk Public Registry (www.sararegistry.gc.ca/
default.asp? lang= en& n= 2 4 F 7 2 1 1 B -1 ). ‡ (2 7 ). § (2 8 ). ǁ( 2 9 ). ¶ (3 0 ). # ( 5 ).
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Que dit la recherche sur l’incidence des pollutions 
chimiques ?
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By Nigel E. Raine

B
ees are critically important to agri-

cultural crop production and to the 

reproduction of most flowering plant 

species on the planet (1). Yet, these 

essential ecosystem service providers 

are in decline around the world (1, 2). 

Widespread pesticide use associated with 

increasingly intensive agriculture is one of 

several, likely interacting, factors that con-

tribute to these concerning pollinator de-

clines (2). Although insecticide applications 

are targeted at controlling pests, their use 

can have unintended impacts on beneficial 

insects, including bees. As the most widely 

used class of insecticides in the world, neo-

nicotinoids have come under considerable 

scrutiny following concerns around their 

nontarget impacts on bees (3). On page 683 

of this issue, Crall et al. (4) identify how ex-

posure to these neurotoxic insecticides can 

adversely affect individual bumblebees and 

social dynamics within their colony. 

Using an innovative automated, robotic 

platform, Crall et al. continuously monitored 

the behavior of all workers inside multiple 

bumblebee colonies, each housed in a spe-

cially constructed nest box attached to a for-

aging chamber (see the figure). They found 

that environmentally realistic exposure to 

the neonicotinoid imidacloprid, dissolved in 

artificial nectar collected from the foraging 

chamber, resulted in measurable behavioral 

changes in workers inside the nest: They 

were less active, less likely to feed and care 

for larvae (act as nurses), and more likely to 

be found toward the periphery of the nest, 

compared to workers in control colonies. 

Furthermore, these changes were stronger at 

night, potentially relating to daily patterns in 

pesticide consumption or detoxification; this 

requires further investigation.

In spring, bumblebee queens emerge 

from hibernation and seek nest sites. Once a 

site has been chosen, each queen tries to es-

tablish her colony. She secretes wax to form 

the nest structure, including  pots to store 

nectar and pollen. The queen then lays eggs 

that will become workers. Until these hatch, 

the queen is a single mother performing all 

the foraging, incubation of eggs, larval feed-

ing, and nest construction and cleaning. 

When adult workers emerge, they take over 

most of these tasks. Larger workers typi-

cally undertake foraging and other tasks 

outside the colony, whereas smaller workers 

nurse their sister larvae and perform other 

roles inside the nest. Although the sight of 

bees foraging on flowers is more familiar to 

us, these roles inside the nest are equally 

important to colony success. 

Environmentally realistic exposure to 

neonicotinoids (imidacloprid and thia-

methoxam) has been shown to affect mul-

tiple aspects of worker foraging behavior, 

including their flower choices, foraging trip 

duration, and ability to collect pollen (5, 6). 

Such impacts on foraging performance can 

delay or reduce colony growth by limiting 

the quantity of pollen entering the nest to 

support larval growth (7). However, studies 

exposing bumblebee colonies to the neo-

nicotinoid clothianidin, or an alternative 

systemic insecticide ( sulfoxaflor), report 

impacts on colony development (8, 9) and 

reproductive output (9), without observing 

any significant impacts on pollen foraging 

performance. A potential alternative mech-

anism for these results is provided by the 

observations of Crall et al., suggesting that 

recording behavioral dynamics and interac-

tions inside the nest could be an important 

component of future assessments of pes-

ticide exposure on bumblebees. It will be 

interesting to see whether the automated 

monitoring system they developed can op-

erate under less controlled conditions.

Impacts of neonicotinoid exposure on 

nursing behavior might also limit the flow 

of nutrients to some or all larvae, function-

ally acting on colony growth in the same 

way as limiting pollen flow into the nest 

through forager impairment. If this is the 

case, it might be possible to detect greater 

differentials in pollen storage between 

treated and control colonies, assuming pol-

len is coming into all colonies at similar 

rates but being fed to larvae less quickly 

in those exposed to insecticide. Differences 

in the spatial position of both larvae and 

workers within the nest also have impor-

tant consequences for bumblebee colony 

dynamics. Larvae found further from the 
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By Nigel E. Raine

B
ees are critically important to agri-

cultural crop production and to the 

reproduction of most flowering plant 

species on the planet (1). Yet, these 

essential ecosystem service providers 

are in decline around the world (1, 2). 

Widespread pesticide use associated with 

increasingly intensive agriculture is one of 

several, likely interacting, factors that con-

tribute to these concerning pollinator de-

clines (2). Although insecticide applications 

are targeted at controlling pests, their use 

can have unintended impacts on beneficial 

insects, including bees. As the most widely 

used class of insecticides in the world, neo-

nicotinoids have come under considerable 

scrutiny following concerns around their 

nontarget impacts on bees (3). On page 683 

of this issue, Crall et al. (4) identify how ex-

posure to these neurotoxic insecticides can 

adversely affect individual bumblebees and 

social dynamics within their colony. 

Using an innovative automated, robotic 

platform, Crall et al. continuously monitored 

the behavior of all workers inside multiple 

bumblebee colonies, each housed in a spe-

cially constructed nest box attached to a for-

aging chamber (see the figure). They found 

that environmentally realistic exposure to 

the neonicotinoid imidacloprid, dissolved in 

artificial nectar collected from the foraging 

chamber, resulted in measurable behavioral 

changes in workers inside the nest: They 

were less active, less likely to feed and care 

for larvae (act as nurses), and more likely to 

be found toward the periphery of the nest, 

compared to workers in control colonies. 

Furthermore, these changes were stronger at 

night, potentially relating to daily patterns in 

pesticide consumption or detoxification; this 

requires further investigation.

In spring, bumblebee queens emerge 

from hibernation and seek nest sites. Once a 

site has been chosen, each queen tries to es-

tablish her colony. She secretes wax to form 

the nest structure, including  pots to store 

nectar and pollen. The queen then lays eggs 

that will become workers. Until these hatch, 

the queen is a single mother performing all 

the foraging, incubation of eggs, larval feed-

ing, and nest construction and cleaning. 

When adult workers emerge, they take over 

most of these tasks. Larger workers typi-

cally undertake foraging and other tasks 

outside the colony, whereas smaller workers 

nurse their sister larvae and perform other 

roles inside the nest. Although the sight of 

bees foraging on flowers is more familiar to 

us, these roles inside the nest are equally 

important to colony success. 

Environmentally realistic exposure to 

neonicotinoids (imidacloprid and thia-

methoxam) has been shown to affect mul-

tiple aspects of worker foraging behavior, 

including their flower choices, foraging trip 

duration, and ability to collect pollen (5, 6). 

Such impacts on foraging performance can 

delay or reduce colony growth by limiting 

the quantity of pollen entering the nest to 

support larval growth (7). However, studies 

exposing bumblebee colonies to the neo-

nicotinoid clothianidin, or an alternative 

systemic insecticide ( sulfoxaflor), report 

impacts on colony development (8, 9) and 

reproductive output (9), without observing 

any significant impacts on pollen foraging 

performance. A potential alternative mech-

anism for these results is provided by the 

observations of Crall et al., suggesting that 

recording behavioral dynamics and interac-

tions inside the nest could be an important 

component of future assessments of pes-

ticide exposure on bumblebees. It will be 

interesting to see whether the automated 

monitoring system they developed can op-

erate under less controlled conditions.

Impacts of neonicotinoid exposure on 

nursing behavior might also limit the flow 

of nutrients to some or all larvae, function-

ally acting on colony growth in the same 

way as limiting pollen flow into the nest 

through forager impairment. If this is the 

case, it might be possible to detect greater 

differentials in pollen storage between 

treated and control colonies, assuming pol-

len is coming into all colonies at similar 

rates but being fed to larvae less quickly 

in those exposed to insecticide. Differences 

in the spatial position of both larvae and 

workers within the nest also have impor-

tant consequences for bumblebee colony 

dynamics. Larvae found further from the 
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G ly phosate perturb s the gut microb iota of honey b ees
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Glyphosate, the primary herbicide used globally for weed control,
targets the 5 -enolpyruvylshikimate-3-phosphate synthase (EPSPS)
enzyme in the shikimate pathway found in plants and some
microorganisms. Thus, glyphosate may affect bacterial symbionts
of animals living near agricultural sites, including pollinators such
as bees. The honey bee gut microbiota is dominated by eight
bacterial species that promote weight gain and reduce pathogen
susceptibility. The gene encoding EPSPS is present in almost all
sequenced genomes of bee gut bacteria, indicating that they are
potentially susceptible to glyphosate. We demonstrated that the
relative and absolute abundances of dominant gut microbiota
species are decreased in bees exposed to glyphosate at concen-
trations documented in the environment. Glyphosate exposure of
young workers increased mortality of bees subsequently exposed
to the opportunistic pathogen S errati a m arces cens . Members of
the bee gut microbiota varied in susceptibility to glyphosate,
largely corresponding to whether they possessed an EPSPS of class
I (sensitive to glyphosate) or class II (insensitive to glyphosate).
This basis for differences in sensitivity was confirmed using
in vitro experiments in which the EPSPS gene from bee gut bacte-
ria was cloned into Es cheri chi a coli . All strains of the core bee gut
species, S nod g ras s ella alv i , encode a sensitive class I EPSPS, and
reduction in S . alv i levels was a consistent experimental result.
However, some S . alv i strains appear to possess an alternative
mechanism of glyphosate resistance. Thus, exposure of bees to
glyphosate can perturb their beneficial gut microbiota, potentially
affecting bee health and their effectiveness as pollinators.

honey bees | microbiome | glyphosate | Snodg rassella alv i | Serratia

The broad-spectrum herbicide glyphosate [ N -(phosphono-
methyl)glycine] has long been the primary weed management

system, and its use is growing in connection with crops geneti-
cally engineered to be resistant to glyphosate (1, 2). Its mecha-
nism of action, inhibition of 5-enolpyruvylshikimate-3-phosphate
synthase (EP SP S), an enzyme in the shikimate pathway, prevents
the biosynthesis of aromatic amino acids and other secondary
metabolites in plants and some microorganisms (3). EP SP S
catalyzes the reaction between phosphoenolpyruvate (P EP ) and
shikimate 3-phosphate (S3P ) (4), and glyphosate is a competitive
inhibitor that blocks the P EP -binding site (5). EP SP S enzymes
from different organisms vary in molecular weight (46–178 kDa)
and sequence homology (6) and form two phylogenetic clusters
that differ in tolerance to glyphosate. Class I enzymes are sen-
sitive to glyphosate and are present in all plants and in some
bacteria, such as E s c heri c hi a c oli (4); class II enzymes are only
found in some bacteria, such as S tap hy loc oc c u s au reu s , and can
tolerate high concentrations of glyphosate (7, 8).
Animals lack the shikimate pathway, which is why glyphosate is

considered one of the least toxic pesticides used in agriculture (9).
However, some evidence suggests that glyphosate affects non-
target organisms, for example, changing the behavior of honey
bees (10), reducing reproduction of soil-dwelling earthworms (11),
and affecting the growth of microalgae and aquatic bacteria (12).
Glyphosate is also associated with changes in plant endophytic
and rhizosphere microbiomes (2) and with disturbances of gut
microbiota of animals living near agricultural sites (13).
Honey bees and bumble bees are major pollinators of flow-

ering plants, including many crops. When foraging, they can be
exposed to a variety of xenobiotics, such as glyphosate. This

herbicide is known to affect the growth of microorganisms (13–
15), and the health of bees is intrinsically related to their distinct
gut microbial community (16, 17). The honey bee gut microbiota
is dominated by eight bacterial species: L ac tob ac i llu s spp. Firm-
4, L ac tob ac i llu s spp. Firm-5 (phylum Firmicutes), B i f i d ob ac te-
ri u m spp. (phylum Actinobacteria), S nod g ras s ella alv i , G i lli ame lla
ap i c ola, F ri s c hella p errara, B artonella ap i s , and Alpha 2.1 (phylum
P roteobacteria) (18). Each of these species exhibits strain di-
versity corresponding to differences in metabolic capabilities and
tolerances to xenobiotics (19, 20). Newly emerged workers (NEWs)
are nearly free of gut bacteria and acquire their normal microbial
community orally through social interactions with other workers
during the first few days after emergence (21). Bees deprived of
their normal microbiota show reduced weight gain and altered
metabolism (22), increased pathogen susceptibility (17), and in-
creased mortality within hives (23).
In this study, we investigated the effects of glyphosate expo-

sure on the size and composition of the honey bee gut micro-
biome. We found the microbiome was affected by glyphosate
exposure during and after gut colonization, and that glyphosate
exposure during early gut colonization increased mortality of
bees exposed to an opportunistic pathogen. Additionally, bee gut
bacteria differ in glyphosate susceptibility. We explored the
molecular mechanisms of this variability in glyphosate tolerance
by expressing the EP SP S of bee gut symbionts in E . c oli . Some
bee gut bacteria tolerate glyphosate by virtue of a class II EP SP S,
but a few strains with susceptible class I EP SP S depend on other,

Significance

Increased mortality of honey bee colonies has been attributed
to several factors but is not fully understood. The herbicide
glyphosate is expected to be innocuous to animals, including
bees, because it targets an enzyme only found in plants and
microorganisms. However, bees rely on a specialized gut
microbiota that benefits growth and provides defense against
pathogens. Most bee gut bacteria contain the enzyme targeted
by glyphosate, but vary in whether they possess susceptible
versions and, correspondingly, in tolerance to glyphosate. Ex-
posing bees to glyphosate alters the bee gut community and
increases susceptibility to infection by opportunistic patho-
gens. Understanding how glyphosate impacts bee gut symbi-
onts and bee health will help elucidate a possible role of this
chemical in colony decline.
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yet unknown, mechanisms for tolerance. Overall, our results
show that glyphosate exposure can perturb the gut microbiota of
honey bees, and that compositional shifts typically favor species
tolerant to glyphosate and disfavor sensitive species.

Re s u l t s a n d D i s c u s s i o n
Gl yp h o s a t e Pe r t u r b s t h e H o n e y Be e Gu t Ba c t e r i a l Co m m u n i t y . Hun-
dreds of adult worker bees were collected from a single hive,
treated with either 5 mg/ L glyphosate (G-5), 10 mg/ L glyphosate
(G-10) or sterile sucrose syrup (control) for 5 d, and returned to
their original hive. Bees were marked on the thorax with paint to
make them distinguishable in the hive. Glyphosate concentra-
tions were chosen to mimic environmental levels, which typically
range between 1.4 and 7.6 mg/ L (24), and may be encountered by
bees foraging at flowering weeds. To determine the effects of
glyphosate on the size and composition of the gut microbiome,
15 bees were sampled from each group before reintroduction to
the hive (day 0) and postreintroduction (day 3), and relative and
absolute abundances of gut bacteria were assessed using deep
amplicon sequencing of the V 4 region of the bacterial 16S rR NA
gene and quantitative P CR (qP CR ).
At day 0, glyphosate exposure had little effect on the bee gut

microbiome size, but the absolute and relative abundances of the
core species, S . alv i , were significantly lower in the G-10 group (Fig.

1 and S I A p p end i x , Fig. S1). The effects of glyphosate exposure on
the bee gut microbiome were more prominent at day 3, after treated
bees were returned to the hive. The total number of gut bacteria
decreased for both treatment groups, relative to control, but this
drop was significant only for the G-5 group, which also exhibited
more severe compositional shifts (Fig. 1). The absolute abundances
of four dominant gut bacteria, S . alv i , B i f i d ob ac teri u m , L ac tob ac i llu s
Firm-4 and Firm-5 were decreased (Fig. 1), and the relative abun-
dance of G . ap i c ola increased in the G-5 group (S I A p p end i x , Fig.
S1). Surprisingly, only L ac tob ac i llu s Firm-5 decreased in absolute
abundance in the G-10 group (Fig. 1). This experiment was repeated
using bees from a different hive and season, and similar trends were
observed (S I A p p end i x , Fig. S2). As in the first experiment, signifi-
cant reductions in abundance were observed for S . alv i in bees
treated with glyphosate (S I A p p end i x , Fig. S2).
The relative lack of effects of the G-10 treatment on the

microbiota composition at day 3 posttreatment is unexplained, but
may reflect other effects of glyphosate on bees. Our recapture
method fails to sample bees that died or abandoned the hive.
Since bees exposed to glyphosate may exhibit impaired spatial
processing, compromising their return to hives (10, 24), bees in the
G-10 group that consumed more glyphosate-laced sugar syrup
before reintroduction to the hive may have been less likely to
return to the hive after foraging. Since fewer than 20% of bees
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F ig. 1. Changes in gut microbiota composition following glyphosate ex posure of honey bees with established gut communities. (A) Stacked column graph
showing the relative and absolute abundances of gut bacterial species in control bees and bees treated with 5 mg/L or 10 mg/L glyphosate at
posttreatment days 0 and 3. Each column represents one bee. (B) Box plots of bacterial 16S rDNA copies for control (C) and glyphosate-treated (G -5 and G -10)
bees at posttreatment days 0 and 3 (n = 15 for each group and time point). Box -and-whisker plots show high, low, and median values, with lower and upper
edges of each box denoting first and third quartiles, respectively. * P < 0.05 and * * P < 0.01, Wilcox on rank sum test followed by Bonferroni correction.
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Intensive agriculture currently relies on pesticides to maximize 
crop yield1,2. N eonicotinoids are the most widely used insecticides 
globally3, but increasing evidence of negative impacts on important 
pollinators4–9 and other non-target organisms10 has led to legislative 
reassessment and created demand for the development of alternative 
products. Sulfoximine-based insecticides are the most likely 
successor11, and are either licensed for use or under consideration 
for licensing in several worldwide markets3, including within the 
European U nion12, where certain neonicotinoids ( imidacloprid, 
clothianidin and thiamethoxam)  are now banned from agricultural 
use outside of permanent greenhouse structures. There is an urgent 
need to pre-emptively evaluate the potential sub-lethal effects of 
sulfoximine-based pesticides on pollinators11, because such effects 
are rarely detected by standard ecotoxicological assessments, but 
can have major impacts at larger ecological scales13–15. Here we 
show that chronic exposure to the sulfoximine-based insecticide 
sulfoxaflor, at dosages consistent with potential post-spray field 
exposure, has severe sub-lethal effects on bumblebee ( B o mb us  
t er r es t r i s )  colonies. F ield-based colonies that were exposed to 
sulfoxaflor during the early growth phase produced significantly 
fewer workers than unexposed controls, and ultimately produced 
fewer reproductive offspring. Differences between the life-history 
trajectories of treated and control colonies first became apparent 
when individuals exposed as larvae began to emerge, suggesting that 
direct or indirect effects on a small cohort may have cumulative long-
term consequences for colony fitness. Our results caution against 
the use of sulfoximines as a direct replacement for neonicotinoids. 
To avoid continuing cycles of novel pesticide release and removal, 
with concomitant impacts on the environment, a broad evidence 
base needs to be assessed prior to the development of policy and 
regulation.

The widespread global use of highly effective neonicotinoid-based 
pesticides has led to the evolution of resistance among several insect 
crop pests16  and has generated worldwide interest in emerging  
sulfoximine-based alternatives that have been shown to be effective in  
targeting some neonicotinoid-resistant species17–19. This potential lack 
of cross-resistance may reflect differences in the three-dimensional 
molecular structure that preclude the breakdown of sulfoximines by 
enzymes that are involved in neonicotinoid metabolism20, supporting  
the claim that sulfoximines and neonicotinoids are chemically  
distinct17. However, as selective agonists of insect nicotinic acetylcholine  
receptors17, the two pesticide groups share a common biological mode of 
action. This raises major concerns about potential effects on non-target  
species, and particularly on bees. Neonicotinoids, while not lethal to 
bees at field-realistic levels, have severe sub-lethal effects on both social 
and solitary bees, influencing cognition, foraging ability, homing ability,  
reproductive output, colony initiation5,7,8,15,21–25, and, potentially, 
pollination services26 . Mathematical modelling has shown that these 
sub-lethal stressors can have considerable negative consequences for 
colony fitness downstream in the colony cycle14,15.

To assess whether sulfoxaflor, the first marketed sulfoximine- 
based pesticide, has similar negative effects on bees, we fed either 

untreated sucrose solution (1.8 M) or a sucrose solution containing 
5 m g dm−3 (5 ppb) of sulfoxaflor to nascent Bo m bu s te rre stris colonies 
reared from wild-caught queens. We based this concentration on 
available estimates for sulfoxaflor residues in forager-collected nectar  
post-spray27 (Extended Data Fig. 1a), because spray application  
is currently the most common application procedure (although 
products containing sulfoxaflor have also been developed for seed 
treatments and are already available for use on bee-pollinated 
crops in some markets28). After two weeks of laboratory-based 
exposure, size-matched colonies were placed in the field around 
a university parkland campus following a paired design and were 
no longer provided with additional resources. Staggered weekly  
nocturnal censuses revealed a clear difference in colony demographics  
between control and experimental colonies. The bumblebee colony 
cycle is characterized by an early growth phase in which worker 
numbers increase rapidly to create a large workforce, followed by 
a switch to production of reproductive brood later in the season. 
Between two and three weeks after exposure, detectable differences 
in worker numbers between treated and control colonies began to 
emerge, persisting until close to the end of the colony cycle (Fig. 1a 
and Supplementary Table 2d; analysis using a generalized linear 
mixed-effects model: treatment parameter estimate =  −0.28, 95%  
confidence interval =  −0.48 to −0.01; treatment:week interaction 
parameter estimate =  −0.06 , 95%  confidence interval =  −0.11 to 
−0.01; treatment:week2 interaction parameter estimate =  0.11, 95%  
confidence interval =  0.05 to 0.16 ).

As the colony cycle progressed, negative impacts on the reproductive  
output of the treated colonies became apparent. Treated and control 
colonies were equally likely to produce male reproductive offspring, 
but treated colonies produced significantly fewer males in total 
(zero-inflated count model, binomial section, treatment parameter  
estimate =  0.71, 95%  confidence interval =  −0.6 7 to 2.09; count 
section, treatment parameter estimate =  −0.54, 95%  confidence  
interval =  −0.72 to −0.37; Fig. 2). This difference became apparent  
from approximately week 9 onwards (Fig. 1b). The dry mass of these 
males was no different from those produced by control colonies  
( w i (null model) =  0.974), indicating that our results cannot be 
explained by differential investment in reproductive biomass. Neither 
treated nor control colonies produced an abundance of queens, but 
control colonies produced more gynes than treated colonies (in total, 
36  new gynes from 3 out of 26  control colonies, no new gynes were pro-
duced by any of the 25 treated colonies); thus our findings hold when 
the total number of sexual offspring is analysed (zero-inflated count 
model, binomial section, treatment parameter estimate =  0.71, 95%  
confidence interval =  −0.6 7 to 2.09; count section, treatment parameter  
estimate =  −0.6 4, 95%  confidence interval =  −0.81 to −0.46 ). The 
timing of reproductive onset, queen longevity and colony survival 
did not differ between control and treated colonies (Extended Data 
Fig. 2; survival analyses, treatment parameter estimate for reproductive  
onset =  −0.05, 95%  confidence interval =  −0.41 to 0.31; colony  
longevity =  −0.03, 95%  confidence interval =  −0.43 to 0.38; queen 
survival =  −0.07, 95%  confidence interval =  −0.47 to 0.33).
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globally3, but increasing evidence of negative impacts on important 
pollinators4–9 and other non-target organisms10 has led to legislative 
reassessment and created demand for the development of alternative 
products. Sulfoximine-based insecticides are the most likely 
successor11, and are either licensed for use or under consideration 
for licensing in several worldwide markets3, including within the 
European U nion12, where certain neonicotinoids ( imidacloprid, 
clothianidin and thiamethoxam)  are now banned from agricultural 
use outside of permanent greenhouse structures. There is an urgent 
need to pre-emptively evaluate the potential sub-lethal effects of 
sulfoximine-based pesticides on pollinators11, because such effects 
are rarely detected by standard ecotoxicological assessments, but 
can have major impacts at larger ecological scales13–15. Here we 
show that chronic exposure to the sulfoximine-based insecticide 
sulfoxaflor, at dosages consistent with potential post-spray field 
exposure, has severe sub-lethal effects on bumblebee ( B o mb us  
t er r es t r i s )  colonies. F ield-based colonies that were exposed to 
sulfoxaflor during the early growth phase produced significantly 
fewer workers than unexposed controls, and ultimately produced 
fewer reproductive offspring. Differences between the life-history 
trajectories of treated and control colonies first became apparent 
when individuals exposed as larvae began to emerge, suggesting that 
direct or indirect effects on a small cohort may have cumulative long-
term consequences for colony fitness. Our results caution against 
the use of sulfoximines as a direct replacement for neonicotinoids. 
To avoid continuing cycles of novel pesticide release and removal, 
with concomitant impacts on the environment, a broad evidence 
base needs to be assessed prior to the development of policy and 
regulation.

The widespread global use of highly effective neonicotinoid-based 
pesticides has led to the evolution of resistance among several insect 
crop pests16  and has generated worldwide interest in emerging  
sulfoximine-based alternatives that have been shown to be effective in  
targeting some neonicotinoid-resistant species17–19. This potential lack 
of cross-resistance may reflect differences in the three-dimensional 
molecular structure that preclude the breakdown of sulfoximines by 
enzymes that are involved in neonicotinoid metabolism20, supporting  
the claim that sulfoximines and neonicotinoids are chemically  
distinct17. However, as selective agonists of insect nicotinic acetylcholine  
receptors17, the two pesticide groups share a common biological mode of 
action. This raises major concerns about potential effects on non-target  
species, and particularly on bees. Neonicotinoids, while not lethal to 
bees at field-realistic levels, have severe sub-lethal effects on both social 
and solitary bees, influencing cognition, foraging ability, homing ability,  
reproductive output, colony initiation5,7,8,15,21–25, and, potentially, 
pollination services26 . Mathematical modelling has shown that these 
sub-lethal stressors can have considerable negative consequences for 
colony fitness downstream in the colony cycle14,15.

To assess whether sulfoxaflor, the first marketed sulfoximine- 
based pesticide, has similar negative effects on bees, we fed either 

untreated sucrose solution (1.8 M) or a sucrose solution containing 
5 m g dm−3 (5 ppb) of sulfoxaflor to nascent Bo m bu s te rre stris colonies 
reared from wild-caught queens. We based this concentration on 
available estimates for sulfoxaflor residues in forager-collected nectar  
post-spray27 (Extended Data Fig. 1a), because spray application  
is currently the most common application procedure (although 
products containing sulfoxaflor have also been developed for seed 
treatments and are already available for use on bee-pollinated 
crops in some markets28). After two weeks of laboratory-based 
exposure, size-matched colonies were placed in the field around 
a university parkland campus following a paired design and were 
no longer provided with additional resources. Staggered weekly  
nocturnal censuses revealed a clear difference in colony demographics  
between control and experimental colonies. The bumblebee colony 
cycle is characterized by an early growth phase in which worker 
numbers increase rapidly to create a large workforce, followed by 
a switch to production of reproductive brood later in the season. 
Between two and three weeks after exposure, detectable differences 
in worker numbers between treated and control colonies began to 
emerge, persisting until close to the end of the colony cycle (Fig. 1a 
and Supplementary Table 2d; analysis using a generalized linear 
mixed-effects model: treatment parameter estimate =  −0.28, 95%  
confidence interval =  −0.48 to −0.01; treatment:week interaction 
parameter estimate =  −0.06 , 95%  confidence interval =  −0.11 to 
−0.01; treatment:week2 interaction parameter estimate =  0.11, 95%  
confidence interval =  0.05 to 0.16 ).

As the colony cycle progressed, negative impacts on the reproductive  
output of the treated colonies became apparent. Treated and control 
colonies were equally likely to produce male reproductive offspring, 
but treated colonies produced significantly fewer males in total 
(zero-inflated count model, binomial section, treatment parameter  
estimate =  0.71, 95%  confidence interval =  −0.6 7 to 2.09; count 
section, treatment parameter estimate =  −0.54, 95%  confidence  
interval =  −0.72 to −0.37; Fig. 2). This difference became apparent  
from approximately week 9 onwards (Fig. 1b). The dry mass of these 
males was no different from those produced by control colonies  
( w i (null model) =  0.974), indicating that our results cannot be 
explained by differential investment in reproductive biomass. Neither 
treated nor control colonies produced an abundance of queens, but 
control colonies produced more gynes than treated colonies (in total, 
36  new gynes from 3 out of 26  control colonies, no new gynes were pro-
duced by any of the 25 treated colonies); thus our findings hold when 
the total number of sexual offspring is analysed (zero-inflated count 
model, binomial section, treatment parameter estimate =  0.71, 95%  
confidence interval =  −0.6 7 to 2.09; count section, treatment parameter  
estimate =  −0.6 4, 95%  confidence interval =  −0.81 to −0.46 ). The 
timing of reproductive onset, queen longevity and colony survival 
did not differ between control and treated colonies (Extended Data 
Fig. 2; survival analyses, treatment parameter estimate for reproductive  
onset =  −0.05, 95%  confidence interval =  −0.41 to 0.31; colony  
longevity =  −0.03, 95%  confidence interval =  −0.43 to 0.38; queen 
survival =  −0.07, 95%  confidence interval =  −0.47 to 0.33).
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Globally accelerating trends in societal development and human 
environmental impacts since the mid-twentieth century1–7 are 
known as the Great Acceleration and have been discussed as a key 
indicator of the onset of the Anthropocene epoch6. While reports 
on ecological responses ( for example, changes in species range or 
local extinctions)  to the Great Acceleration are multiplying8,9, it is 
unknown whether such biotic responses are undergoing a similar 
acceleration over time. This knowledge gap stems from the limited 
availability of time series data on biodiversity changes across 
large temporal and geographical extents. Here we use a dataset of 
repeated plant surveys from 302 mountain summits across Europe, 
spanning 145 years of observation, to assess the temporal trajectory 
of mountain biodiversity changes as a globally coherent imprint of 
the Anthropocene. We find a continent-wide acceleration in the rate 
of increase in plant species richness, with five times as much species 
enrichment between 2007 and 2016 as fifty years ago, between 
1957 and 1966. This acceleration is strikingly synchronized with 
accelerated global warming and is not linked to alternative global 
change drivers. The accelerating increases in species richness on 
mountain summits across this broad spatial extent demonstrate that 
acceleration in climate-induced biotic change is occurring even in 
remote places on Earth, with potentially far-ranging consequences 
not only for biodiversity, but also for ecosystem functioning and 
services.

Mountains are particularly sensitive to ecological change and 
are experiencing some of the highest rates of warming under 
anthropogenic climate change10,11. Numerous reports of species re- 
distribution towards summits8,12–14 and warming-induced changes in 
biodiversity on summits13,15,16  suggest that mountain biota are highly 
sensitive to increasing temperatures17. The current accelerating trend 
in temperature increase1,6  should therefore also affect the velocity of 

changes observed for mountain biota. Appropriate empirical assess-
ments of the rate of change in the velocity of ecological responses 
(biodiversity and ecosystem trajectories) to accelerated global warm-
ing require long-term resurveys (for example, time series) of species 
communities, but these are scarce and localized. Mountain summits 
are especially suited for long-term studies of biotic responses to envi-
ronmental changes because they represent natural permanent study 
sites that are easy to re-locate over time18,19, thus making it possible 
to record reliable time series. By repeatedly resurveying alpine plant 
communities on 302 European mountain summits dating back as 
far as 1871, we generated time series for century-scale and conti-
nent-wide biodiversity dynamics to assess potential acceleration 
trends in plant diversity dynamics (Fig. 1). Using these time series 
data, we tested whether the recent acceleration of climate change is 
driving a similarly accelerating change in species richness on moun-
tain summits across the continent.

We found that plant species richness has increased strongly over 
the past 145 years on the vast majority (87% ) of Europe’s summits 
(generalized linear mixed effects model, P  < 0.001; Fig. 2, Extended 
Data Fig. 1, Extended Data Table 1) and that the increase has accel-
erated in the most recent years. This trend is consistent across all 
nine covered geographical regions, with no single region showing 
the opposite pattern. Across all summits, the increase in plant spe-
cies richness has accelerated over time (linear mixed effects mod-
els, P  < 0.001; Fig. 3, Extended Data Table 2), and the acceleration  
has been particularly pronounced during the past 20–30 years 
(Figs. 2, 3). Fifty years ago (1957 to 196 6 ) the rate of increase in 
species number averaged 1.1 species per decade (Fig. 3), whereas 
during the past decade (2007 to 2016 ) the summits gained 5.4 addi-
tional species on average (Fig. 3). There is a positive relationship 
between the magnitude of increase in plant species richness and 
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Globally accelerating trends in societal development and human 
environmental impacts since the mid-twentieth century1–7 are 
known as the Great Acceleration and have been discussed as a key 
indicator of the onset of the Anthropocene epoch6. While reports 
on ecological responses ( for example, changes in species range or 
local extinctions)  to the Great Acceleration are multiplying8,9, it is 
unknown whether such biotic responses are undergoing a similar 
acceleration over time. This knowledge gap stems from the limited 
availability of time series data on biodiversity changes across 
large temporal and geographical extents. Here we use a dataset of 
repeated plant surveys from 302 mountain summits across Europe, 
spanning 145 years of observation, to assess the temporal trajectory 
of mountain biodiversity changes as a globally coherent imprint of 
the Anthropocene. We find a continent-wide acceleration in the rate 
of increase in plant species richness, with five times as much species 
enrichment between 2007 and 2016 as fifty years ago, between 
1957 and 1966. This acceleration is strikingly synchronized with 
accelerated global warming and is not linked to alternative global 
change drivers. The accelerating increases in species richness on 
mountain summits across this broad spatial extent demonstrate that 
acceleration in climate-induced biotic change is occurring even in 
remote places on Earth, with potentially far-ranging consequences 
not only for biodiversity, but also for ecosystem functioning and 
services.

Mountains are particularly sensitive to ecological change and 
are experiencing some of the highest rates of warming under 
anthropogenic climate change10,11. Numerous reports of species re- 
distribution towards summits8,12–14 and warming-induced changes in 
biodiversity on summits13,15,16  suggest that mountain biota are highly 
sensitive to increasing temperatures17. The current accelerating trend 
in temperature increase1,6  should therefore also affect the velocity of 

changes observed for mountain biota. Appropriate empirical assess-
ments of the rate of change in the velocity of ecological responses 
(biodiversity and ecosystem trajectories) to accelerated global warm-
ing require long-term resurveys (for example, time series) of species 
communities, but these are scarce and localized. Mountain summits 
are especially suited for long-term studies of biotic responses to envi-
ronmental changes because they represent natural permanent study 
sites that are easy to re-locate over time18,19, thus making it possible 
to record reliable time series. By repeatedly resurveying alpine plant 
communities on 302 European mountain summits dating back as 
far as 1871, we generated time series for century-scale and conti-
nent-wide biodiversity dynamics to assess potential acceleration 
trends in plant diversity dynamics (Fig. 1). Using these time series 
data, we tested whether the recent acceleration of climate change is 
driving a similarly accelerating change in species richness on moun-
tain summits across the continent.

We found that plant species richness has increased strongly over 
the past 145 years on the vast majority (87% ) of Europe’s summits 
(generalized linear mixed effects model, P  < 0.001; Fig. 2, Extended 
Data Fig. 1, Extended Data Table 1) and that the increase has accel-
erated in the most recent years. This trend is consistent across all 
nine covered geographical regions, with no single region showing 
the opposite pattern. Across all summits, the increase in plant spe-
cies richness has accelerated over time (linear mixed effects mod-
els, P  < 0.001; Fig. 3, Extended Data Table 2), and the acceleration  
has been particularly pronounced during the past 20–30 years 
(Figs. 2, 3). Fifty years ago (1957 to 196 6 ) the rate of increase in 
species number averaged 1.1 species per decade (Fig. 3), whereas 
during the past decade (2007 to 2016 ) the summits gained 5.4 addi-
tional species on average (Fig. 3). There is a positive relationship 
between the magnitude of increase in plant species richness and 
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Climate change has caused deserts, already defined by climatic
extremes, to warm and dry more rapidly than other ecoregions in the
contiguous United States over the last 5 0 years. D esert birds persist
near the edge of their physiological limits, and climate change could
cause lethal dehydration and hyperthermia, leading to decline or
extirpation of some species. We evaluated how desert birds have
responded to climate and habitat change by resurveying historic sites
throughout the Mojave D esert that were originally surveyed for avian
diversity during the early 20th century by J oseph Grinnell and
colleagues. We found strong evidence of an avian community in
collapse. Sites lost on average 43% of their species, and occupancy
probability declined significantly for 39 of 135 breeding birds. The
common raven was the only native species to substantially increase
across survey sites. Climate change, particularly decline in precipitation,
was the most important driver of site-level persistence, while habitat
change had a secondary influence. Habitat preference and diet were
the two most important species traits associated with occupancy
change. The presence of surface water reduced the loss of site-level
richness, creating refugia. The collapse of the avian community over
the past century may indicate a larger imbalance in the Mojave and
provide an early warning of future ecosystem disintegration, given
climatemodels unanimously predict an increasingly dry and hot future.

climate change | community collapse | occupancy decline |
Moj ave Desert | birds

Species extinctions and population declines have accelerated
over recent decades due to habitat destruction, over-

exploitation, and invasive species (1, 2), with cascading effects on
ecosystem functions and services as well as human well-being (3).
Climate change has emerged as another powerful driver of
species decline, one whose effects are beginning to intensify. It
should lead to shifts in species distributions and rearranged
communities (4), unless climatic disruption acts as a systemic
threat leading to a community collapse (5).
Deserts are important bellwethers of climate change. Already de-

fined by climatic extremes, deserts have warmed and dried more
rapidly over the last 50 y than other ecoregions, both globally and in
the contiguous United States (6, 7). These trends are predicted to
continue through the end of the century (8). Climate change impacts
desert species through the direct effects of thermal and hydric stress,
and indirectly via impacts on habitat and food resources. Negative
effects of increased temperatures have been documented for desert
birds (9), mammals (10), invertebrates (11), and reptiles (12). More-
over, because precipitation and primary productivity are strongly
linked in deserts, drying mediates productivity declines that can per-
meate across trophic levels through an entire desert community (13).
Desert birds comprise a species-rich, easily detectable assem-

blage, and are closely coupled to their physical environment,
which makes them suitable indicators of climatic change (14).
Although desert birds exhibit some adaptive capacity to tolerate
thermal and hydric extremes (15), many already persist at the
edge of their physiological limits (16). Both heat waves and the
chronic deleterious effects that high temperatures can have on
fitness imperil desert birds (14). Furthermore, future warming
and associated lethal dehydration risk could extirpate species
from the Desert Southwest, particularly small-bodied birds (16).

Studies of the effects of climate change on North American
desert birds are limited (17, 18), but continental-scale surveys
suggest arid-land birds are in decline (19). However, the drivers
of this decline have not yet been evaluated.
We assessed how climate change and other stressors have im-

pacted desert bird populations over the past century by resur-
veying sites throughout the Mojave Desert that were originally
surveyed for avian diversity in the early 20th century by J oseph
Grinnell and colleagues. About 85% of desert lands in this region
are largely undisturbed and ecologically intact (20), allowing for
assessment of the impacts of climate change without the con-
founding effects of land-use change. Nevertheless, structural
changes to habitat induced by grazing and increased severity and
frequency of fire are potentially important threats to Mojave birds
(21). Invasive plants occur in the Mojave, but their primary eco-
logical impact has been to increase fire fuel loads and promote
recurrent fires (21). Thus, we used fire return intervals as a proxy
for the primary impact of invasive plants on habitat; see S I A p -
p end i x for a review of invasive plant impacts in the Mojave. We
related changes over the past century in occupancy and richness of
the Mojave avian community to changes in climate (annual pre-
cipitation, average temperature, and maximum temperature),
disturbance (fire and grazing), ecosystem productivity facilitated
by actual evapotranspiration (AET) and inhibited by climate wa-
ter deficit (CWD), and recent weather (precipitation, average
temperature, and maximum temperature of the previous year)
using a dynamic multispecies occupancy model (22). The analysis
quantifies species and community change simultaneously, while
accounting for species and survey differences in detectability.
For breeding birds of the Mojave, we examined (i ) the relative

importance of climate change, habitat change, and recent

Significance

D eserts, already defined by climatic extremes, have warmed
and dried more than other regions in the contiguous United
States due to climate change. O ur resurveys of sites originally
visited in the early 20th century found Mojave D esert birds
strongly declined in occupancy and sites lost nearly half of their
species. D eclines were associated with climate change, partic-
ularly decreased precipitation. The magnitude of the decline in
the avian community and the absence of species that were
local climatological “ winners” are exceptional. O ur results
provide evidence that bird communities in the Mojave D esert
have collapsed to a new, lower baseline. D eclines could accel-
erate with future climate change, as this region is predicted to
become drier and hotter by the end of the century.
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Climate change has caused deserts, already defined by climatic
extremes, to warm and dry more rapidly than other ecoregions in the
contiguous United States over the last 5 0 years. D esert birds persist
near the edge of their physiological limits, and climate change could
cause lethal dehydration and hyperthermia, leading to decline or
extirpation of some species. We evaluated how desert birds have
responded to climate and habitat change by resurveying historic sites
throughout the Mojave D esert that were originally surveyed for avian
diversity during the early 20th century by J oseph Grinnell and
colleagues. We found strong evidence of an avian community in
collapse. Sites lost on average 43% of their species, and occupancy
probability declined significantly for 39 of 135 breeding birds. The
common raven was the only native species to substantially increase
across survey sites. Climate change, particularly decline in precipitation,
was the most important driver of site-level persistence, while habitat
change had a secondary influence. Habitat preference and diet were
the two most important species traits associated with occupancy
change. The presence of surface water reduced the loss of site-level
richness, creating refugia. The collapse of the avian community over
the past century may indicate a larger imbalance in the Mojave and
provide an early warning of future ecosystem disintegration, given
climatemodels unanimously predict an increasingly dry and hot future.
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Impacts of global climate change on terrestrial ecosystems are imperfectly
constrained by ecosystem models and direct observations. P ervasive ecosystem
transformations occurred in response to warming and associated climatic changes
during the last glacial-to-interglacial transition, which was comparable in
magnitude to warming projected for the next century under high-emission
scenarios.We reviewed 5 9 4 published paleoecological records to examine compositional
and structural changes in terrestrial vegetation since the last glacial period and
to project the magnitudes of ecosystem transformations under alternative future
emission scenarios. O ur results indicate that terrestrial ecosystems are highly
sensitive to temperature change and suggest that, without major reductions in
greenhouse gas emissions to the atmosphere, terrestrial ecosystems worldwide are
at risk of major transformation, with accompanying disruption of ecosystem services
and impacts on biodiversity.

T
errestrial ecosystem function is governed
largely by the composition and physical
structure of vegetation (1–3), and climate
change impacts on vegetation can potentially
cause disruption of ecosystem services and

loss of biodiversity (4, 5). It is critical to assess
the likely extent of ecosystem transformation
as global greenhouse gas (GHG) emissions in-
crease (6) and to understand the full potential
magnitude of impacts should current GHG
emission rates continue unabated.
Ecosystem transformation generally involves

the replacement of dominant plant species or
functional types by others, whether recruited
locally or migrating from afar. O bservations from
around the globe indicate that current climate

change may already be driving substantial changes
in vegetation composition and structure (3). Eco-
system change is accelerated by mass mortality
of incumbent dominants (7, 8), and widespread
dieback events and other large disturbances are
already under way in many forests and wood-
lands (9–11), with further mortality events pre-
dicted under increasing temperatures and drought
(3, 9, 10, 12). R eplacement of predisturbance
dominants by other species and growth forms
has been widely documented (8, 13, 14). In addi-
tion, evidence is accumulating for geographic
range shifts in individual species, and climate
change is interacting with invasive species, fire
regimes, land use, and CO 2 increase to drive
vegetation changes in many regions (15, 16).

Beyond observations of recent and ongoing
change, models indicate ecosystem transforma-
tion under climate projections for the 21st
century. These include dynamic global veg-
etation models (3, 17), species distribution
models (18), and comparison of the multivariate
climate distance between biomes with that be-
tween modern and future climates (19). However,
the capacity for assessing the magnitudes of
ecosystem transformation under future climate
scenarios is limited by the difficulty of evaluat-
ing model performance against empirical records,
particularly when projected climate states are
novel (19, 20).
P aleoecological records of past ecological re-

sponses to climate change provide an independent
means for gauging the sensitivity of ecosystems
to climate change. High-precision time-series
studies indicate that local and regional ecosystems
can shift rapidly, within years to decades, under
abrupt climate change (21–23), but sites with
such detailed chronologies are scarce. In this
study, we used published reports to compile
a global network of radiocarbon-dated paleo-
ecological records of terrestrial vegetation com-
position and structure since the Last Glacial
Maximum (LGM), ~ 21,000 years before the pres-
ent (yr B.P .) (24). Most postglacial warming
happened 16,000 to 10,000 yr B.P ., although it
commenced earlier in parts of the Southern
Hemisphere (25, 26). Global warming between
the LGM and the early Holocene (10,000 yr B.P .)
was on the order of 4 to 7° C, with more warm-
ing over land than oceans (26, 27). These esti-
mates are roughly comparable to the magnitude
of warming that Earth is projected to undergo
in the next 100 to 150 years if GHG emissions
are not reduced substantially (28). The magni-
tudes of changes in vegetation composition and
structure since the last glacial period (LGP )
provide an index of the magnitude of ecosystem
change that may be expected under warming
of similar magnitude in the coming century
(29). A lthough the rate of projected future glob-
al warming is at least an order of magnitude
greater than that of the last glacial-to-interglacial
transition (26), a glacial-to-modern compari-
son provides a conservative estimate of the ex-
tent of ecological transformation to which the
planet will be committed under future climate
scenarios.
We reviewed and evaluated paleoecological

(pollen and macrofossil) records from 594 sites

RESEARCH

Nolan et al., Science 361 , 920–923 (2018) 31 A ugust 2018 1 of 4

Fi g . 1 . V e g e t a t i o n d i f f e r e n c e s b e t w e e n
t h e L G P a n d t h e p r e s e n t . Each sq uare
represents an individual paleoecological
site. The color density indicates the magnitude
of estimated vegetation change since the
LG P (2 1 ,0 0 0 to 1 4 ,0 0 0 yr B .P.). B ackground
shading denotes the estimated temperature
anomaly between the LG M 2 1 ,0 0 0 years
ago and today on the basis of assimilated
proxy-data and model estimates ( 2 7 ).
(A) C omposition. (B ) Structure.
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Phenological responses to climate change (e.g., earlier leaf-out or
egg hatch date) are now well documented and clearly linked to
rising temperatures in recent decades. Such shifts in the phenologies
of interacting species may lead to shifts in their synchrony, with
cascading community and ecosystem consequences. To date, single-
system studies have provided no clear picture, either finding
synchrony shifts may be extremely prevalent [ Mayor SJ , et al.
(2017) S ci R ep 7: 1902] or relatively uncommon [ Iler AM, et al.
(2013) G lob C hang B i ol 19: 2348–235 9] , suggesting that shifts to-
ward asynchrony may be infrequent. A meta-analytic approach
would provide insights into global trends and how they are
linked to climate change. We compared phenological shifts among
pairwise species interactions (e.g., predator–prey) using published
long-term time-series data of phenological events from aquatic
and terrestrial ecosystems across four continents since 195 1 to de-
termine whether recent climate change has led to overall shifts in
synchrony. We show that the relative timing of key life cycle
events of interacting species has changed significantly over the
past 35 years. F urther, by comparing the period before major
climate change (pre-1980s) and after, we show that estimated
changes in phenology and synchrony are greater in recent de-
cades. However, there has been no consistent trend in the direc-
tion of these changes. O ur findings show that there have been
shifts in the timing of interacting species in recent decades; the
next challenges are to improve our ability to predict the direction
of change and understand the full consequences for communities
and ecosystems.

mismatch | trophic interactions | global warming | time series | baseline

While the most common ecological response to climate
change is an advance in seasonal timing, substantial vari-

ation has been observed within and across taxonomic groups,
including between directly interacting species (1–5). One of the
potential outcomes of this variation is a directional change in the
relative timing of interacting species (i.e., a change in pheno-
logical synchrony). Many researchers hypothesize that climate
change will lead to significant changes in synchrony, with po-
tential negative consequences for those interacting species and
their ecological communities in some (1, 2, 6, 7) but not all (8–
10) contexts.
It is commonly thought that warming will lead to changes in

synchrony (11–13). These changes are expected to be prevalent
because ( i ) temperature is an important phenological cue for
many taxonomic groups (14), ( i i ) the temperature sensitivity of
the phenology of interacting species can differ (2, 15) and, (i i i )
global temperatures have increased, on average, by 0.85 ° C since
1880 (16). Indeed, there is evidence from single systems, as well
as from reviews (17, 18), that many interacting species are
shifting their phenologies at different rates, leading to changes in
synchrony (7, 19–21). To date, however, there have been no
quantitative assessments of shifts across studies for species that
directly interact, leaving open the question of how prevalent and

large such shifts may be. Indeed, evidence from observations and
small-scale experiments suggests that maintenance of synchrony
in the context of environmental change could be common (1, 22–
26). Examples from directly interacting species show that syn-
chrony has been sustained (27, 28). Others show that the degree
of changes in synchrony can vary across populations (29–31) or
has been less than expected (32, 33). These examples, along with
theoretical considerations (further discussion provided in S I
A p p end i x , section 1), question whether shifts toward asynchrony
should be widespread (1, 8, 10). Considered together, the evi-
dence to date does not provide a clear picture of how prevalent and
large shifts in synchrony have been in response to recent climate
change. Here, we use a quantitative meta-analysis to assess shifts
in the synchrony of directly interacting species to provide per-
spective and to estimate global trends in synchrony change.
We used published time-series data of phenological events

from pairwise species interactions to test (i ) whether there have
been recent directional changes in synchrony and (i i ) whether
these shifts can be attributed to climatic warming. Establishing
these links is critical for robust predictions of future shifts in
synchrony due to climate change.
Our meta-analytic approach identified 27 studies with time-

series phenological data for > 4 years that include 970 study years
and spanned the years 1951–2013 (average first year was 1984).

Significance

Shifts in the timing of species interactions are often cited as a
consequence of climate change and, if present, are expected to
have wide-reaching implications for ecological communities. O ur
knowledge about these shifts mostly comes from single systems,
which have provided no clear picture, thus limiting our under-
standing of how species interactions may be responding overall.
Using a new global database based on long-term data on the
seasonal timing of biological events for pairwise species inter-
actions, we find that the relative timing of interacting species has
changed substantially in recent decades. The observed shifts are
greater in magnitude than before recent climate change began,
suggesting that there will be widespread warming-related shifts
in the synchrony of species in the future.
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Phenological responses to climate change (e.g., earlier leaf-out or
egg hatch date) are now well documented and clearly linked to
rising temperatures in recent decades. Such shifts in the phenologies
of interacting species may lead to shifts in their synchrony, with
cascading community and ecosystem consequences. To date, single-
system studies have provided no clear picture, either finding
synchrony shifts may be extremely prevalent [ Mayor SJ , et al.
(2017) S ci R ep 7: 1902] or relatively uncommon [ Iler AM, et al.
(2013) G lob C hang B i ol 19: 2348–235 9] , suggesting that shifts to-
ward asynchrony may be infrequent. A meta-analytic approach
would provide insights into global trends and how they are
linked to climate change. We compared phenological shifts among
pairwise species interactions (e.g., predator–prey) using published
long-term time-series data of phenological events from aquatic
and terrestrial ecosystems across four continents since 195 1 to de-
termine whether recent climate change has led to overall shifts in
synchrony. We show that the relative timing of key life cycle
events of interacting species has changed significantly over the
past 35 years. F urther, by comparing the period before major
climate change (pre-1980s) and after, we show that estimated
changes in phenology and synchrony are greater in recent de-
cades. However, there has been no consistent trend in the direc-
tion of these changes. O ur findings show that there have been
shifts in the timing of interacting species in recent decades; the
next challenges are to improve our ability to predict the direction
of change and understand the full consequences for communities
and ecosystems.
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While the most common ecological response to climate
change is an advance in seasonal timing, substantial vari-

ation has been observed within and across taxonomic groups,
including between directly interacting species (1–5). One of the
potential outcomes of this variation is a directional change in the
relative timing of interacting species (i.e., a change in pheno-
logical synchrony). Many researchers hypothesize that climate
change will lead to significant changes in synchrony, with po-
tential negative consequences for those interacting species and
their ecological communities in some (1, 2, 6, 7) but not all (8–
10) contexts.
It is commonly thought that warming will lead to changes in

synchrony (11–13). These changes are expected to be prevalent
because ( i ) temperature is an important phenological cue for
many taxonomic groups (14), ( i i ) the temperature sensitivity of
the phenology of interacting species can differ (2, 15) and, (i i i )
global temperatures have increased, on average, by 0.85 ° C since
1880 (16). Indeed, there is evidence from single systems, as well
as from reviews (17, 18), that many interacting species are
shifting their phenologies at different rates, leading to changes in
synchrony (7, 19–21). To date, however, there have been no
quantitative assessments of shifts across studies for species that
directly interact, leaving open the question of how prevalent and

large such shifts may be. Indeed, evidence from observations and
small-scale experiments suggests that maintenance of synchrony
in the context of environmental change could be common (1, 22–
26). Examples from directly interacting species show that syn-
chrony has been sustained (27, 28). Others show that the degree
of changes in synchrony can vary across populations (29–31) or
has been less than expected (32, 33). These examples, along with
theoretical considerations (further discussion provided in S I
A p p end i x , section 1), question whether shifts toward asynchrony
should be widespread (1, 8, 10). Considered together, the evi-
dence to date does not provide a clear picture of how prevalent and
large shifts in synchrony have been in response to recent climate
change. Here, we use a quantitative meta-analysis to assess shifts
in the synchrony of directly interacting species to provide per-
spective and to estimate global trends in synchrony change.
We used published time-series data of phenological events

from pairwise species interactions to test (i ) whether there have
been recent directional changes in synchrony and (i i ) whether
these shifts can be attributed to climatic warming. Establishing
these links is critical for robust predictions of future shifts in
synchrony due to climate change.
Our meta-analytic approach identified 27 studies with time-

series phenological data for > 4 years that include 970 study years
and spanned the years 1951–2013 (average first year was 1984).

Significance

Shifts in the timing of species interactions are often cited as a
consequence of climate change and, if present, are expected to
have wide-reaching implications for ecological communities. O ur
knowledge about these shifts mostly comes from single systems,
which have provided no clear picture, thus limiting our under-
standing of how species interactions may be responding overall.
Using a new global database based on long-term data on the
seasonal timing of biological events for pairwise species inter-
actions, we find that the relative timing of interacting species has
changed substantially in recent decades. The observed shifts are
greater in magnitude than before recent climate change began,
suggesting that there will be widespread warming-related shifts
in the synchrony of species in the future.
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Changes in temperature alter the relationship
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Global warming and the loss of biodiversity through human
activities (e.g., land-use change, pollution, invasive species) are
two of the most profound threats to the functional integrity
of the Earth’s ecosystems. These factors are, however, most
frequently investigated separately, ignoring the potential for
synergistic effects of biodiversity loss and environmental warm-
ing on ecosystem functioning. Here we use high-throughput
experiments with microbial communities to investigate how
changes in temperature affect the relationship between biodiver-
sity and ecosystem functioning. We found that changes in temper-
ature systematically altered the relationship between biodiversity
and ecosystem functioning. As temperatures departed from ambi-
ent conditions the exponent of the diversity-functioning rela-
tionship increased, meaning that more species were required to
maintain ecosystem functioning under thermal stress. This key
result was driven by two processes linked to variability in the
thermal tolerance curves of taxa. First, more diverse commu-
nities had a greater chance of including species with thermal
traits that enabled them to maintain productivity as temper-
atures shifted from ambient conditions. Second, we found a
pronounced increase in the contribution of complementarity to
the net biodiversity effect at high and low temperatures, indi-
cating that changes in species interactions played a critical role
in mediating the impacts of temperature change on the rela-
tionship between biodiversity and ecosystem functioning. Our
results highlight that if biodiversity loss occurs independently of
species’ thermal tolerance traits, then the additional impacts of
environmental warming will result in sharp declines in ecosystem
function.

warming | biodiversity | ecosystem function | traits | microbial ecology

The impact of biodiversity loss on the productivity and sta-
bility of ecosystems is a major concern (1, 2). Substantial

evidence exists across diverse biomes that ecosystems with higher
levels of biodiversity are also more productive and stable (3, 4).
Biodiversity loss driven by factors such as land-use change, nutri-
ent pollution, and invasive species is occurring in parallel with
global warming, yet our understanding of the potential for syn-
ergies between these multiple facets of environmental change on
ecosystem functioning is limited (5–9).

Two key processes underlie our understanding of how
biodiversity affects ecosystem functioning. “Selection effects”
describe the processes whereby average levels of ecosystem func-
tioning tend to be higher in more diverse communities because
they have a greater probability of including taxa with particular
traits that promote dominance in the community and contribute
positively to ecosystem productivity (3, 10–12). “Complementar-
ity effects” characterize deterministic processes like niche differ-
entiation and facilitation that arise from species interactions and
enhance resource use efficiency and productivity in more diverse
communities (11–13). Ultimately both selection and comple-
mentarity effects shape ecosystem functioning through variance
in phenotypic traits that determine the way organisms respond
to and interact with one another and the abiotic environment.
Consequently, the impacts of interactions between biodiversity
loss and global warming are likely to be mediated by traits that

influence the performance of species under changing thermal
regimes.

Thermal tolerance curves characterize how species’ perfor-
mance (fitness) responds to changes in temperature. These
curves are typically unimodal and asymmetric, whereby per-
formance declines much more rapidly after the optimum than
before, and can be quantified by several key “traits” that char-
acterize the shape of the curve (e.g., the optimal temperature)
(14, 15). Theory suggests that variance in traits that determine
environmental tolerance should play a key role in mediating the
impacts of abiotic change on ecological dynamics and ecosys-
tem functioning (16). If species loss occurs independently of
thermal tolerance traits (as might be expected from the effects
of land-use change, nutrient loading, or invasive species), then
the additional impact of environmental warming could result
in pronounced declines in ecosystem function, because com-
munities with fewer species will have a lower probability of
including those with thermal traits that enable them to cope
with the novel temperature regime (17–19). Biodiversity loss
would then interact with warming by increasing the importance
of selection effects linked to thermal tolerance traits. Alterna-
tively, if species loss is correlated with thermal performance
traits—i.e., when multiple stressors drive the loss of species

Significance

Empirical evidence for the response of ecosystem function-
ing to the combined effects of warming and biodiversity
loss is scarce. We show that warming and biodiversity loss
interact synergistically, impairing the functioning of micro-
bial communities. We found that as temperatures departed
from ambient conditions more species were required to main-
tain ecosystem functioning. Our results suggest interspecific
complementarity increased under thermal stress and high-
diversity communities that seemed functionally redundant at
ambient temperature became more functionally unique as
temperatures changed. Biodiversity may therefore be even
more important than previously anticipated when considering
the impacts of multiple facets of environmental change.

Author contributions: F.C.G. and G.Y.-D. designed research; F.C.G., E.B., and R.W. per-
formed research; F.C.G. and G.Y.-D. analyzed data; and F.C.G. and G.Y.-D. wrote the
paper.y

The authors declare no conflict of interest.y

This article is a PNAS Direct Submission.y

This open access article is distributed under Creative Commons Attribution-
NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND).y

Data deposition: The sequences reported in this paper have been deposited in the
GenBank database (accession nos. MH801963 to MH801986). Files containing processed
data used in the study have been deposited in Zenodo (https://doi.org/10.5281/zenodo.
1418519).y
1 To whom correspondence may be addressed. Email: f.garcia-garcia@exeter.ac.uk or
g.yvon-durocher@exeter.ac.uk.y

2 Present address: Theoretical and Experimental Ecology Station, CNRS-University Paul
Sabatier, F-09200 Moulis, France.y

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1805518115/-/DCSupplemental.y

Published online October 8, 2018.

www.pnas.org/cgi/doi/10.1073/pnas.1805518115 PNAS | October 23, 2018 | vol. 115 | no. 43 | 10989–10994

E
C

O
L
O

G
Y

Changes in temperature alter the relationship
between biodiversity and ecosystem functioning
Francisca C. Garcı́aa,1, Elvire Bestiona,2, Ruth Warfielda, and Gabriel Yvon-Durochera,1

aEnvironment and Sustainability Institute, University of Exeter, Penryn, Cornwall TR10 9EZ, United Kingdom

Edited by David Tilman, University of Minnesota, St. Paul, MN, and approved August 29, 2018 (received for review March 29, 2018)

Global warming and the loss of biodiversity through human
activities (e.g., land-use change, pollution, invasive species) are
two of the most profound threats to the functional integrity
of the Earth’s ecosystems. These factors are, however, most
frequently investigated separately, ignoring the potential for
synergistic effects of biodiversity loss and environmental warm-
ing on ecosystem functioning. Here we use high-throughput
experiments with microbial communities to investigate how
changes in temperature affect the relationship between biodiver-
sity and ecosystem functioning. We found that changes in temper-
ature systematically altered the relationship between biodiversity
and ecosystem functioning. As temperatures departed from ambi-
ent conditions the exponent of the diversity-functioning rela-
tionship increased, meaning that more species were required to
maintain ecosystem functioning under thermal stress. This key
result was driven by two processes linked to variability in the
thermal tolerance curves of taxa. First, more diverse commu-
nities had a greater chance of including species with thermal
traits that enabled them to maintain productivity as temper-
atures shifted from ambient conditions. Second, we found a
pronounced increase in the contribution of complementarity to
the net biodiversity effect at high and low temperatures, indi-
cating that changes in species interactions played a critical role
in mediating the impacts of temperature change on the rela-
tionship between biodiversity and ecosystem functioning. Our
results highlight that if biodiversity loss occurs independently of
species’ thermal tolerance traits, then the additional impacts of
environmental warming will result in sharp declines in ecosystem
function.
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The impact of biodiversity loss on the productivity and sta-
bility of ecosystems is a major concern (1, 2). Substantial

evidence exists across diverse biomes that ecosystems with higher
levels of biodiversity are also more productive and stable (3, 4).
Biodiversity loss driven by factors such as land-use change, nutri-
ent pollution, and invasive species is occurring in parallel with
global warming, yet our understanding of the potential for syn-
ergies between these multiple facets of environmental change on
ecosystem functioning is limited (5–9).

Two key processes underlie our understanding of how
biodiversity affects ecosystem functioning. “Selection effects”
describe the processes whereby average levels of ecosystem func-
tioning tend to be higher in more diverse communities because
they have a greater probability of including taxa with particular
traits that promote dominance in the community and contribute
positively to ecosystem productivity (3, 10–12). “Complementar-
ity effects” characterize deterministic processes like niche differ-
entiation and facilitation that arise from species interactions and
enhance resource use efficiency and productivity in more diverse
communities (11–13). Ultimately both selection and comple-
mentarity effects shape ecosystem functioning through variance
in phenotypic traits that determine the way organisms respond
to and interact with one another and the abiotic environment.
Consequently, the impacts of interactions between biodiversity
loss and global warming are likely to be mediated by traits that

influence the performance of species under changing thermal
regimes.

Thermal tolerance curves characterize how species’ perfor-
mance (fitness) responds to changes in temperature. These
curves are typically unimodal and asymmetric, whereby per-
formance declines much more rapidly after the optimum than
before, and can be quantified by several key “traits” that char-
acterize the shape of the curve (e.g., the optimal temperature)
(14, 15). Theory suggests that variance in traits that determine
environmental tolerance should play a key role in mediating the
impacts of abiotic change on ecological dynamics and ecosys-
tem functioning (16). If species loss occurs independently of
thermal tolerance traits (as might be expected from the effects
of land-use change, nutrient loading, or invasive species), then
the additional impact of environmental warming could result
in pronounced declines in ecosystem function, because com-
munities with fewer species will have a lower probability of
including those with thermal traits that enable them to cope
with the novel temperature regime (17–19). Biodiversity loss
would then interact with warming by increasing the importance
of selection effects linked to thermal tolerance traits. Alterna-
tively, if species loss is correlated with thermal performance
traits—i.e., when multiple stressors drive the loss of species

Significance

Empirical evidence for the response of ecosystem function-
ing to the combined effects of warming and biodiversity
loss is scarce. We show that warming and biodiversity loss
interact synergistically, impairing the functioning of micro-
bial communities. We found that as temperatures departed
from ambient conditions more species were required to main-
tain ecosystem functioning. Our results suggest interspecific
complementarity increased under thermal stress and high-
diversity communities that seemed functionally redundant at
ambient temperature became more functionally unique as
temperatures changed. Biodiversity may therefore be even
more important than previously anticipated when considering
the impacts of multiple facets of environmental change.
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P arasite biodiversity faces extinction and redistribution
in a changing climate
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Climate change is a well-documented driver of both wildlife extinction and disease emergence, but the negative
impacts of climate change on parasite diversity are undocumented. W e compiled the most comprehensive spatially
explicit data set available for parasites, proj ected range shifts in a changing climate, and estimated extinction rates
for eight maj or parasite clades. O n the basis of 5 3 ,13 3 occurrences capturing the geographic ranges of 45 7 parasite
species, conservative model proj ections suggest that 5 to 10% of these species are committed to extinction by
207 0 from climate-driven habitat loss alone. W e find no evidence that parasites with zoonotic potential have a
significantly higher potential to gain range in a changing climate, but we do find that ectoparasites ( especially
tick s) fare disproportionately worse than endoparasites. Accounting for host-driven coextinctions, models predict
that up to 3 0% of parasitic worms are committed to extinction, driven by a combination of direct and indirect
pressures. Despite high local extinction rates, parasite richness could still increase by an order of magnitude in
some places, because species successfully track ing climate change invade temperate ecosystems and replace native
species with unpredictable ecological conseq uences.

INTRODUCTION
The biotic footprint of global climate change, quantified in the shifting
distributions and extinctions of animal and plant taxa, has been a sub-
ject of intense research since the turn of the century (1–3). Although
some species can track shifting climates (4), many species likely face
extinction at rates projected a decade ago to be as high as 15 to 3 7%
(5, 6). Despite recent refinements of that estimate, the overall rate of
climate change–driven extinction is likely closer to 8% (7); others
suggest that if current extinction rates (from climate change and other
anthropogenic impacts) persist for hundreds to thousands of years, then
total extinction could cross the 75% threshold that defines a geological
mass extinction event (8). However, previous work has focused nearly
exclusively on free-living biodiversity (especially vertebrates), andmany
important functional or taxonomic groups remain undescribed or are
only now being included in extinction research (9). Particularly poorly
profiled are commensalists, mutualists, and parasites (10, 11), which
should exhibit an atypically high extinction rate because of their
dependence on other species for survival (12).

Despite substantial research on parasite coextinction risk (10, 12)
and an emerging body of theoretical work predicting the potential ad-
verse impacts of climate change onparasites (13), climate change–driven

extinction rates have never been estimated for parasitic groups, perhaps
because the long-term data needed to detect extinctions in progress had
not been previously collated (14). A recent study predicts that one of the
most reliable benchmarks of parasite extinction risk should be their loss
of suitable habitat but notes that distributional data are lacking for most
parasites (15). For species with available data, two frequently cited
studies contrastingly predict either local range loss (16) or global
range increases for ixodid ticks (17). Even for zoonotic parasites, which
are closely monitored compared tomost of the parasitic organisms on
Earth [ especially in the context of climate change research (15)] , the
net relationship between climate change and disease emergence is
uncertain (18). Early work argued that a warming climate facilitates
range expansion (19), although others have predicted that range
shifts will be accompanied by little expansion (20). Further evidence
suggests that some zoonoses — like the nematode that causes angios-
trongyliasis in humans— could lose suitable habitat as a result of climatic
changes (21).

If parasites face severe extinction risk in a changing climate, then
the cascading impacts on ecosystems are likely to be profound. Many
parasites play an important immunoregulatory role in host populations,
and some studies have found that a higher diversity of parasites can act
as a partial buffer against the emergence of a virulent pathogen (22).
Previous work has also pointed to the merits of parasites as regulators
and connectors in resource-consumer webs, in which they can some-
times constitute more than 75% of the total links and in which their
occasional role in altering host behavior can be critical to the flow of
biomass between trophic levels (23). Despite their many hidden
benefits, parasites are a difficult subject for conservation research, be-
cause parasites can come at an economic (for example, crop pathogens)
or a health (for example, emerging infectious diseases) cost to wildlife
and human populations. In the context of climate change research, the
balance between parasite extinction and emergence is uncertain, and
although some work has suggested these could be complementary
processes (24), the net impact of climate change on parasite biodiversity
is still unresolved.
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P arasite biodiversity faces extinction and redistribution
in a changing climate
Colin J . Carlson,1* Kevin R. B urg io,2† Eric R. Doug herty,1† Anna J . Phillips,3 † Veronic a M. B ueno,2

Christopher F . Clements,4 G iovanni Castaldo,1 Tad A. Dallas,5 Carrie A. Ciz auskas,1

G raeme S. Cumming ,6 J org e Doñ a,7 Nyeema C. Harris,8 Rog er J ovani,7 Serg ey Mironov,9

Oliver C. Muellerklein,1 Heather C. Proc tor,10 W ayne M. G etz 1,11

Climate change is a well-documented driver of both wildlife extinction and disease emergence, but the negative
impacts of climate change on parasite diversity are undocumented. W e compiled the most comprehensive spatially
explicit data set available for parasites, proj ected range shifts in a changing climate, and estimated extinction rates
for eight maj or parasite clades. O n the basis of 5 3 ,13 3 occurrences capturing the geographic ranges of 45 7 parasite
species, conservative model proj ections suggest that 5 to 10% of these species are committed to extinction by
207 0 from climate-driven habitat loss alone. W e find no evidence that parasites with zoonotic potential have a
significantly higher potential to gain range in a changing climate, but we do find that ectoparasites ( especially
tick s) fare disproportionately worse than endoparasites. Accounting for host-driven coextinctions, models predict
that up to 3 0% of parasitic worms are committed to extinction, driven by a combination of direct and indirect
pressures. Despite high local extinction rates, parasite richness could still increase by an order of magnitude in
some places, because species successfully track ing climate change invade temperate ecosystems and replace native
species with unpredictable ecological conseq uences.

INTRODUCTION
The biotic footprint of global climate change, quantified in the shifting
distributions and extinctions of animal and plant taxa, has been a sub-
ject of intense research since the turn of the century (1–3). Although
some species can track shifting climates (4), many species likely face
extinction at rates projected a decade ago to be as high as 15 to 3 7%
(5, 6). Despite recent refinements of that estimate, the overall rate of
climate change–driven extinction is likely closer to 8% (7); others
suggest that if current extinction rates (from climate change and other
anthropogenic impacts) persist for hundreds to thousands of years, then
total extinction could cross the 75% threshold that defines a geological
mass extinction event (8). However, previous work has focused nearly
exclusively on free-living biodiversity (especially vertebrates), andmany
important functional or taxonomic groups remain undescribed or are
only now being included in extinction research (9). Particularly poorly
profiled are commensalists, mutualists, and parasites (10, 11), which
should exhibit an atypically high extinction rate because of their
dependence on other species for survival (12).

Despite substantial research on parasite coextinction risk (10, 12)
and an emerging body of theoretical work predicting the potential ad-
verse impacts of climate change onparasites (13), climate change–driven

extinction rates have never been estimated for parasitic groups, perhaps
because the long-term data needed to detect extinctions in progress had
not been previously collated (14). A recent study predicts that one of the
most reliable benchmarks of parasite extinction risk should be their loss
of suitable habitat but notes that distributional data are lacking for most
parasites (15). For species with available data, two frequently cited
studies contrastingly predict either local range loss (16) or global
range increases for ixodid ticks (17). Even for zoonotic parasites, which
are closely monitored compared tomost of the parasitic organisms on
Earth [ especially in the context of climate change research (15)] , the
net relationship between climate change and disease emergence is
uncertain (18). Early work argued that a warming climate facilitates
range expansion (19), although others have predicted that range
shifts will be accompanied by little expansion (20). Further evidence
suggests that some zoonoses — like the nematode that causes angios-
trongyliasis in humans— could lose suitable habitat as a result of climatic
changes (21).

If parasites face severe extinction risk in a changing climate, then
the cascading impacts on ecosystems are likely to be profound. Many
parasites play an important immunoregulatory role in host populations,
and some studies have found that a higher diversity of parasites can act
as a partial buffer against the emergence of a virulent pathogen (22).
Previous work has also pointed to the merits of parasites as regulators
and connectors in resource-consumer webs, in which they can some-
times constitute more than 75% of the total links and in which their
occasional role in altering host behavior can be critical to the flow of
biomass between trophic levels (23). Despite their many hidden
benefits, parasites are a difficult subject for conservation research, be-
cause parasites can come at an economic (for example, crop pathogens)
or a health (for example, emerging infectious diseases) cost to wildlife
and human populations. In the context of climate change research, the
balance between parasite extinction and emergence is uncertain, and
although some work has suggested these could be complementary
processes (24), the net impact of climate change on parasite biodiversity
is still unresolved.
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Que dit la recherche sur l’incidence du changement 
climatique sur la biodiversité ?
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Ec osy stem w ar mi ng  ex tend s v eg etati on ac ti v i ty  b u t 
h ei g h tens v u lner ab i li ty  to c old  temp er atu r es
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Shifts in vegetation phenology are a key example of the biological 
effects of climate change1–3. However, there is substantial uncertainty 
about whether these temperature-driven trends will continue, or 
whether other factors—for example, photoperiod—will become 
more important as warming exceeds the bounds of historical 
variability4,5. Here we use phenological transition dates derived 
from digital repeat photography6 to show that experimental whole-
ecosystem warming treatments7 of up to +9 ° C  linearly correlate 
with a delayed autumn green-down and advanced spring green-up 
of the dominant woody species in a boreal Picea–Sphagnum bog. 
Results were confirmed by direct observation of both vegetative 
and reproductive phenology of these and other bog plant species, 
and by multiple years of observations. There was little evidence 
that the observed responses were constrained by photoperiod. 
Our results indicate a likely extension of the period of vegetation 
activity by 1–2 weeks under a ‘ C O2 stabilization’ climate scenario 
( +2.6 ±  0.7 ° C ) , and 3–6 weeks under a ‘ high-C O2 emission’ scenario 
( +5.9 ±  1.1 ° C ) , by the end of the twenty-first century. We also 
observed severe tissue mortality in the warmest enclosures after a 
severe spring frost event. F ailure to cue to photoperiod resulted in 
precocious green-up and a premature loss of frost hardiness8, which 
suggests that vulnerability to spring frost damage will increase in a 
warmer world9,10. V egetation strategies that have evolved to balance 
tradeoffs associated with phenological temperature tracking may 
be optimal under historical climates, but these strategies may not 
be optimized for future climate regimes. These in situ experimental 
results are of particular importance because boreal forests have 
both a circumpolar distribution and a key role in the global carbon 
cycle11.

In temperate and boreal regions, rising temperatures are advanc-
ing spring onset (for example, budburst and flowering) and delaying 
autumn senescence (for example, leaf coloration and leaf fall)12,13. 
Whether these trends will be maintained is an open question4.  
Warm and cold temperatures, photoperiod and insolation, and  
precipitation and water availability have all been shown to influence 
plant phenology2,5,14,15. However, the future response of phenology 
to rising temperatures still remains largely unknown because of the 
high degree of uncertainty associated with interactions among these  
drivers12. Importantly, it has previously been proposed that photoperiod  
may constrain the phenological response to rising air temperatures4,5,16 . 
Although there is evidence for this in some species8,15, the generality of 
these results— and whether there are robust patterns across functional 
types— has yet to be demonstrated5.

Analyses of observational datasets to disentangle the effects of these 
drivers are challenged by the lack of variability in natural systems, the 
inherent correlation among drivers and the realism of space-for-time 
assumptions12. Experimental approaches are thus required. However, 
there are sizable challenges associated with conducting realistic 
environmental manipulations, particularly for ecosystems with tall 

vegetation. Because of financial, logistical and technological hurdles, 
experimental warming treatments have not previously been applied to 
forest stands, and have only rarely been applied to single mature trees17. 
Although experiments with seedlings and branch cuttings are relatively 
common18,19, artefacts associated with these approaches may limit their 
broader applicability20,21.

We have been studying the effect of experimental whole-ecosystem  
warming treatments on vegetation phenology at the ‘ Spruce and 
Peatland Responses Under Changing Environments’ (SPRUCE) facility, 
a long-term, multi-factor manipulative experiment situated in a boreal 
peatland forest in the Upper Midwest of the United States7. To our 
knowledge, this experiment is unique in that the five levels of warming 
(from 0 to + 9 ° C, see Methods, Extended Data Fig. 1, Supplementary 
Note 1, Extended Data Table 1) are being applied to intact communi-
ties of native plants, including woody shrubs and mature trees. The 
dominant plant species at SPRUCE represent key genera that are found 
across the vast boreal forest (taiga), which covers much of the land  
surface of the Northern Hemisphere from 45°  to 70°  N. K nowledge of 
the environmental controls on the phenology of these species is poor 
and does not at present provide a strong basis for making predictions 
about the capacity for phenological tracking of a warmer climate. 
Results from SPRUCE will therefore inform our understanding of the 
effects of climate change on processes related to biogeochemical cycling 
and biosphere–atmosphere feedbacks for this globally extensive biome.

O ur focus here is on the effect of the experimental ecosystem warm-
ing treatments on spring and autumn phenology in this forested peat 
bog. Specifically, we tested three competing hypotheses: first, that 
temperature is the dominant control on phenological events (hereafter 
referred to as H1). This hypothesis predicts that the observed phenolog-
ical transition date is directly related to the degree of warming (Fig. 1 a).  
Second, that photoperiod is the dominant control on phenological 
events (hereafter referred to as H2). This hypothesis predicts that the 
observed phenological transition date is constant regardless of the 
degree of warming (Fig. 1 b). Third, that photoperiod constrains the 
phenological response to temperature (hereafter referred to as H3). 
This hypothesis predicts that the observed response to temperature is 
flat beyond a threshold temperature, t* (Fig. 1 c).

We tracked phenological responses to the experimental treatments in 
two ways. Since August 2015 we have monitored the vegetation within 
each enclosure using digital repeat photography6  (Fig. 1 d, e), and since 
April 2016  we have made weekly ground observations of vegetative and 
reproductive phenology on a variety of plant species.

For our analysis of camera imagery, we distinguished between 
three distinct vegetation types: an evergreen conifer, P ice a m ariana 
(black spruce); a deciduous conifer, L arix  l aricina (eastern tamarack 
or larch); and a mixed, ground-level shrub community dominated 
by Rho do de ndro n gro e nl andicu m  (L abrador tea) and C ham ae dap hne   
cal y cu l ata (leatherleaf). For each vegetation type, green-down— as 
determined by GCC, a colour index derived from the digital images— in 
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I ncrease in crop losses to insect
pests in a w arming climate
C u r t i s A . D e u t s c h 1 , 2*†, J os h u a J . T e w k s b u r y 3, 4 , 5†, M i c h e l l e T i g c h e l a a r 6,
D a v i d S . B a t t i s t i 6, S c ot t C . M e r r i l l 7 , R a y m on d B . H u e y 2, R os a m on d L . N a y l or 8

Insect pests substantially reduce yields of three staple grains—rice, maiz e, and wheat—but
models assessing the agricultural impacts of global warming rarely consider crop losses
to insects. We use established relationships between temperature and the population
growth and metabolic rates of insects to estimate how and where climate warming will
augment losses of rice, maiz e, and wheat to insects. G lobal yield losses of these grains are
projected to increase by 1 0 to 2 5 % per degree of global mean surface warming. C rop
losses will be most acute in areas where warming increases both population growth
and metabolic rates of insects. T hese conditions are centered primarily in temperate
regions, where most grain is produced.

B
y 2050, growing-season temperatures will
likely exceed those recorded during the
past century and may substantially reduce
crop yields (1–4). However, models assess-
ing the effects of climate warming on crop

yields rarely consider impacts on insect pests,
despite the damages that result directly from
pest infestations and indirectly from pesticides
applied to reduce pest damage (5, 6). In the fu-
ture, pest species are likely to differ in their re-
sponses towarming, changing the relative impacts
of pests geographically and among crops (7, 8).
Here we use well-established relationships be-
tween temperature and the physiology and de-
mography of insects to project the future impact
of insects on crop production globally and region-
ally. We estimate pest-related changes in yields
of themajor grain crops maize, rice, and wheat,
which together account for 42% of direct calories
consumed by humans worldwide (9).
A warmer climate will alter at least two ag-

riculturally relevant characteristics of insect
pests. First, an individual insect’ s metabolic rate
(M ) accelerates with temperature, and an insect’ s
rate of food consumptionmust rise accordingly
(10–12). Second, the number of insects (n) will
change, because population growth rates of in-
sects also vary with temperature. These growth
rates are expected to decline as a result of warm-
ing in tropical regions while rising elsewhere
(8) (fig. S1). The total energy consumption of a

pest population (the “population metabolism”)
is proportional to the product of these two fac-
tors and directly relates to the crop yield loss
(L) caused by insect herbivory. Fractional changes
in pest-induced crop losses (D L/ L) can thus be
partitioned into ametabolic component (D M / M )
and a demographic component (D n/ n) (13). The
sum of these fractional changes approximates
the total fractional change in yield loss

D L
L

¼ D M
M

þ D n
n

ð1Þ

To evaluate how warming changes the pop-
ulation metabolism of insect pests, we inte-
grated established physiological responses of
insects to temperature into a spatially explicit
demographic model (13). The metabolic and
population growth rates were derived from
laboratory experiments across a wide range of
temperatures and for diverse insect taxa in-
cluding pest species. R elationships between tem-
perature and insect population growth rates
drive logistic population increases of insects
during each crop’ s growing season, and they also
scale the fractional survival rate of insects over
the rest of the year (14), termed the diapause sur-
vival, f o. We calibrated key demographic mod-
el parameters—population size and carrying
capacity—using contemporary crop yields (15)
and their insect-related losses, measured for
our three focal crops at sites around the world
(5). To predict future changes in population
growth and metabolic rates, we added projected
monthly surface temperature anomalies from
climate model simulations under a “business-as-
usual” emissions scenario (R CP 8.5) (16) to the
observed daily and seasonally varying temper-
atures from the 20th century (1950 to 2000).
R esults are presented for several climate models
that span a range of climate sensitivities and
for a range of uncertainties in biological traits
and assumptions (13). We report yield losses as
a function of global mean surface temperature
change, making the results comparable across

emissions scenarios, time periods, and climate
sensitivities.
Crop production losses to pests increase

globally with rising temperatures in all climate
models and across all biological parameters
(Fig. 1).When average global surface temperatures
increase by 2° C, the median increase in yield
losses owing to pest pressure is 46, 19, and 31%
for wheat, rice, and maize, respectively, bringing
total estimated losses to 59, 92, and 62 metric
megatons per year. These projected losses are
similar across all climate models and are thus
robust to uncertainties in both global and re-
gional warming patterns, although the time at
which such damage levels are reached depends
on the emissions scenario and on each model ’ s
sensitivity to increasing atmospheric CO 2 (Fig. 1D)
The differences in global grain losses between

crops and across model parameters (Fig. 1) reflect
the distinct spatial patterns of demographic and
metabolic impacts of warming on insect pests in
the climates where these crops are grown. In
temperate regions, warming increases both the
size of insect populations and their per capita
metabolic rate (Fig. 2, right). A s a result, the in-
crease in pest-related crop loss is consistently
larger than in tropical regions, where the in-
creasing metabolic rate is offset by declining
population growth rates, resulting in a smaller
overall rise in crop damages. This broad geo-
graphic pattern holds across all crops, climate
models, and life history parameters considered
(Fig. 2 and figs. S3 and S4).
The contribution of per capita metabolic rates

to the total pest-induced crop losses is projected
to increase consistently across regions and over
time. For each of the three crops examined here,
increases in temperature vary only modestly
across growing regions and seasons, causing
a nearly uniform fractional rise in the metabolic
rates of the insect pests (Fig. 1). Themagnitude of
the metabolic component (Eq. 1) is proportional
to the temperature sensitivity of metabolic rates,
Emet, which varies by < 50% across insect species
(Emet = 0.65 ± 0.15; mean ± standard deviation)
(12). A s a result, the metabolic component of
insect pest population metabolism can be esti-
mated relatively robustly at both regional and
global scales.
In contrast, the demographic component of

future crop loss to insect pests is spatially vari-
able and can either exacerbate or ameliorate the
impact of rising metabolic rates (Fig. 1 and figs.
S3 and S4). In the lowland tropics, pest pop-
ulations are predicted to decline because current
temperatures there are already near optimal, so
warming should reduce population growth rates
(8) (fig. S2). O n the other hand, extratropical pest
populations are generally projected to grow as
temperatures become closer to optimal, with a
small contribution from increasing diapause sur-
vival as winters warm (14) (fig. S6). Because tem-
perate populations often reach carrying capacity
only late in the growing season, if at all, they
have the most potential for increases in popula-
tion size as temperature rises (fig. S2). Howmuch
they increase depends on baseline survival rates
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CL I M ATE CH ANG E

I ncrease in crop losses to insect
pests in a w arming climate
C u r t i s A . D e u t s c h 1 , 2*†, J os h u a J . T e w k s b u r y 3, 4 , 5†, M i c h e l l e T i g c h e l a a r 6,
D a v i d S . B a t t i s t i 6, S c ot t C . M e r r i l l 7 , R a y m on d B . H u e y 2, R os a m on d L . N a y l or 8

Insect pests substantially reduce yields of three staple grains—rice, maiz e, and wheat—but
models assessing the agricultural impacts of global warming rarely consider crop losses
to insects. We use established relationships between temperature and the population
growth and metabolic rates of insects to estimate how and where climate warming will
augment losses of rice, maiz e, and wheat to insects. G lobal yield losses of these grains are
projected to increase by 1 0 to 2 5 % per degree of global mean surface warming. C rop
losses will be most acute in areas where warming increases both population growth
and metabolic rates of insects. T hese conditions are centered primarily in temperate
regions, where most grain is produced.

B
y 2050, growing-season temperatures will
likely exceed those recorded during the
past century and may substantially reduce
crop yields (1–4). However, models assess-
ing the effects of climate warming on crop

yields rarely consider impacts on insect pests,
despite the damages that result directly from
pest infestations and indirectly from pesticides
applied to reduce pest damage (5, 6). In the fu-
ture, pest species are likely to differ in their re-
sponses towarming, changing the relative impacts
of pests geographically and among crops (7, 8).
Here we use well-established relationships be-
tween temperature and the physiology and de-
mography of insects to project the future impact
of insects on crop production globally and region-
ally. We estimate pest-related changes in yields
of themajor grain crops maize, rice, and wheat,
which together account for 42% of direct calories
consumed by humans worldwide (9).
A warmer climate will alter at least two ag-

riculturally relevant characteristics of insect
pests. First, an individual insect’ s metabolic rate
(M ) accelerates with temperature, and an insect’ s
rate of food consumptionmust rise accordingly
(10–12). Second, the number of insects (n) will
change, because population growth rates of in-
sects also vary with temperature. These growth
rates are expected to decline as a result of warm-
ing in tropical regions while rising elsewhere
(8) (fig. S1). The total energy consumption of a

pest population (the “population metabolism”)
is proportional to the product of these two fac-
tors and directly relates to the crop yield loss
(L) caused by insect herbivory. Fractional changes
in pest-induced crop losses (D L/ L) can thus be
partitioned into ametabolic component (D M / M )
and a demographic component (D n/ n) (13). The
sum of these fractional changes approximates
the total fractional change in yield loss

D L
L

¼ D M
M

þ D n
n

ð1Þ

To evaluate how warming changes the pop-
ulation metabolism of insect pests, we inte-
grated established physiological responses of
insects to temperature into a spatially explicit
demographic model (13). The metabolic and
population growth rates were derived from
laboratory experiments across a wide range of
temperatures and for diverse insect taxa in-
cluding pest species. R elationships between tem-
perature and insect population growth rates
drive logistic population increases of insects
during each crop’ s growing season, and they also
scale the fractional survival rate of insects over
the rest of the year (14), termed the diapause sur-
vival, f o. We calibrated key demographic mod-
el parameters—population size and carrying
capacity—using contemporary crop yields (15)
and their insect-related losses, measured for
our three focal crops at sites around the world
(5). To predict future changes in population
growth and metabolic rates, we added projected
monthly surface temperature anomalies from
climate model simulations under a “business-as-
usual” emissions scenario (R CP 8.5) (16) to the
observed daily and seasonally varying temper-
atures from the 20th century (1950 to 2000).
R esults are presented for several climate models
that span a range of climate sensitivities and
for a range of uncertainties in biological traits
and assumptions (13). We report yield losses as
a function of global mean surface temperature
change, making the results comparable across

emissions scenarios, time periods, and climate
sensitivities.
Crop production losses to pests increase

globally with rising temperatures in all climate
models and across all biological parameters
(Fig. 1).When average global surface temperatures
increase by 2° C, the median increase in yield
losses owing to pest pressure is 46, 19, and 31%
for wheat, rice, and maize, respectively, bringing
total estimated losses to 59, 92, and 62 metric
megatons per year. These projected losses are
similar across all climate models and are thus
robust to uncertainties in both global and re-
gional warming patterns, although the time at
which such damage levels are reached depends
on the emissions scenario and on each model ’ s
sensitivity to increasing atmospheric CO 2 (Fig. 1D)
The differences in global grain losses between

crops and across model parameters (Fig. 1) reflect
the distinct spatial patterns of demographic and
metabolic impacts of warming on insect pests in
the climates where these crops are grown. In
temperate regions, warming increases both the
size of insect populations and their per capita
metabolic rate (Fig. 2, right). A s a result, the in-
crease in pest-related crop loss is consistently
larger than in tropical regions, where the in-
creasing metabolic rate is offset by declining
population growth rates, resulting in a smaller
overall rise in crop damages. This broad geo-
graphic pattern holds across all crops, climate
models, and life history parameters considered
(Fig. 2 and figs. S3 and S4).
The contribution of per capita metabolic rates

to the total pest-induced crop losses is projected
to increase consistently across regions and over
time. For each of the three crops examined here,
increases in temperature vary only modestly
across growing regions and seasons, causing
a nearly uniform fractional rise in the metabolic
rates of the insect pests (Fig. 1). Themagnitude of
the metabolic component (Eq. 1) is proportional
to the temperature sensitivity of metabolic rates,
Emet, which varies by < 50% across insect species
(Emet = 0.65 ± 0.15; mean ± standard deviation)
(12). A s a result, the metabolic component of
insect pest population metabolism can be esti-
mated relatively robustly at both regional and
global scales.
In contrast, the demographic component of

future crop loss to insect pests is spatially vari-
able and can either exacerbate or ameliorate the
impact of rising metabolic rates (Fig. 1 and figs.
S3 and S4). In the lowland tropics, pest pop-
ulations are predicted to decline because current
temperatures there are already near optimal, so
warming should reduce population growth rates
(8) (fig. S2). O n the other hand, extratropical pest
populations are generally projected to grow as
temperatures become closer to optimal, with a
small contribution from increasing diapause sur-
vival as winters warm (14) (fig. S6). Because tem-
perate populations often reach carrying capacity
only late in the growing season, if at all, they
have the most potential for increases in popula-
tion size as temperature rises (fig. S2). Howmuch
they increase depends on baseline survival rates
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Cra ck ing the C ode of B iodiversity
R espo nses to Past C limate C hange
David N ogué s-Bravo,1 ,* Francisco Rodrí guez-Sá nchez,2 Luisa Orsini,3 Erik de Boer,4

Roland J ansson,5 Helene M orlon,6 Damien A. Fordham,1 ,7 and Stephen T. J ackson8 ,9 ,*

How individual species and entire ecosystems will respond to future climate
change are among the most pressing questions facing ecologists. P ast biodiver-
sity dynamics recorded in the paleoecological archives show a broad array of
responses, yet significant k nowledge gaps remain. In particular, the relative roles
of evolutionary adaptation, phenotypic plasticity, and dispersal in promoting
survival during times of climate change have yet to be clarified. Investigating
the paleo-archives offers great opportunities to understand biodiversity
responses to future climate change. In this review we discuss the mechanisms
by which biodiversity responds to environmental change, and identify gaps of
k nowledge on the role of range shifts and tolerance. We also outline approaches
at the intersection of paleoecology, genomics, experiments, and predictive mod-
els that will elucidate the processes by which species have survived past climatic
changes and enhance predictions of future changes in biological diversity.

L ook ing to the P ast to U nderstand the Future of Biodiversity
Current estimates predict that atmospheric CO2 levels may rise up to 450 –50 0  ppm by the end
of this century, potentially driving an increase in global average temperature on the order of 2–
5!C [1 ]. These proj ected magnitudes and rates of future climate change, unparalleled in many
million years [2], pose maj or threats to biodiversity [3–6 ]. The scientific community is struggling
to fully comprehend the range of responses of biodiversity to climate change, to anticipate
whether species can respond quickly enough, and to pinpoint the various roles of life-history
properties [e.g., dispersal capacity, genetic diversity, reproductive strategies, p henotyp ic
p lasticity (see Glossary), population growth rates] in adapting to a changing environment.
In order to make reliable predictions it is essential to advance our understanding of the
underlying principles and mechanisms of biodiversity responses. One fruitful approach is to
look to the past by using geohistorical records to learn how individuals, populations, commu-
nities, and biomes have responded to previous climatic changes (Box 1 ) [7 –1 1 ]. Whether
individuals and populations will adapt by evolutionary change or plasticity, whether they will
migrate fast enough, and whether those responses will be adequate to forestall collapses of
species ranges and prevent widespread species extinctions can be explored using case
studies from the past. Indeed, past climate change, whether abrupt or gradual, and whether
occurring in deep time or recent history, offers a vast set of unplanned natural experiments to
explore biodiversity responses and test ecological and evolutionary theories. Recent years have
seen the accumulation of well-documented examples of the influence of climate change on
persistence, adaptation and diversification, dispersal, and extinction (e.g., [1 2–1 5]). The effects
of climate change on rates and routes of range shifts have been intensively studied by
biogeographers and paleoecologists, augmented recently by molecular markers and ancient
DN A (aDN A; [1 6 ,1 7 ]). In  si t u  tolerance to changing climate conditions has been explored in the

Highlights
The study of biodiversity responses to
past climate change can greatly help
us understand current threats and
forecast future responses.

There is ample evidence of effective
migration, i n  si t u  tolerance, and adap-
tation in response to past climate
changes. But there is also evidence
of widespread extinctions.

The unprecedented nature of modern
global change greatly complicates pre-
diction. Large uncertainties remain about
the expected rates of migration and evo-
lutionary adaptation, or the role of phe-
notypic plasticity in avoiding extinction.

Integrative research programmes
combining paleorecords (e.g., fossils,
ancient genomics) with mechanistic
models and experiments (e.g., resur-
rection experiments) hold great pro-
mise to improve our understanding
and predictive ability.
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Glossary
A dap tive evolution:  results from the
propagation of advantageous alleles
in populations through natural
selection, driven by environmental
selection pressure acting on genes
underlying species traits linked to
fitness.
D ormant p rop agules:  a still living
seed, cyst, spore, or egg that has
arrested development and is
preserved in ice, soil, sediment,
permafrost.
E x p erimental p aleoecology:
experimental studies to test
sufficiency and necessity of
mechanisms (or combinations or
sequences of mechanisms) invoked
to explain paleoecological
phenomena.
M igration:  spatial displacement of
organisms leading to shifts of
species distributions.
P aleogenomics:  the study of
ancient genomes to reveal functional
genetic patterns through time,
supporting inferences concerning
evolutionary adaptation, functional
traits, population dynamics,
domestication, genetic events
preceding extirpations or extinctions,
and other patterns of interest.
P henotyp ic p lasticity:  ability of
individuals of a genotype to alter
physiology, morphology, anatomy,
phenology, behaviour, or other
phenotypic traits in response to
environmental change.
R esurrection ecology:  study of
traits and environmental responses of
past populations by hatching or
germination of dormant propagules
and culturing or cultivation of the
organisms.
P rocess-based models:  spatially
explicit approaches that simulate the
effect of climate and environmental
conditions on important vital rates
(including population growth,
dispersal, and plasticity in
demographic traits) to explain
species distributions and their
changes, including range shifts and
local extirpations.
T olerance:  ability of a population to
persist at a site under environmental
change by adaptive evolution,
phenotypic plasticity, or both.

from spatial and temporal patterns in fossil data [36 ,37 ], geographic patterns in genetic markers
of extant and extinct populations [1 7 ], or both (e.g., [38 ]). They have shown variable species-
specific spatial traj ectories, timing, and migration rates, ranging from a few tens to a few
thousand m/year, with averages around 2.7  km/decade [39 –41 ]. Overall, there is evidence of
both rapid range shifts and community reshuffling [42] as well as many species lagging behind
climate [43], which reinforces the high specificity of range shift patterns across taxa.

There are many different mechanisms by which climate change influences range shifts [44].
First, climate change can improve suitability beyond the range limit so that species may
establish at formerly unsuitable areas like higher latitudes or altitudes [45,46 ]. Second, climate
change could foster colonisation of new areas in several ways:  enhanced fecundity of source
populations (thus increasing propagule pressure), increased propensity to disperse or emigrate
(particularly in animals), or acceleration of dispersal processes [47 ,48 ]. Climate change can also
enhance establishment of propagules after arrival, both directly [49 ] and – particularly in rapid
climate change – by reducing populations of dominant species via mortality or disturbance [50 ].
Finally, climate change could reduce the probability of the extinction of leading edge
populations, for instance due to extreme climatic events [51 ]. A variety of processes are

Box 1 . Biodiversity Responses to P ast Climate Change
Countless individuals in thousands of species across the globe will need to tolerate climate change i n  si t u , disperse to
more suitable climatic conditions, or undergo extinction. Figure I highlights a number of biodiversity responses directly or
indirectly linked to climatic changes along the Cenozoic (past 6 6  million years). (i) During the P aleocene-Eocene Thermal
M aximum (!56  million years before present) there were large extinctions in some marine groups (benthic foraminifera),
remarkable poleward range shifts in others (dinoflagellates, mammals, reptiles, plants), and high community turnover
[9 7 ]. (ii) Under a global cooling trend, winters became >4"C colder across the Eocene-Oligocene boundary, partially
driving extinction of many terrestrial mammals in Europe as well as marine invertebrates globally [9 8 ]. (iii) M any
thermophilous plants shifted their ranges southward and finally went extinct in Europe during the late M iocene global
cooling [9 9 ]. (iv) M ore than half (52% ) of the cool-temperate European tree genera did not survive the glaciation cycles
starting at the end of the P liocene [1 0 0 ]. (v) An adaptive mutation of haemoglobin enabled mammoths to tolerate the
very low temperatures at high latitudes [27 ]. (vi) M ore than 7 0 %  of megafauna genera in the Americas and Australia, and
40 %  in Eurasia, underwent extinction within a relatively brief period of time (50 0 0 –1 0  0 0 0  years) in co-occurrence with
climatic changes and human impacts [55]. (vii) P lants in N orth America migrated northwards between 450  and 220 0  km
in < 1 0  0 0 0  years under a warming of 5" [1 0 1 ]. P ast temperature data from [1 0 2]; future temperature proj ections (under
two greenhouse concentration scenarios:  RCP 2.5, most benign, and RCP 8 .6 , most extreme) from [1 ].
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Figure I. Future Climate Forcing will Surpass those of the P revious Several M illion Y ears [2]. Abbreviations:
Eo, Eocene, Hol, Holocene; M i, M iocene, Ol, Oligocene, P , P alaeocene, P li, P liocene, P le, P leistocene.
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studies them to examine demographic, genetic, and ecological responses to environmental
change. Tree rings have long been used to reconstruct growth responses to climate variation
over centuries to millennia, and also the effects of climate variability on demographic patterns
over several centuries [8 5–8 7 ]. In a recent set of studies, tree-ring demography has been
combined with genetic studies to examine patterns, rates, and controls of colonization of new
sites by P i n u s p o n d e ro sa  in western N orth America, revealing interactions among long-
distance dispersal, population genetics, climate variability, and Allee effects [8 8 – 9 0 ]. Although
more difficult to apply to animals, potential exists for simultaneous age and genetic sampling of
animals of unusual longevity that can be independently aged (e.g., certain marine fish, tortoises,
corals).

Incipient modelling approaches providing spatially explicit predictions of shifts on species
distribution and abundance can now incorporate evolutionary adaptation [9 1 ]. These models
are however in need of quantitative estimates on the magnitude and speed of adaptation, and
both resurrection ecology and M ethuselah ecology can provide actual values based on
historical information. Y et this integration between data and models to forecast future
responses at large spatial scales across a variety of taxa faces daunting challenges. Both
RE and M E are restricted to a limited set of organisms under a limited set of circumstances
(experimental and natural) [8 0 ,8 3]. However, this is not an issue to understanding organismal
response to climatic change. Indeed, some species that provide the unique advantage of
resurrecting dormant stages are also keystone species in their ecosystem, enabling us to
illuminate the links in the causal chain from genes to communities and ecosystems. Ideally,
model organisms and systems that feature a comprehensive triad of strong ecological inter-
actions in nature, experimental tractability in diverse contexts, and accessibility to modern
genomic tools may be used [9 2]. The water flea D a p h n i a  and the flowering plant Si l e n e
st e n o p h y l l a , as well as a number of bacteria, are examples of organisms that satisfy these
criteria [1 5]. They can be used as proxies to study the impact of climatic change on different
ecosystems.

Resurrection ecology and M ethuselah ecology do not only dig in the past. A forward-in-time
approach, involving long-term collection of propagule banks [7 9 ,8 3] will allow scientists in the
future to measure the magnitude and speed of evolutionary changes. Under the P roj ect
Baseline, seeds of several populations across the geographical range of > 6 0  plant species
are now stored and will be grown with contemporaneous seeds during the next 50  years,
allowing the identification of phenotypic and molecular evolution occurring during the interven-
ing time under different magnitudes of climate change. Similar initiatives in other continents, and
a taxonomic expansion of these experiments, would enable a next generation of predictive
models incorporating evolutionary adaptation. J oseph Grinnell in 1 9 1 0  already foresaw that the
most significant value of his field work on Californian fauna would be for the students of the
future. Today, his and other pioneers’  data have served to document the magnitude and rates
of species range shifts and local extirpations in the past century [1 2,9 3–9 6 ].

Concluding R emark s
Climate change has triggered large and persistent effects on biological diversity, including
speciation, redistribution, local adaptations, and extinction events. However, a deeper mecha-
nistic understanding of these dynamics is urgently needed (see Outstanding Q uestions). Until
recently, most evidence suggested that biotic responses to climate change were dominated by
range shifting. It is now clear from both paleoecological and ecological perspectives that i n  si t u
tolerance, being either plasticity or adaptive evolution, are also key responses to climate
change. Although adaptation is now an important obj ect of study, we are still lacking sufficient

Outstanding Q uestions
H ow f ar can p lasticity enable p er-
sistence in situ ?  M ost organisms can
tolerate changes in the environment by
accommodating their morphology,
behaviour, and ecophysiology to new
environmental conditions. But where is
the limit when phenotypic plasticity can
no longer sustain real populations
under other biotic and abiotic
constraints?

D oes p lasticity evolve under cli-
mate change?  The evolution of phe-
notypic plasticity is an important factor
for population persistence in a variety
of natural systems, but whether selec-
tion for increased plasticity is the result
of climate change or an emergent trait
from selection at shorter scale needs
further research. In particular, addi-
tional research on the genetic basis
and heritability of plasticity is needed
so that we can gain a better under-
standing of conditions under which
plasticity is expected to evolve.

H ow f req uent and strong are adap -
tive resp onses to climate change?
We still lack more evidences of evolu-
tionary changes driven by climate
change. Our ability to detect confi-
dently bottlenecks or adaptive
changes embedded in genomic
signals in response to climatic or
anthropogenic changes depends on
the ability to sample before and after
a drastic environmental change took
place. Long-term monitoring and res-
urrection ecology approaches can
greatly help obtain more information
about adaptive responses.

W ill sp ecies be able to move f ast
enough?  Dispersal has always been a
key response of organisms exposed to
changing climates. But given the
unprecedented rates and magnitude
of ongoing climate change, will species
be able to shift ranges at the required
pace?  In a human-dominated world,
what factors determine the variation
in effective migration rates?

H ow well can we p redict f uture
ex tinctions with our current data?
Spatially-explicit mechanistic popula-
tion models that include traits such
as morphology, physiology, phenol-
ogy, evolutionary adaptive potential,
species behaviour, and species
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distance dispersal, population genetics, climate variability, and Allee effects [8 8 – 9 0 ]. Although
more difficult to apply to animals, potential exists for simultaneous age and genetic sampling of
animals of unusual longevity that can be independently aged (e.g., certain marine fish, tortoises,
corals).

Incipient modelling approaches providing spatially explicit predictions of shifts on species
distribution and abundance can now incorporate evolutionary adaptation [9 1 ]. These models
are however in need of quantitative estimates on the magnitude and speed of adaptation, and
both resurrection ecology and M ethuselah ecology can provide actual values based on
historical information. Y et this integration between data and models to forecast future
responses at large spatial scales across a variety of taxa faces daunting challenges. Both
RE and M E are restricted to a limited set of organisms under a limited set of circumstances
(experimental and natural) [8 0 ,8 3]. However, this is not an issue to understanding organismal
response to climatic change. Indeed, some species that provide the unique advantage of
resurrecting dormant stages are also keystone species in their ecosystem, enabling us to
illuminate the links in the causal chain from genes to communities and ecosystems. Ideally,
model organisms and systems that feature a comprehensive triad of strong ecological inter-
actions in nature, experimental tractability in diverse contexts, and accessibility to modern
genomic tools may be used [9 2]. The water flea D a p h n i a  and the flowering plant Si l e n e
st e n o p h y l l a , as well as a number of bacteria, are examples of organisms that satisfy these
criteria [1 5]. They can be used as proxies to study the impact of climatic change on different
ecosystems.

Resurrection ecology and M ethuselah ecology do not only dig in the past. A forward-in-time
approach, involving long-term collection of propagule banks [7 9 ,8 3] will allow scientists in the
future to measure the magnitude and speed of evolutionary changes. Under the P roj ect
Baseline, seeds of several populations across the geographical range of > 6 0  plant species
are now stored and will be grown with contemporaneous seeds during the next 50  years,
allowing the identification of phenotypic and molecular evolution occurring during the interven-
ing time under different magnitudes of climate change. Similar initiatives in other continents, and
a taxonomic expansion of these experiments, would enable a next generation of predictive
models incorporating evolutionary adaptation. J oseph Grinnell in 1 9 1 0  already foresaw that the
most significant value of his field work on Californian fauna would be for the students of the
future. Today, his and other pioneers’  data have served to document the magnitude and rates
of species range shifts and local extirpations in the past century [1 2,9 3–9 6 ].

Concluding R emark s
Climate change has triggered large and persistent effects on biological diversity, including
speciation, redistribution, local adaptations, and extinction events. However, a deeper mecha-
nistic understanding of these dynamics is urgently needed (see Outstanding Q uestions). Until
recently, most evidence suggested that biotic responses to climate change were dominated by
range shifting. It is now clear from both paleoecological and ecological perspectives that i n  si t u
tolerance, being either plasticity or adaptive evolution, are also key responses to climate
change. Although adaptation is now an important obj ect of study, we are still lacking sufficient

Outstanding Q uestions
H ow f ar can p lasticity enable p er-
sistence in situ ?  M ost organisms can
tolerate changes in the environment by
accommodating their morphology,
behaviour, and ecophysiology to new
environmental conditions. But where is
the limit when phenotypic plasticity can
no longer sustain real populations
under other biotic and abiotic
constraints?

D oes p lasticity evolve under cli-
mate change?  The evolution of phe-
notypic plasticity is an important factor
for population persistence in a variety
of natural systems, but whether selec-
tion for increased plasticity is the result
of climate change or an emergent trait
from selection at shorter scale needs
further research. In particular, addi-
tional research on the genetic basis
and heritability of plasticity is needed
so that we can gain a better under-
standing of conditions under which
plasticity is expected to evolve.

H ow f req uent and strong are adap -
tive resp onses to climate change?
We still lack more evidences of evolu-
tionary changes driven by climate
change. Our ability to detect confi-
dently bottlenecks or adaptive
changes embedded in genomic
signals in response to climatic or
anthropogenic changes depends on
the ability to sample before and after
a drastic environmental change took
place. Long-term monitoring and res-
urrection ecology approaches can
greatly help obtain more information
about adaptive responses.

W ill sp ecies be able to move f ast
enough?  Dispersal has always been a
key response of organisms exposed to
changing climates. But given the
unprecedented rates and magnitude
of ongoing climate change, will species
be able to shift ranges at the required
pace?  In a human-dominated world,
what factors determine the variation
in effective migration rates?

H ow well can we p redict f uture
ex tinctions with our current data?
Spatially-explicit mechanistic popula-
tion models that include traits such
as morphology, physiology, phenol-
ogy, evolutionary adaptive potential,
species behaviour, and species
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evidence — comparative or experimental— on fundamental questions. How is adaptive evolu-
tion shaped by dispersal and range shifting in real ecosystems?  Conversely, how is dispersal
influenced by adaptive evolution?  How do tolerance, adaptive evolution, and dispersal interact
in specific circumstances to reduce or amplify risk of extinction?  The integration of recorded
long-term responses and ecological and evolutionary theories into models will facilitate a
deeper understanding of the roles of adaptation and dispersal under climate change. Cracking
the code of past biodiversity responses to climate change will increase the ability to anticipate,
adapt, and mitigate future declines of biological diversity under climate change.

A ck nowledgments
This review emerged from a symposium celebrated at the International Biogeography Society 7 th Biennial M eeting in

Bayreuth, Germany. D.N .B. thanks Det Frie Forskningsrå d (EliteForsk) and the Center for M acroecology, Evolution and

Climate. F.R-S. was supported by a postdoctoral fellowship from the Spanish M inisterio de Economí a y Competitividad

(FP D-20 1 3-1 6 7 56 ) and a Severo Ochoa Excellence Award (SEV -20 1 2-0 26 2) to Estació n Bioló gica de Doñ ana. H.M .

acknowledges support from the European Research Council Grant ERC 6 1 6 41 9 - P AN DA. L.O. thanks the N atural

Environment Research Council UK  (N ERC) grant N E/N 0 1 6 7 7 7 /1 . DAF acknowledges support from the Australian

Research Council Grant FT1 40 1 0 1 1 9 2.

R ef erences
1 . IP CC (20 1 3) Cl i m a t e  Ch a n g e  2013  – Th e  P h y si c a l  Sc i e n c e

B a si s:  W o rk i n g  G ro u p  I Co n t ri b u t i o n  t o  t h e  F i f t h  A sse ssm e n t
Re p o rt  o f  t h e  In t e rg o v e rn m e n t a l  P a n e l  o n  Cl i m a t e  Ch a n g e ,
Cambridge University P ress

2. Foster, G.L. e t  a l .  (20 1 7 ) Future climate forcing potentially with-
out precedent in the last 420  million years. N a t .  Co m m u n .  8 ,
1 48 45

3. M oritz, C. and Agudo, R. (20 1 3) The future of species under
climate change:  resilience or decline?  Sc i e n c e  341 , 50 4–50 8

4. Urban, M .C. (20 1 5) Accelerating extinction risk from climate
change. Sc i e n c e  348 , 57 1 –57 3

5. P ecl, G. (20 1 7 ) Biodiversity redistribution under climate change:
impacts on ecosystems and human well-being. Sc i e n c e  355,
6 332

6 . Garcia, R.A. e t  a l .  (20 1 4) M ultiple dimensions of climate change
and their implications for biodiversity. Sc i e n c e  344, 1 247 57 9

7 . J ackson, S.T. and Overpeck, J .T. (20 0 0 ) Responses of plant
populations and communities to environmental changes of the
late Q uaternary. P a l e o b i o l o g y  26 , 1 9 4–220

8 . Willis, K .J . e t  a l .  (20 1 0 ) Biodiversity baselines, thresholds and
resilience:  testing predictions and assumptions using palaeoe-
cological data. Tre n d s E c o l .  E v o l .  25, 58 3–59 1

9 . Dawson, T.P . e t  a l .  (20 1 1 ) Beyond predictions:  biodiversity
conservation in a changing climate. Sc i e n c e  332, 53–58

1 0 . Fritz, S.A. e t  a l .  (20 1 3) Diversity in time and space:  wanted dead
and alive. Tre n d s E c o l .  E v o l .  28 , 50 9 –51 6

1 1 . Barnosky, A.D. e t  a l .  (20 1 7 ) M erging paleobiology with conser-
vation biology to guide the future of terrestrial ecosystems.
Sc ie n c e  355, eaah47 8 7

1 2. M oritz, C. e t  a l .  (20 0 8 ) Impact of a century of climate change on
small-mammal communities in Y osemite N ational P ark USA.
Sc ie n c e  322, 26 1 –26 4

1 3. Lorenzen, E.D. (20 1 1 ) Species-specific responses of Late
Q uaternary megafauna to climate and humans. N a t u re  47 9 ,
359 –36 4

1 4. Condamine, F.L. e t  a l .  (20 1 3) M acroevolutionary perspectives to
environmental change. E c o l .  L e t t .  1 6 , 7 2– 8 5

1 5. Orsini, L. e t  a l .  (20 1 3) The evolutionary time machine:  using
dormant propagules to forecast how populations can adapt
to changing environments. Tre n d s E c o l .  E v o l .  28 , 27 4–28 2

1 6 . Der Sarkissian, C. e t  a l .  (20 1 4) Ancient genomics. P h i l .  Tra n s.  R.
So c .  B :  B i o l .  Sc i .  37 0 , 20 1 30 38 –20 1 30 38 7

1 7 . Hewitt, G.M . (20 0 4) Genetic consequences of climatic oscilla-
tions in the Q uaternary. P h i l .  Tra n s.  R.  So c .  B :  B i o l .  Sc i .  359 ,
1 8 3–1 9 5

1 8 . K erfoot, W.C. and Weider, L.J . (20 0 4) Experimental paleoecol-
ogy (resurrection ecology):  Chasing V an V alen’ s Red Q ueen
hypothesis. L i m n o l .  O c e a n o g r.  49 , 1 30 0 –1 31 6

1 9 . Orsini, L. e t  a l .  (20 1 6 ) Temporal genetic stability in natural
populations of the waterflea D a p h n i a  m a g n a  in response to
strong selection pressure. M o l .  E c o l .  25, 6 0 24– 6 0 38

20 . J ackson, S.T. and Weng, C. (1 9 9 9 ) Late Q uaternary extinction
of a tree species in eastern N orth America. P ro c .  N a t l .  A c a d .  Sc i .
9 6 , 1 38 47 –1 38 52

21 . Cooper, A. e t  a l .  (20 1 5) Abrupt warming events drove Late
P leistocene Holarctic megafaunal turnover. Sc i e n c e  349 ,
6 0 2– 6 0 6

22. M erila, J . and Hendry, A.P . (20 1 4) Climate change, adaptation,
and phenotypic plasticity:  the problem and the evidence. E v o l .
A p p l .  7 , 1 –1 4

23. Corlett, R.T. and Westcott, D.A. (20 1 3) Will plant movements
keep up with climate change?  Tre n d s E c o l .  E v o l .  28 , 48 2–48 8

24. P earson, R. (20 0 6 ) Climate change and the migration capacity of
species. Tre n d s E c o l .  E v o l .  21 , 1 1 1 –1 1 3

25. Huntley, B. and Webb, T. (1 9 8 9 ) M igration:  species ’  response to
climatic variations caused by changes in the earth ’ s orbit. J .
B i o g e o g r.  1 6 , 5–1 9

26 . Davis, M .B. e t  a l .  (20 0 5) Evolutionary responses to changing
climate. E c o l o g y  8 6 , 1 7 0 4–1 7 1 4

27 . Campbell, K .L. e t  a l .  (20 1 0 ) Substitutions in woolly mammoth
hemoglobin confer biochemical properties adaptive for cold
tolerance. N a t .  G e n e t .  42, 536 –540

28 . K arrel, P . (20 1 1 ) Climate change drives microevolution in a wild
bird. N a t .  Co m m u n .  2, 20 8

29 . Franks, S.J . e t  a l .  (20 0 7 ) Rapid evolution of flowering time by an
annual plant in response to a climate fluctuation. P ro c .  N a t l .
A c a d .  Sc i .  1 0 4, 1 27 8 –1 28 2

30 . Richardson, J .L. e t  a l .  (20 1 4) M icrogeographic adaptation and
the spatial scale of evolution. Tre n d s E c o l .  E v o l .  29 , 1 6 5–1 7 6

31 . Hendry, A.P . e t  a l .  (20 0 8 ) Human influences on rates of pheno-
typic change in wild animal populations. M o l .  E c o l .  1 7 , 20 –29

32. Charmantier, A. e t  a l .  (20 0 8 ) Adaptive phenotypic plasticity in
response to climate change in a wild bird population. Sc i e n c e
320 , 8 0 0 – 8 0 3

interactions are a promising route to
improve biodiversity forecasts. These
types of models are still in their infancy
due to limitations in the available data
to calibrate them. M ore biological and
paleobiological data are thus strongly
needed, including unrepresented taxa
and regions across large climatic and
anthropogenic pressure gradients,
which highlights the key role of field-
work, expeditions, biological collec-
tions in natural history museums, her-
barium, and museum archives, to
resolve the relevant societal challenges
of the biodiversity crisis.
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O cean acidification refers to the lowering of the ocean’ s pH due to the uptake of anthropogenic
C O 2 from the atmosphere. C oral reef calcification is expected to decrease as the oceans
becomemore acidic. Dissolving calciumcarbonate (C aC O 3 ) sands could greatly exacerbate reef
loss associated with reduced calcification but is presently poorly constrained. H ere we show
that C aC O 3 dissolution in reef sediments across five globally distributed sites is negatively
correlated with the aragonite saturation state (War) of overlying seawater and that C aC O 3

sediment dissolution is 1 0 -fold more sensitive to ocean acidification than coral calcification.
C onseq uently, reef sediments globally will transition from net precipitation to net dissolution
when seawater War reaches 2 .9 2 ± 0 .1 6 (expected circa 2 0 5 0 C E ). N otably, some reefs are
already experiencing net sediment dissolution.

C
oral reef structures are the accumulation of
calcium carbonate (CaCO 3) from coral ara-
gonite skeletons, red and green calcareous
macroalgae, and other calcareous organ-
isms such as bryozoans, echinoderms, and

foraminifera. This structure provides the habitat
for many species, promoting rich biological di-
versity and an associated myriad of ecosystem
services to humans such as fisheries and tourism
(1). There are two main pools of CaCO 3 in coral
reefs: the framework (e.g., deposited CaCO 3 ske-
letons and living coral and other organisms) and
permeable sediments (e.g., broken-down frame-
work and any infaunal production) (2). For net
accretion to occur at the whole-reef scale, CaCO 3

production (plus any external sediment supply)
must be greater than the loss through physical,
chemical, and biological erosion and transport
and dissolution as follows (2):

CaCO 3 accretion = CaCO 3 production –
CaCO 3 dissolution – physical loss of CaCO 3 (1)

Net ecosystem calcification (NEC), which re-
fers to the chemical balance of CaCO 3 production
and CaCO 3 dissolution, is typically inferred from
changes in total alkalinity and does not include
physical loss of CaCO 3.
O cean acidification (O A ) refers to the lowering

of the ocean’ s pH due to the uptake of anthro-
pogenic CO 2 from the atmosphere. When CO 2

from the atmosphere dissolves in seawater, it
decreases the pH, the CO 3

2− concentration, and
theCaCO 3 saturation state (W = [Ca2+ ] [CO 3

2−]/ K * sp,
where K * sp is the stoichiometric ion concentra-

tion product at equilibrium) (3). A lthough O A -
associated changes are expected to negatively
affect the accretion of coral reefs (4), these future
predictions are mostly based on the relationship
between W and calcification rates of individual
corals or coral reef communities [e.g., (5, 6); table
S3] and NEC [e.g., (7); table S2]. However, the
impact of O A on net coral reef accretion is also
dependent on the poorly known effects of O A on
the dissolution of permeable coral reef CaCO 3

sediments, which accumulate over thousands of
years (8) and can be themajor repository of CaCO 3

in modern coral reefs (9). Numerical modeling,
laboratory, field, andmesocosm studies have found
an increase in CaCO 3 sediment dissolution with
decreasing W and pH (O A ) (10, 11).
Notably, a number of studies have hypothesized

that CaCO 3 dissolutionmay respondmore rapidly
to O A than coral calcification [e.g., (2, 12, 13)].
Supporting this hypothesis, a recent in situ study

found that CaCO 3 sediment dissolution increased
by an order of magnitude more than calcification
decreased, per unit decrease in W (14). However,
the in situ CaCO 3 sediment dissolution measure-
ments were only undertaken at one site onHeron
Island, A ustralia, and it is unknown how appli-
cable the findings are to coral reefs globally. For
example, CaCO 3 sediment dissolution of different
coral reefsmay responddifferently to O A because
of differences in the present-day saturation state
of the water column and differences in sediment
properties such as mineralogy, porosity, perme-
ability, grain size, organic carbon concentration,
and metabolism, which in turn are controlled by
factors such as light, depth, and hydrodynamics.
WemeasuredCaCO 3 sediment dissolutionusing

57 individual in situ advective benthic chamber
incubations at five reef locations in the P acific
and A tlantic O ceans (fig. S1). Incubations were
undertaken over a diel light-dark cycle, and four
of the reef incubations were run under control
and end-of-century [high partial pressure of CO 2

(pCO 2), low pH] O A conditions. The five sites
covered a range of initial water column CaCO 3

saturation states and sediment properties such
as mineralogy, grain size, organic carbon concen-
tration, and metabolism (table S1).
O ur results show that CaCO 3 sediment disso-

lution across the five coral reefs is significantly
and negatively correlated with average W ar of the
overlying seawater coefficient of determination
[(r2) = 0.49, P < 0.0001, n = 57] (fig. S2). The
increase in CaCO 3 sediment dissolution with
decreasing seawater W ar is consistent with other
recent mesocosm and in situ studies from single
locations (10, 11, 14). The seawater W ar value of
~ 2.92 ± 0.16 (x intercept) at which the sediments
transition from net precipitating to net dissolv-
ing (Fig. 1) is well above the expected thermody-
namic transition value for aragonite (W ar = 1) and
saturation state of the average bulk Mg-calcite
(13 to 15mol % MgCO 3) found inmost coral reefs
(15). This can be explained by the interaction of
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0 . 9 4 , P < 0 . 0 0 0 1 , n = 9 ; y =
–1 1 . 5 1 x + 3 3 . 6 8 3 ) . No high-
p C O2 treatments were available
for the C ook Islands. Error bars
represent standard error. The
sediments transition from net
precipitating to net dissolving at
a seawater W ar value of ~ 2 .9 2 ±
0 .1 6 (± 9 5 % confidence interval).
Data are in table S5 . [ Top photo
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represent standard error. The
sediments transition from net
precipitating to net dissolving at
a seawater W ar value of ~ 2 .9 2 ±
0 .1 6 (± 9 5 % confidence interval).
Data are in table S5 . [T op photo
by K . F abricius, Australian Institute
of Marine Science, and bottom
photo by A. Andersson, Scripps
Institution of Oceanography]
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T ropical reef systems are transitioning to a new era in which the interval between
recurrent bouts of coral bleaching is too short for a full recovery of mature
assemblages. We analyz ed bleaching records at 1 0 0 globally distributed reef locations
from 1 9 8 0 to 2 0 1 6 . T he median return time between pairs of severe bleaching events
has diminished steadily since 1 9 8 0 and is now only 6 years. As global warming has
progressed, tropical sea surface temperatures are warmer now during current L a N iñ a
conditions than they were during E l N iñ o events three decades ago. C onseq uently,
as we transition to the Anthropocene, coral bleaching is occurring more freq uently in all
E l N iñ o – S outhern O scillation phases, increasing the likelihood of annual bleaching in
the coming decades.

T
he average surface temperature of Earth
has risen by close to 1° C as of the 1880s (1),
and global temperatures in 2015 and 2016
were the warmest since instrumental re-
cord keeping began in the 19th century (2).

R ecurrent regional-scale (> 1000 km) bleaching
andmortality of corals is amodern phenomenon
caused by anthropogenic global warming (3–10).
Bleaching before the 1980s was recorded only at
a local scale of a few tens of kilometers because
of small-scale stressors such as freshwater inunda-
tion, sedimentation, orunusually coldorhotweather
(3–5). The modern emergence of regional-scale

bleaching is also evident from the growth bands
of old Caribbean corals: synchronous distortions
of skeletal deposition (stress bands) along a 400-km
stretch of theMesoamerican R eef have only been
found after recent hot conditions, confirming that
regional-scale heat stress is amodernphenomenon
caused by anthropogenic global warming (10).
Bleaching occurs when the density of algal sym-
bionts, or zooxanthellae (Sy mb iod inium spp.),

in the tissues of a coral host diminishes as a re-
sult of environmental stress, revealing the under-
lying white skeleton of the coral (8). Bleached
corals are physiologically and nutritionally com-
promised, and prolonged bleaching over sev-
eral months leads to high levels of coral mortality
(11, 12). Global climate modeling and satellite ob-
servations also indicate that the thermal con-
ditions for coral bleaching are becoming more
prevalent (13, 14), leading to predictions that loc-
alities now considered to be thermal refugia could
disappear by midcentury (15).
A lthough several global databases of bleaching

records are available (notably R eefBase, reefbase.
org), they suffer from intermittent or lapsedmain-
tenance and from uneven sampling effort across
both years and locations (7). The time spans of
five earlier global studies of coral bleaching range
from 1870 to 1990 (3), 1960 to 2002 (4), 1973 to
2006 (5), 1980 to 2005 (6), and 1985 to 2010 (7).
Here we compiled de novo the history of recur-
rent bleaching from 1980 to 2016 for 100 globally
distributed coral reef locations in 54 countries
using a standardized protocol to examine pat-
terns in the timing, recurrence, and intensity of
bleaching episodes, including the latest global
bleaching event from2015 to 2016 (table S1). This
approach avoids the bias of the continuous addi-
tion of new sites in open-access databases and
retains the same range of spatial scales through
time (fig. S1). A bleaching record in our analysis
consists of three elements: the location, from 1 to
100; the year; and the binary presence or absence
of bleaching. O ur findings reveal that coral reefs
have entered the distinctive human-dominated
era characterized as the A nthropocene (16–18), in
which the frequency and intensity of bleaching
events is rapidly approaching unsustainable lev-
els. A t the spatial scale we examined (fig. S1), the
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Fi g . 1 . G l o b a l w a r m i n g
t h r o u g h o u t ENSO
c y c l e s . Sea surface
temperature anomalies
from 1 8 7 1 to 2 0 1 6 ,
relative to a 1 9 6 1 – 1 9 9 0
baseline, averaged
across 1 6 7 0 1 ° latitude –
by– 1 ° longitude boxes
containing coral reefs
between latitudes of
3 1 ° N and 3 1 ° S. Data
points differentiate
El Niñ o (red triangles),
La Niñ a (blue triangles),
and ENSO neutral
periods (black sq uares).
Ninety-five percent con-
fidence intervals are
shown for nonlinear
regression fits for years
with El Niñ o and La Niñ a
conditions (red and blue
shading, respectively;
overlap is shown
in purple).
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Environmental and anthropogenic factors often drive population
declines in top predators, but how their influences may combine
remains unclear. Albatrosses are particularly threatened. They breed
in fast-changing environments, and their extensive foraging ranges
expose them to incidental mortality (bycatch) in multiple fisheries.
The albatross community at South Georgia includes globally impor-
tant populations of three species that have declined by 40–60%over
the last 35 years. We used three steps to deeply understand the
drivers of such dramatic changes: (i ) describe fundamental demo-
graphic rates using multievent models, (i i ) determine demographic
drivers of population growth using matrix models, and (i i i ) identify
environmental and anthropogenic drivers using ANO V As. Each
species was affected by different processes and threats in their
foraging areas during the breeding and nonbreeding seasons. There
was evidence for two kinds of combined environmental and an-
thropogenic effects. The first was sequential; in wandering and
black-browed albatrosses, high levels of bycatch have reduced juve-
nile and adult survival, then increased temperature, reduced sea-ice
cover, and stronger winds are affecting the population recovery po-
tential. The second was additive; in gray-headed albatrosses, not
only did bycatch impact adult survival but also this impact was
exacerbated by lower food availability in years following El Niñ o
events. This emphasizes the need for much improved implementa-
tion of mitigation measures in fisheries and better enforcement of
compliance. We hope our results not only help focus future man-
agement actions for these populations but also demonstrate the
power of the modelling approach for assessing impacts of envi-
ronmental and anthropogenic drivers in wild animal populations.

seabird demography | climate | fisheries | conservation |
population dynamics

Top predators are usually long-lived, with population growth
rates that are sensitive to small changes in survival, and to a

lesser extent to changes in reproductive traits. In the marine en-
vironment, climate can affect both survival and reproduction (1–
3). This generally reflects bottom-up processes, whereby climate
effects propagate through trophic levels, affecting food availabil-
ity, foraging success, provisioning rates, and survival (1). Although
most analyses focus on mean conditions, recent studies demon-
strate that extreme climate and weather events can cause wide-
spread breeding failure (4, 5) or reduce survival rates (6) on very
short time scales. Impacts of climate can be compounded by other
factors. Incidental mortality in fisheries (bycatch) is a major threat
to seabirds (7, 8), yet very few studies have examined the combined
impacts of climate and fisheries on demography (9–13). In this
study, we predict that populations threatened by fisheries bycatch
may be more sensitive to climate variability. As bycatch is hetero-
geneous, unbalanced losses according to age (14), sex (14), or be-
havior (15) reduce resilience to environmental change (16). Addi-
tionally, as the environment becomes unfavorable and prey less
abundant or predictable, birds may increasingly seek feeding oppor-
tunities behind vessels, entailing a greater bycatch risk or a re-

duction in reproductive output by overreliance on poor-quality
prey (17).
In long-lived seabirds, major gaps exist in our knowledge of

young age classes (prerecruits) and adult nonbreeders, which are
usually unobservable because they spend extensive periods at sea.
Filling these gaps requires data on at-sea distributions from track-
ing devices, intensive and long time series of individual monitoring
data at colonies, and advanced modeling tools. P rerecruits can
represent half the population; they contribute ultimately to the
total reproductive value and also influence demographic stochasticity
(18). Although juveniles are potentially the age class that is most
vulnerable to climatic and anthropogenic threats, few studies
have identified the key drivers of their survival (19). Flexibility in
recruitment age and breeding frequency can buffer populations
of long-lived species when environmental conditions are poor
(20). Modeling temporal variation in these processes is challenging,
but our study exploits an unprecedented opportunity to explore
drivers at the community level, contrasting the responses of related
species to common environmental conditions according to their
specific ecological and life-history traits.
The Diomedeidae (albatrosses) are one of the most threatened

of all bird families, with 18 of the 22 species classified as Near-
Threatened (3 species), V ulnerable (7 species), Endangered (5
species), or Critically Endangered (3 species) by the International
Union for the Conservation of Nature in 2016. Disproportionate

Significance

Three high-conservation priority populations were studied: the
wandering, grey-headed, and black-browed albatrosses from
Bird Island, South Georgia. They represent 12–5 0% of global
numbers and have declined by 40–60% in 35 years. As temper-
atures and environmental stochasticity increase, polar species
are particularly at risk, while fisheries accidentally kill hundreds
of thousands individuals each year. Longitudinal monitoring
of >40,000 individuals ringed since 1972 was used with detailed
at-sea distributions, environmental data, and fisheries effort
spanning the Southern O cean to explore the factors driving
population change and how they may combine. The powerful
comparative framework used here is one of the most extensive
to date and could be used to understand and better mitigate
the fate of many threatened wild populations.
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T ropical reef systems are transitioning to a new era in which the interval between
recurrent bouts of coral bleaching is too short for a full recovery of mature
assemblages. We analyz ed bleaching records at 1 0 0 globally distributed reef locations
from 1 9 8 0 to 2 0 1 6 . T he median return time between pairs of severe bleaching events
has diminished steadily since 1 9 8 0 and is now only 6 years. As global warming has
progressed, tropical sea surface temperatures are warmer now during current L a N iñ a
conditions than they were during E l N iñ o events three decades ago. C onseq uently,
as we transition to the Anthropocene, coral bleaching is occurring more freq uently in all
E l N iñ o – S outhern O scillation phases, increasing the likelihood of annual bleaching in
the coming decades.
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he average surface temperature of Earth
has risen by close to 1° C as of the 1880s (1),
and global temperatures in 2015 and 2016
were the warmest since instrumental re-
cord keeping began in the 19th century (2).

R ecurrent regional-scale (> 1000 km) bleaching
andmortality of corals is amodern phenomenon
caused by anthropogenic global warming (3–10).
Bleaching before the 1980s was recorded only at
a local scale of a few tens of kilometers because
of small-scale stressors such as freshwater inunda-
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bleaching is also evident from the growth bands
of old Caribbean corals: synchronous distortions
of skeletal deposition (stress bands) along a 400-km
stretch of theMesoamerican R eef have only been
found after recent hot conditions, confirming that
regional-scale heat stress is amodernphenomenon
caused by anthropogenic global warming (10).
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in the tissues of a coral host diminishes as a re-
sult of environmental stress, revealing the under-
lying white skeleton of the coral (8). Bleached
corals are physiologically and nutritionally com-
promised, and prolonged bleaching over sev-
eral months leads to high levels of coral mortality
(11, 12). Global climate modeling and satellite ob-
servations also indicate that the thermal con-
ditions for coral bleaching are becoming more
prevalent (13, 14), leading to predictions that loc-
alities now considered to be thermal refugia could
disappear by midcentury (15).
A lthough several global databases of bleaching

records are available (notably R eefBase, reefbase.
org), they suffer from intermittent or lapsedmain-
tenance and from uneven sampling effort across
both years and locations (7). The time spans of
five earlier global studies of coral bleaching range
from 1870 to 1990 (3), 1960 to 2002 (4), 1973 to
2006 (5), 1980 to 2005 (6), and 1985 to 2010 (7).
Here we compiled de novo the history of recur-
rent bleaching from 1980 to 2016 for 100 globally
distributed coral reef locations in 54 countries
using a standardized protocol to examine pat-
terns in the timing, recurrence, and intensity of
bleaching episodes, including the latest global
bleaching event from2015 to 2016 (table S1). This
approach avoids the bias of the continuous addi-
tion of new sites in open-access databases and
retains the same range of spatial scales through
time (fig. S1). A bleaching record in our analysis
consists of three elements: the location, from 1 to
100; the year; and the binary presence or absence
of bleaching. O ur findings reveal that coral reefs
have entered the distinctive human-dominated
era characterized as the A nthropocene (16–18), in
which the frequency and intensity of bleaching
events is rapidly approaching unsustainable lev-
els. A t the spatial scale we examined (fig. S1), the
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Global warming is markedly changing diverse coral reef ecosystems 
through an increasing frequency and magnitude of mass bleaching 
events1–3. How local impacts scale up across affected regions 
depends on numerous factors, including patchiness in coral 
mortality, metabolic effects of extreme temperatures on populations 
of reef-dwelling species4 and interactions between taxa. Here we 
use data from before and after the 2016 mass bleaching event to 
evaluate ecological changes in corals, algae, fishes and mobile 
invertebrates at 186 sites along the full latitudinal span of the Great 
B arrier Reef and western C oral Sea. One year after the bleaching 
event, reductions in live coral cover of up to 51%  were observed 
on surveyed reefs that experienced extreme temperatures;  however, 
regional patterns of coral mortality were patchy. C onsistent declines 
in coral-feeding fishes were evident at the most heavily affected 
reefs, whereas few other short-term responses of reef fishes and 
invertebrates could be attributed directly to changes in coral cover. 
N evertheless, substantial region-wide ecological changes occurred 
that were mostly independent of coral loss, and instead appeared to 
be linked directly to sea temperatures. C ommunity-wide trophic 
restructuring was evident, with weakening of strong pre-existing 
latitudinal gradients in the diversity of fishes, invertebrates and their 
functional groups. In particular, fishes that scrape algae from reef 
surfaces, which are considered to be important for recovery after 
bleaching2, declined on northern reefs, whereas other herbivorous 
groups increased on southern reefs. The full impact of the 2016 
bleaching event may not be realized until dead corals erode during 
the next decade5,6. However, our short-term observations suggest 
that the recovery processes, and the ultimate scale of impact, are 
affected by functional changes in communities, which in turn 
depend on the thermal affinities of local reef-associated fauna. Such 
changes will vary geographically, and may be particularly acute at 
locations where many fishes and invertebrates are close to their 
thermal distribution limits7.

The 2016  mass bleaching event affected coral reefs world-wide, with 
catastrophic impacts reported in the Red Sea, central Indian O cean, 
across the Pacific O cean and in the Caribbean3,8,9. The Australian 
Great Barrier Reef (GBR), the largest coral reef system in the world, 
experienced the warmest temperatures on record for the region. An 
estimated 91.1%  of reefs along the GBR experienced some bleaching3, 
resulting in an estimated loss of approximately 30%  of live coral cover 
over the following six months10. The event was thus comparable to the 
1998 mass bleaching event in the Indian O cean in terms of reported 
impacts on corals2,11. We surveyed 186  reef sites along the GBR and 
at less-studied isolated reefs in the Coral Sea before and after the 
2016  bleaching event, and here we report reef- and regional-scale 
effects of the extreme thermal anomaly and loss of coral cover on the 
rich reef-associated fish and mobile invertebrate fauna. At each site, 
globally standardized Reef L ife Survey census methods12 were used 
to quantify changes to coral cover, reef fishes and mobile macroinver-
tebrates at multiple depths (overall mean, 6 .7 m; range, 0.8–17.0 m). 

‘ Before’ data were obtained between 2010 and 2015, and ‘ after’ data 
were obtained 8–12 months after bleaching.

As reported elsewhere10, decreases in live hard coral cover were wide-
spread (Fig. 1), although we found that the regional pattern was more 
spatially heterogeneous than previously described, when field surveys 
were standardized amongst shallow reef crest habitat10. Forty-four of 
the 186  surveyed sites experienced absolute declines in live coral cover 
that exceeded 10%  (up to 51%  loss for one site at O sprey Reef), with the 
northern Coral Sea reefs suffering the most consistent losses (Fig. 1a, b).  
The magnitude of coral-cover change was related to the local sea  
temperature anomalies (Fig. 1d and Extended Data Fig. 1), but coral 
loss varied considerably, and not all reefs in regions that experienced 
the greatest temperature anomalies experienced losses in live coral 
cover. In some cases, such as the central Coral Sea reefs, a history of 
cyclone damage meant that there was relatively little coral to lose. Thus, 
geographical patterns in pre-bleaching cover had a critical role in the 
realized effects of bleaching on corals (Fig. 1d). Coral-cover losses of 
the greatest magnitude occurred in disparate locations, including in the 
northern Coral Sea (Boot and O sprey Reefs; mean, 15%  absolute cover 
loss, or approximately 40%  of the pre-bleaching live coral cover), and 
the southern GBR (most southerly Swain Reefs; 28%  loss, or 100%  of 
pre-bleaching cover). The northern reefs in the GBR experienced the 
most extensive bleaching of those surveyed during the 2016  event3, but 
not all of the reefs in that area suffered the extreme rates of live coral- 
cover loss that were observed more generally10 (Fig. 1a, b). The fate of 
bleached corals can vary considerably13,14, and a reasonable proportion 
of corals on some of these reefs must have regained their zooxanthellae 
and survived the bleaching event. Algal cover substantially increased 
across the majority of reefs that experienced coral declines (Fig. 1c and 
Extended Data Fig. 2).

Not all coral declines that were observed during the study could be 
assumed to be solely due to the bleaching event (other disturbances, 
such as cyclones, may have also had impacts on corals at particular 
locations; see Methods). To investigate the effects on reef fauna that 
could be most clearly attributable to the bleaching event, we quantified  
changes on a subset of reefs that experienced extreme heating  
and substantial live coral-cover loss (see Methods for criteria). O n 
these reefs, the abundance of coral-eating fishes (corallivores) con-
sistently declined, and declines in local fish species richness were 
also common (Extended Data Fig. 3). Such changes have previously 
been observed as rapid responses to coral bleaching events5,15,16 , and 
are clearly a concerning form of reef-scale biodiversity loss. These 
changes were not observed on a subset of comparison reefs that also 
experienced extreme heating, but that did not experience an observ-
able loss of live coral cover (Extended Data Fig. 3). O ther previously 
reported short-term effects of bleaching, such as increased herbivore 
abundance15 in response to a boom in algal resources5,16 , occurred on 
some study reefs, but were not consistent features of those reefs with 
the clearest impacts on coral cover attributable to bleaching (Extended 
Data Fig. 3).
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A number of studies indicate that tropical arthropods should be
particularly vulnerable to climate warming. If these predictions are
realized, climate warming may have a more profound impact on
the functioning and diversity of tropical forests than currently
anticipated. Although arthropods comprise over two-thirds of terres-
trial species, information on their abundance and extinction rates
in tropical habitats is severely limited. Here we analyze data on
arthropod and insectivore abundances taken between 1976 and
2012 at two midelevation habitats in Puerto Rico’s Luquillo rainforest.
D uring this time, mean maximum temperatures have risen by 2.0 ° C.
Using the same study area and methods employed by Lister in the
1970s, we discovered that the dry weight biomass of arthropods
captured in sweep samples had declined 4 to 8 times, and 30 to
60 times in sticky traps. Analysis of long-term data on canopy arthro-
pods and walking sticks taken as part of the Luquillo Long-Term
Ecological Research program revealed sustained declines in abun-
dance over two decades, as well as negative regressions of abun-
dance on mean maximum temperatures. We also document parallel
decreases in Luquillo’s insectivorous lizards, frogs, and birds. While El
Niñ o/ Southern O scillation influences the abundance of forest arthro-
pods, climate warming is the major driver of reductions in arthropod
abundance, indirectly precipitating a bottom-up trophic cascade and
consequent collapse of the forest food web.

climate warming | rainforest | food web | arthropods | bottom-up cascade

F rom pole to pole, climate warming is disrupting the biosphere
at an accelerating pace. Despite generally lower rates of

warming in tropical habitats (1), a growing body of theory and data
suggests that tropical ectotherms may be particularly vulnerable to
climate change (2). As J anzen (3) pointed out, tropical species that
evolved in comparatively aseasonal environments should have nar-
rower thermal niches, reduced acclimation to temperature fluctu-
ations, and exist at or near their thermal optima. Consequently,
even small increments in temperature can precipitate sharp de-
creases in fitness and abundance. These predictions have been
verified in a variety of tropical reptiles, amphibians, and inverte-
brates (4–8).
Given their abundance, diversity, and central roles as herbi-

vores, pollinators, predators, and prey, the response of arthro-
pods to climate change is of particular concern. Deutsch et al. (5)
predicted that, for insects living at mid-to-high latitudes, rates of
increase should grow as climate warms, while in the tropics in-
sects should decline by as much as 20% . R eduction in population
growth, combined with elevated metabolic rates, could poten-
tially lower abundances and raise arthropod extinction rates. If
these predictions are realized, climate warming may have an
even more profound impact on the functioning and biodiversity
of the Earth’s tropical forests than currently anticipated.
Although arthropods comprise more than two-thirds of all

terrestrial species and are centrally important to the ecological
well-being of the Earth’s ecosystems, long-term data on pop-
ulation abundance and extinction rates are severely limited (9).
Studies documenting declines in insects have focused on tem-
perate species (10–13), and have identified climate warming,
along with habitat disturbance and insecticides, as primary causal

mechanisms (9, 10). While demonstrated impacts of climate change
on tropical forests include reductions in plant diversity (14), changes
in plant species composition (15), and increases in tree growth,
mortality, and biomass (16), little is known about the impact of
climate warming on rainforest arthropods (17, 18). Here we analyze
long-term data on climate change, arthropod abundance, and in-
sectivores within the Luquillo rainforest in northeastern P uerto
R ico, with the aim of determining if increases in ambient temper-
ature may have driven reductions in arthropod numbers and asso-
ciated decreases in consumer abundance.

Re s u l t s
Cl i m a t e Tr e n d s i n t h e Lu q u i l l o F o r e s t . Fig. 1 compares trends in
mean maximum yearly temperature (MnMaxT) for the El V erde
Field Station and Bisley Tower meteorological stations, both
located at an altitude of 350 m. Between 1978 and 2015,
MnMaxT at El V erde rose by 2.0 ° C at an average rate of
0.050 ° C per year. Between 1993 and 2015, the rate of temper-
ature increase at Bisley Tower was 0.055 ° C per year, not sig-
nificantly different from the rate at El V erde.
As several authors have pointed out, increased exposure to

extreme temperatures may have a greater impact on fitness than
gradual increases in average temperatures (6, 19, 20). At El
V erde the proportion of maximum daily temperatures equal to
or exceeding 29.0 ° C increased significantly between 1978 and
2015 (S I A p p end i x , Fig. S8 E ). At the Bisley station, the pro-
portion of maximum daily temperatures equal to or exceeding
29.0 ° C grew steadily from the 1990s until 2015, with the pro-
portion averaging 0.03 for 1993–1994 and 0.44 for 2014–2015.

Significance

Arthropods, invertebrates including insects that have external
skeletons, are declining at an alarming rate. While the tropics
harbor the majority of arthropod species, little is known about
trends in their abundance. We compared arthropod biomass in
Puerto Rico’s Luquillo rainforest with data taken during the
1970s and found that biomass had fallen 10 to 60 times. O ur
analyses revealed synchronous declines in the lizards, frogs,
and birds that eat arthropods. O ver the past 30 years, forest
temperatures have risen 2.0 ° C, and our study indicates that
climate warming is the driving force behind the collapse of the
forest’s food web. If supported by further research, the impact
of climate change on tropical ecosystems may be much greater
than currently anticipated.
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nificantly different from the rate at El V erde.
As several authors have pointed out, increased exposure to

extreme temperatures may have a greater impact on fitness than
gradual increases in average temperatures (6, 19, 20). At El
V erde the proportion of maximum daily temperatures equal to
or exceeding 29.0 ° C increased significantly between 1978 and
2015 (S I A p p end i x , Fig. S8 E ). At the Bisley station, the pro-
portion of maximum daily temperatures equal to or exceeding
29.0 ° C grew steadily from the 1990s until 2015, with the pro-
portion averaging 0.03 for 1993–1994 and 0.44 for 2014–2015.

Significance

Arthropods, invertebrates including insects that have external
skeletons, are declining at an alarming rate. While the tropics
harbor the majority of arthropod species, little is known about
trends in their abundance. We compared arthropod biomass in
Puerto Rico’s Luquillo rainforest with data taken during the
1970s and found that biomass had fallen 10 to 60 times. O ur
analyses revealed synchronous declines in the lizards, frogs,
and birds that eat arthropods. O ver the past 30 years, forest
temperatures have risen 2.0 ° C, and our study indicates that
climate warming is the driving force behind the collapse of the
forest’s food web. If supported by further research, the impact
of climate change on tropical ecosystems may be much greater
than currently anticipated.
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G lob al pattern of nest predation is
disrupted b y climate change
in shoreb irds
V oj t ěc h K u b e l k a 1 , 2*, M i r os l a v Š á l e k 3, P a v e l T om k ov i c h 4 , Z s ol t V é g v á r i 5, 6,
R ob e r t P . F r e c k l e t on 7 , T a m á s S z é k e l y 2, 8 , 9 , 1 0 *

O ngoing climate change is thought to disrupt trophic relationships, with conseq uences
for complex interspecific interactions, yet the effects of climate change on species
interactions are poorly understood, and such effects have not been documented at a global
scale. U sing a single database of 3 8 ,1 9 1 nests from 2 3 7 populations, we found that
shorebirds have experienced a worldwide increase in nest predation over the past
7 0 years. H istorically, there existed a latitudinal gradient in nest predation, with the highest
rates in the tropics; however, this pattern has been recently reversed in the N orthern
H emisphere, most notably in the Arctic. T his increased nest predation is consistent with
climate-induced shifts in predator-prey relationships.

C
limate change is affecting organisms at a
global scale in several ways (1–4), including
directly altering demographic parameters
such as adult survival (5) and reproduction
(1) or through altered trophic interactions

(1, 6, 7). Successful recruitment counters mortal-
ity and maintains viable populations; thus, dis-
ruption of reproductive performance can have
detrimental effects on wild populations (8–10).
A lterations in demographic parameters have been
attributed to recent climate change (1, 5, 11), es-
pecially in the A rctic, where the consequences of
warming are expected to be more pronounced
(6, 12). However, the evidence for impacts of cli-
mate change on species interactions is mixed,
and to date there is no evidence that such inter-
actions are changing globally (1–3).

O ffspring mortality due to predation has a
pivotal influence on the reproductive perform-
ance of wild populations (8, 13–15), and extreme
rates of predation can quickly lead to population
declines or even species extinction (16). Thus,
nest predation is a good indicator of the po-
tential for reproductive recruitment in bird pop-
ulations (10). Disruption to annual productivity
through increased nest predation could have a
detrimental effect on population dynamics and
lead to increased extinction risks (9). To explore
changes in spatial patterns of reproduction and
potential alterations in trophic interactions due
to changes in climate, we used nest predation
data from shorebirds, a globally distributed group
of ground-nesting birds that exhibit high inter-
specific similarity in nest appearance to potential

predators and are exceptionally well-studied in
the wild, including ecology, behavior, and demo-
graphy (10, 17, 18). We collected data from both
published and previously unpublished sources
that included 38,191 nests in 237 populations of
111 shorebirds species from 149 locations, encom-
passing all continents across a 70-year time span
(fig. S1 and table S1).
Using our comprehensive dataset in a spatio-

phylogenetic framework (19), we show that rates
of nest predation increased over the past 70 years.
Daily nest predation, as well as total nest pre-
dation (reflecting the full incubation period for a
given species), have increased overall worldwide
since the 1950s (Figs. 1 and 2, A and B; fig. S2, A
and B; and table S2). Thus, total nest predation
was historically (until 1999) on average 43 ± 2%
(SEM), and this has increased to 57 ± 2% since
2000. However, the extent of change shows con-
siderable geographical variation. In the tropics
and south temperate areas, changes in daily and
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Fi g . 1 . Ne s t p r e d a t i o n i n
s h o r e b i r d s . (A and
B ) H istoric rates of nest
predation (1 9 4 4 – 1 9 9 9 ,
1 4 5 populations). (C and
D) Recent rates of nest
predation (2 0 0 0 – 2 0 1 6 ,
1 0 2 populations). (E and
F) C hanges between his-
toric and recent nest pre-
dation rates. Dots show
study locations. [ (A), (C ),
and (E)] Daily nest pre-
dation (log transformed)
(materials and methods).
[ (B ), (D), and (F )] Total
nest predation (percent-
age) (materials and
methods and fig. S1 , geo-
graphic coverage).
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The sum of the biomass across all taxa on Earth is ≈550 Gt C,
of which ≈80% (≈450 Gt C; S I A p p end i x , Table S2) are plants,
dominated by land plants (embryophytes). The second major
biomass component is bacteria (≈70 Gt C; S I A p p end i x , Tables
S3–S7), constituting ≈15% of the global biomass. Other groups,
in descending order, are fungi, archaea, protists, animals, and
viruses, which together account for the remaining <10% . Despite

the large uncertainty associated with the total biomass of bac-
teria, we estimate that plants are the dominant kingdom in terms
of biomass at an ≈90% probability (more details are provided in
the S I A p p end i x ). Aboveground biomass (≈320 Gt C) represents
≈60% of global biomass, with belowground biomass composed
mainly of plant roots (≈130 Gt C) and microbes residing in the
soil and deep subsurface (≈100 Gt C). P lant biomass includes
≈70% stems and tree trunks, which are mostly woody, and thus
relatively metabolically inert. Bacteria include about 90% deep
subsurface biomass (mostly in aquifers and below the seafloor),
which have very slow metabolic activity and associated turnover
times of several months to thousands of years (18–22). Excluding
these contributions, global biomass is still dominated by plants
(S I A p p end i x , Fig. S1), mostly consisting of ≈150 Gt C of plant
roots and leaves and ≈9 Gt C of terrestrial and marine bacteria
whose contribution is on par with the ≈12 Gt C of fungi (S I
A p p end i x , Table S8).
Whereas groups like insects dominate in terms of species

richness [ with about 1 million described species (23)] , their
relative biomass fraction is miniscule. Some species contrib-
ute much more than entire families or even classes. For ex-
ample, the Antarctic krill species E u p hau s i a s u p erb a contributes
≈0.05 Gt C to global biomass (24), similar to other prominent
species such as humans or cows. This value is comparable to
the contribution from termites (25), which contain many spe-
cies, and far surpasses the biomass of entire vertebrate classes
such as birds. In this way, the picture that arises from taking
a biomass perspective of the biosphere complements the fo-
cus on species richness that is commonly held ( S I A p p end i x ,
Fig. S3).

Th e Un c e r t a i n t y As s o c i a t e d w i t h Gl o b a l Bi o m a s s Es t i m a t e s . The
specific methods used for each taxon are highly diverse and are
given in detail in the S I A p p end i x , along with data sources.
Global biomass estimates vary in the amount of information they
are based on and, consequently, in their uncertainty. An estimate
of relatively high certainty is that of plants, which is based on
several independent sources. One of these is the Forest R e-
source Assessment, a survey on the state of world forests con-
ducted by the international Food and Agriculture Organization
(FAO). The assessment is based on a collection of country re-
ports that detail the area and biomass density of forests in each
country (26) using a standardized format and methodology. The
FAO also keeps a record of nonforest ecosystems, such as sa-
vannas and shrublands, in each country. Alternatively, remote
sensing data give high coverage of measurements that indicate

A B

Fi g. 1. G raphical representation of the global biomass distribution by tax a. (A) Absolute biomasses of different tax a are represented using a Voronoi di-
agram, with the area of each cell being proportional to that tax a global biomass (the specific shape of each polygon carries no meaning). This type of vi-
sualization is similar to pie charts but has a much higher dynamic range (a comparison is shown in SI Appendix, Fig. S4). Values are based on the estimates
presented in Table 1 and detailed in the SI Appendix. A visual depiction without components with very slow metabolic activity, such as plant stems and tree
trunks, is shown in SI Appendix, Fig. S1. (B) Absolute biomass of different animal tax a. Related groups such as vertebrates are located nex t to each other. We
estimate that the contribution of reptiles and amphibians to the total animal biomass is negligible, as we discuss in the SI Appendix. Visualization performed
using the online tool at bionic-vis.biologie.uni-greifswald.de/.

Table 1. Summary of estimated total biomass for abundant
taxonomic groups

Tax on Mass (G t C) Uncertainty (-fold)

Plants 450 1.2

Bacteria 70 10

Fungi 12 3

Archaea 7 13

Protists 4 4

Animals 2 5
Arthropods, terrestrial 0.2
Arthropods, marine 1
Chordates, fish 0.7
Chordates, livestock 0.1
Chordates, humans 0.06
Chordates, wild mammals 0.007
Chordates, wild birds 0.002
Annelids 0.2
Molluscs 0.2
Cnidarians 0.1
Nematodes 0.02

Viruses 0.2 20

Total 550 1.7

Values are based on an ex tensive literature survey and data integration as
detailed in the SI Appendix. Reported values have been rounded to reflect
the associated level of uncertainty. We report an uncertainty proj ection for
each kingdom as a fold-change factor from the mean, representing a range
akin to a 9 5% confidence interval of the estimate. The procedure for de-
riving these proj ections is documented in detail in Materials and Methods
and SI Appendix.
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A census of the biomass on Earth is key for understanding the
structure and dynamics of the biosphere. However, a global,
quantitative view of how the biomass of different taxa compare
with one another is still lacking. Here, we assemble the overall
biomass composition of the biosphere, establishing a census of the
≈5 5 0 gigatons of carbon (Gt C) of biomass distributed among all of
the kingdoms of life. We find that the kingdoms of life concentrate
at different locations on the planet; plants (≈45 0 Gt C, the domi-
nant kingdom) are primarily terrestrial, whereas animals (≈2 Gt C)
are mainly marine, and bacteria (≈70 Gt C) and archaea (≈7 Gt C)
are predominantly located in deep subsurface environments. We
show that terrestrial biomass is about two orders of magnitude
higher than marine biomass and estimate a total of ≈6 Gt C of
marine biota, doubling the previous estimated quantity. O ur anal-
ysis reveals that the global marine biomass pyramid contains more
consumers than producers, thus increasing the scope of previous
observations on inverse food pyramids. F inally, we highlight that
the mass of humans is an order of magnitude higher than that of
all wild mammals combined and report the historical impact of
humanity on the global biomass of prominent taxa, including
mammals, fish, and plants.

ecology | biomass | biosphere | quantitative biology

O ne of the most fundamental efforts in biology is to describe
the composition of the living world. Centuries of research

have yielded an increasingly detailed picture of the species that
inhabit our planet and their respective roles in global ecosystems.
In describing a complex system like the biosphere, it is critical to
quantify the abundance of individual components of the system
(i.e., species, broader taxonomic groups). A quantitative de-
scription of the distribution of biomass is essential for taking
stock of biosequestered carbon (1) and modeling global bio-
geochemical cycles (2), as well as for understanding the historical
effects and future impacts of human activities.
Earlier efforts to estimate global biomass have mostly focused

on plants (3–5). In parallel, a dominant role for prokaryotic
biomass has been advocated in a landmark paper by Whitman
et al. (6) entitled “ P rokaryotes: The unseen majority.” New
sampling and detection techniques (7, 8) make it possible to re-
visit this claim. Likewise, for other taxa, such as fish, recent global
sampling campaigns (9) have resulted in updated estimates, often
differing by an order of magnitude or more from previous esti-
mates. For groups such as arthropods, global estimates are still
lacking (10, 11).
All of the above efforts are each focused on a single taxon. We

are aware of only two attempts at a comprehensive accounting of
all biomass components on Earth: Whittaker and Likens (12)
made a remarkable effort in the early 1970s, noting even then that
their study was “ intended for early obsolescence.” It did not in-
clude, for example, bacterial or fungal biomass. The other at-
tempt, by Smil (13), was included as a subsection of a book
intended for a broad readership. His work details characteristic
values for the biomass of various taxa in many environments. Fi-
nally, Wikipedia serves as a highly effective platform for making
accessible a range of estimates on various taxa (https: / / en.wikipedia.
org/ wiki/ Biomass_ (ecology)# Global_ biomass) but currently falls
short of a comprehensive or integrated view.

In the past decade, several major technological and scientific
advances have facilitated an improved quantitative account of
the biomass on Earth. Next-generation sequencing has enabled a
more detailed and cultivation-independent view of the compo-
sition of natural communities based on the relative abundance of
genomes (14). Better remote sensing tools enable us to probe the
environment on a global scale with unprecedented resolution
and specificity. The T ara Oceans expedition (15) is among recent
efforts at global sampling that are expanding our view and cov-
erage. Continental counterpart efforts, such as the National
Ecological Observatory Network in North America, add more
finely resolved, continent-specific details, affording us more ro-
bust descriptions of natural habitats.
Here, we either assemble or generate estimates of the biomass

for each of the major taxonomic groups that contribute to the
global biomass distribution. Our analysis (described in detail in S I
A p p end i x ) is based on hundreds of studies, including recent studies
that have overturned earlier estimates for many taxa (e.g., fish,
subsurface prokaryotes, marine eukaryotes, soil fauna).

Re s u l t s
Th e Bi o m a s s D i s t r i b u t i o n o f t h e Bi o s p h e r e b y K i n g d o m . In Fig. 1 and
Table 1, we report our best estimates for the biomass of each
taxon analyzed. We use biomass as a measure of abundance,
which allows us to compare taxa whose members are of very
different sizes. Biomass is also a useful metric for quantifying
stocks of elements sequestered in living organisms. We report
biomass using the mass of carbon, as this measure is independent
of water content and has been used extensively in the literature
(6, 16, 17). Alternative measures for biomass, such as dry weight,
are discussed in M ateri als and M ethod s . For ease of discussion,
we report biomass in gigatons of carbon, with 1 Gt C = 1015 g of
carbon. We supply additional estimates for the number of indi-
viduals of different taxa in S I A p p end i x , Table S1.

Significance

The composition of the biosphere is a fundamental question in
biology, yet a global quantitative account of the biomass of
each taxon is still lacking. We assemble a census of the biomass
of all kingdoms of life. This analysis provides a holistic view of
the composition of the biosphere and allows us to observe
broad patterns over taxonomic categories, geographic loca-
tions, and trophic modes.
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EX T I NCTI ON

B ody siz e dow ngrading of mammals
ov er the late Q uaternary
F e l i s a A . S m i t h , 1 * R os e m a r y E . E l l i ot t S m i t h , 2 S . K a t h l e e n L y on s , 3 J on a t h a n L . P a y n e 4

S ince the late P leistocene, large-bodied mammals have been extirpated from much of
Ea rth. Although all habitable continents once harbored giant mammals, the few remaining
species are largely confined to Africa. T his decline is coincident with the global expansion
of hominins over the late Q uaternary. H ere, we q uantify mammalian extinction selectivity,
continental body siz e distributions, and taxonomic diversity over five time periods
spanning the past 1 2 5 ,0 0 0 years and stretching approximately 2 0 0 years into the future.
We demonstrate that siz e-selective extinction was already under way in the oldest interval
and occurred on all continents, within all trophic modes, and across all time intervals.
M oreover, the degree of selectivity was unprecedented in 6 5 million years of mammalian
evolution. T he distinctive selectivity signature implicates hominin activity as a primary
driver of taxonomic losses and ecosystem homogeniz ation. B ecause megafauna have
a disproportionate influence on ecosystem structure and function, past and present body
siz e downgrading is reshaping E arth’ s biosphere.

W
ild mammals are in decline globally be-
cause of a lethal combination of human-
mediated threats, including hunting,
introduced predators, and habitatmodi-
fication (1–5). Extinction risk is particu-

larly acute for the largest mammals, which are
more frequently in conflict with humans (1, 6).
The ongoing extirpation of large-bodied mam-
mals is a major conservation concern because
their decline can lead to the loss of ecological
functionwithin communities (3, 5, 7).Megafauna
have crucial direct and indirect impacts on vege-
tation structure, biogeochemical cycling, ecolog-
ical interactions, and climate (7–10). A lthough the
current extinction rate is higher than earlier in the
Cenozoic (4), the ongoing biodiversity crisis may
be an acceleration of a long-term trend over the
late Q uaternary. For example, a striking feature of
the P leistocene was the abundance and diversity
of extremely large mammals such as the mam-
moth, giant ground sloth, wooly rhinoceros, and
sabretooth tiger on all habitable continents. The
debate about the causes of the terminal P leisto-
cene megafauna extinction has been long and
acrimonious, with particular controversy surround-
ing the role of humans (11–13).
Multiple hominins—including at a minimum

Neandertals, Denisovans, and archaic/ modern
humans—have been part of ecosystems through-
out the late P leistocene. Genetic analyses reveal a
complicated history, with substantial admixture
betweenpopulations (14). A nthropologists remain
divided about the routes, exact timing, and num-
ber of early migrations from A frica (14–18), but
several hominin specieswere probablywidespread

across A frica and Eurasia around 80 thousand to
60 thousand years (ka) ago (15–17). Further ex-
pansion followed, with modern Homo sapiens
reaching A ustralia ~ 60 to 50 ka ago and crossing
into the A mericas ~ 15 to 13 ka ago (15).Migrations
were likely driven or facilitated by climatic factors
(17, 18) and were followed by rapid increases in
population sizes (17, 19). For example, hominin
populations in western Europe increased 10-fold
by the Neandertal-to-Modern human transi-
tion ~ 40 ka ago (19). Middle toUpper P aleolithic
hominins were hunters who lived in groups and
used both tools and fire (20); thus, it is plausible
that their activities and rapid population growth
influenced mammal biodiversity well before the
terminal P leistocene.
We investigated the influence of these emerging

and increasingly sophisticated hominin predators
on continental and global mammalian biodiversity
over the late Q uaternary (21). O ngoing biodiversity
loss is robustly linked to human activities (1–5);
and previous work linked extinction risk over
the Holocene, terminal P leistocene, and end-
P leistocene to human activities (4, 6, 11–13, 22–25);
but earlier influences remain poorly characterized.
A lthough recent work on paleodemography exists
for H. sapiens over the late P leistocene and Hol-
ocene (17), a lack of data for other hominins pre-
cludes direct comparison ofmammalian extinction
risk over time against hominin population density.
However, should we find significant differences
between the pattern of late Q uaternary extinction
selectivity and the rest of the Cenozoic mammal
record, this would strongly suggest a role of
hominin activity (13, 24, 25).
We used two data sets to test the potential role

of hominin activity on extinction selectivity,mam-
malian body size distributions, and patterns of
biodiversity over time and into the future (21).
First, we updated a spatially explicit global record
of body size and trophic mode for nonvolant, ter-
restrial mammals for the late Q uaternary (MO M).
Second, we constructed a global data set of Ce-

nozoic mammals with associated stratigraphic
duration, body mass, and trophic mode. We cat-
egorized late Q uaternary extinctions into five
temporal bins: late P leistocene (125 to 70 ka ago),
which corresponded with the initial waves of mi-
gration of hominins out of A frica; end P leistocene
(70 to 20 ka ago),which represented the continued
expansion of hominins into Eurasia and the col-
onization of A ustralasia; terminal P leistocene
(20 to 10 ka ago), which encompassed the migra-
tion of humans into the A mericas; Holocene
(10 to 0 ka ago), which represented further expan-
sion of humans throughout the globe; and future
(~ + 0.2 ka), where we assumed that all currently
threatened mammals become extinct (21). We
binned the Cenozoic fossil data set into intervals
of 1 million years (Ma) as a reference standard
and computed temperature metrics for each bin
(21). For each time interval, we characterized the
size selectivity of extinction using logistic regres-
sion and examined overall body size distribution
and trophic guild structure (tables S1 to S7) (21).
For the late Q uaternary, we also characterized
size selectivity by continent and trophic level.
O ur analyses demonstrated a striking and sig-

nificantly size-biased pattern of mammalian ex-
tinction over the late Q uaternary, distinct in the
Cenozoic record (Figs. 1 to 3 and fig. S1).We found
a mass difference of two to three orders of mag-
nitude between victims and survivors of late
Q uaternary extinction intervals (Fig. 2A and table
S1), reflecting a significant association between
size and extinction probability (Fig. 2B and
table S5). This size bias occurred on each conti-
nent (Fig. 2, C and D) and within each major
trophic group (Fig. 2, E and F), with the mag-
nitude of the size difference and the statistical
measure of size selectivity decreasing between
the P leistocene and Holocene (Fig. 2, A to F).
The reduced selectivity of the Holocene and fu-
ture extinctions likely reflects changes in the
nature of threats. Today, many smaller-bodied
animals are vulnerable because of habitat alter-
ation, introduced predators, or urbanization
(5–7, 11, 26).
Comparison of extinctions across the entirety

of the Cenozoic demonstrated that body mass
was rarely significantly associated with the prob-
ability of extinction before the late P leistocene
(Figs. 1 and 3, E and F), and further, size differ-
ences between victims and survivors never
approached those observed in the P leistocene
(tables S1 and S3). There was a preferential loss
of small-bodied species in the O ligocene that is
perhaps linked to expansion of grasslands and
prairies (~ 29 Ma ago) (Fig. 3E), although this
value had high uncertainty. However, no interval
over the past 65 Ma was as selective as the late
Q uaternary. Moreover, climate change did not in-
crease extinction risk for large-bodied mammals
before the spread of hominins. We found no re-
lationship between temperature change over the
Cenozoic and size bias of extinction; neither
small nor large mammals were more vulnerable
to extinction during times of high climate varia-
bility (table S3 and fig. S4). The probability that
the late P leistocene and Cenozoic selectivity
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years may well be a domestic cow (B os taurus) at
~ 900 kg. Furthermore, the loss of currently endan-
gered species would reduce terrestrial mammal
body mass to the lowest values in the past 45 Ma
(Fig. 3, A andC, as comparedwith Fig. 3, B andD).
The last time the body size distribution of ter-
restrial vertebrates was similarly disrupted was
~ 66 Ma ago, during the end-Cretaceous mass
extinction.
Because body size is strongly linked to most

biological rates and processes (30), the extir-
pation of large mammals led to a fundamental
restructuring of energy flow through mammal
communities over the late Q uaternary. The severe
body size downgrading—a truncation of more
than two orders of magnitude—resulted in sub-
stantial shifts from bimodal toward unimodal
size distributions (Fig. 4 and fig. S1). Homoge-
nization of distributions continued through the
Holocene and is predicted to continue into the
future (Fig. 4 and table S4). Extinctions also led
to changes in the proportional representation of
trophic guilds, especially herbivores (fig. S2). In
the future, continental distributions will be severe-
ly skewed toward smaller mammals (Fig. 4)—in
particular, rodents (fig. S2). Ecological principles
suggest that changes in energy flow over the
P leistocene likely led to compensatory changes,
potentially numerical responses by surviving
smaller-bodied mammals to maintain ecosystem
homeostasis (31). By the Holocene, however, hu-
mans were a strong influence on energy flow
within ecosystems. Global expansion was accom-
panied by increased human densities (17) and
animal domestication (10). By historical time, the
terrestrial biosphere was transformed from one
dominated by wild animals into one dominated
by humans and their livestock, many provisioned
with domesticated crops (2, 5, 10). Today, the bio-
mass of the > 4.5 billion domesticated animals on
Earth exceeds estimates for wild mammals at the
terminal P leistocene (10).
O ur study highlights the long and sustained

influence of humans and other hominins on
terrestrial ecosystems. A s Neandertals, Deniso-
vans, and humans spread across the globe over
the late Q uaternary, a highly size-biased extinc-
tion followed, a pattern distinct in the Cenozoic
mammal record. The subsequent downgrading
of body size was severe and differentially targeted
herbivores. Thus, contemporary biodiversity loss
is part of a trend spanningmore than 125 ka, with
expected future extinctions of greater magnitude,
but reduced size selectivity, than in the past. The
homogenization of ecosystems has dramatically
influenced the past, present, and future role of
wild mammals in the terrestrial biosphere.
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EX T I NCTI ON

B ody siz e dow ngrading of mammals
ov er the late Q uaternary
F e l i s a A . S m i t h , 1 * R os e m a r y E . E l l i ot t S m i t h , 2 S . K a t h l e e n L y on s , 3 J on a t h a n L . P a y n e 4

S ince the late P leistocene, large-bodied mammals have been extirpated from much of
E arth. Although all habitable continents once harbored giant mammals, the few remaining
species are largely confined to Africa. T his decline is coincident with the global expansion
of hominins over the late Q uaternary. H ere, we q uantify mammalian extinction selectivity,
continental body siz e distributions, and taxonomic diversity over five time periods
spanning the past 1 2 5 ,0 0 0 years and stretching approximately 2 0 0 years into the future.
We demonstrate that siz e-selective extinction was already under way in the oldest interval
and occurred on all continents, within all trophic modes, and across all time intervals.
M oreover, the degree of selectivity was unprecedented in 6 5 million years of mammalian
evolution. T he distinctive selectivity signature implicates hominin activity as a primary
driver of taxonomic losses and ecosystem homogeniz ation. B ecause megafauna have
a disproportionate influence on ecosystem structure and function, past and present body
siz e downgrading is reshaping E arth’ s biosphere.

W
ild mammals are in decline globally be-
cause of a lethal combination of human-
mediated threats, including hunting,
introduced predators, and habitatmodi-
fication (1–5). Extinction risk is particu-

larly acute for the largest mammals, which are
more frequently in conflict with humans (1, 6).
The ongoing extirpation of large-bodied mam-
mals is a major conservation concern because
their decline can lead to the loss of ecological
functionwithin communities (3, 5, 7).Megafauna
have crucial direct and indirect impacts on vege-
tation structure, biogeochemical cycling, ecolog-
ical interactions, and climate (7–10). A lthough the
current extinction rate is higher than earlier in the
Cenozoic (4), the ongoing biodiversity crisis may
be an acceleration of a long-term trend over the
late Q uaternary. For example, a striking feature of
the P leistocene was the abundance and diversity
of extremely large mammals such as the mam-
moth, giant ground sloth, wooly rhinoceros, and
sabretooth tiger on all habitable continents. The
debate about the causes of the terminal P leisto-
cene megafauna extinction has been long and
acrimonious, with particular controversy surround-
ing the role of humans (11–13).
Multiple hominins—including at a minimum

Neandertals, Denisovans, and archaic/ modern
humans—have been part of ecosystems through-
out the late P leistocene. Genetic analyses reveal a
complicated history, with substantial admixture
betweenpopulations (14). A nthropologists remain
divided about the routes, exact timing, and num-
ber of early migrations from A frica (14–18), but
several hominin specieswere probablywidespread

across A frica and Eurasia around 80 thousand to
60 thousand years (ka) ago (15–17). Further ex-
pansion followed, with modern Homo sapiens
reaching A ustralia ~ 60 to 50 ka ago and crossing
into the A mericas ~ 15 to 13 ka ago (15).Migrations
were likely driven or facilitated by climatic factors
(17, 18) and were followed by rapid increases in
population sizes (17, 19). For example, hominin
populations in western Europe increased 10-fold
by the Neandertal-to-Modern human transi-
tion ~ 40 ka ago (19). Middle toUpper P aleolithic
hominins were hunters who lived in groups and
used both tools and fire (20); thus, it is plausible
that their activities and rapid population growth
influenced mammal biodiversity well before the
terminal P leistocene.
We investigated the influence of these emerging

and increasingly sophisticated hominin predators
on continental and global mammalian biodiversity
over the late Q uaternary (21). O ngoing biodiversity
loss is robustly linked to human activities (1–5);
and previous work linked extinction risk over
the Holocene, terminal P leistocene, and end-
P leistocene to human activities (4, 6, 11–13, 22–25);
but earlier influences remain poorly characterized.
A lthough recent work on paleodemography exists
for H. sapiens over the late P leistocene and Hol-
ocene (17), a lack of data for other hominins pre-
cludes direct comparison ofmammalian extinction
risk over time against hominin population density.
However, should we find significant differences
between the pattern of late Q uaternary extinction
selectivity and the rest of the Cenozoic mammal
record, this would strongly suggest a role of
hominin activity (13, 24, 25).
We used two data sets to test the potential role

of hominin activity on extinction selectivity,mam-
malian body size distributions, and patterns of
biodiversity over time and into the future (21).
First, we updated a spatially explicit global record
of body size and trophic mode for nonvolant, ter-
restrial mammals for the late Q uaternary (MO M).
Second, we constructed a global data set of Ce-

nozoic mammals with associated stratigraphic
duration, body mass, and trophic mode. We cat-
egorized late Q uaternary extinctions into five
temporal bins: late P leistocene (125 to 70 ka ago),
which corresponded with the initial waves of mi-
gration of hominins out of A frica; end P leistocene
(70 to 20 ka ago),which represented the continued
expansion of hominins into Eurasia and the col-
onization of A ustralasia; terminal P leistocene
(20 to 10 ka ago), which encompassed the migra-
tion of humans into the A mericas; Holocene
(10 to 0 ka ago), which represented further expan-
sion of humans throughout the globe; and future
(~ + 0.2 ka), where we assumed that all currently
threatened mammals become extinct (21). We
binned the Cenozoic fossil data set into intervals
of 1 million years (Ma) as a reference standard
and computed temperature metrics for each bin
(21). For each time interval, we characterized the
size selectivity of extinction using logistic regres-
sion and examined overall body size distribution
and trophic guild structure (tables S1 to S7) (21).
For the late Q uaternary, we also characterized
size selectivity by continent and trophic level.
O ur analyses demonstrated a striking and sig-

nificantly size-biased pattern of mammalian ex-
tinction over the late Q uaternary, distinct in the
Cenozoic record (Figs. 1 to 3 and fig. S1).We found
a mass difference of two to three orders of mag-
nitude between victims and survivors of late
Q uaternary extinction intervals (Fig. 2A and table
S1), reflecting a significant association between
size and extinction probability (Fig. 2B and
table S5). This size bias occurred on each conti-
nent (Fig. 2, C and D) and within each major
trophic group (Fig. 2, E and F), with the mag-
nitude of the size difference and the statistical
measure of size selectivity decreasing between
the P leistocene and Holocene (Fig. 2, A to F).
The reduced selectivity of the Holocene and fu-
ture extinctions likely reflects changes in the
nature of threats. Today, many smaller-bodied
animals are vulnerable because of habitat alter-
ation, introduced predators, or urbanization
(5–7, 11, 26).
Comparison of extinctions across the entirety

of the Cenozoic demonstrated that body mass
was rarely significantly associated with the prob-
ability of extinction before the late P leistocene
(Figs. 1 and 3, E and F), and further, size differ-
ences between victims and survivors never
approached those observed in the P leistocene
(tables S1 and S3). There was a preferential loss
of small-bodied species in the O ligocene that is
perhaps linked to expansion of grasslands and
prairies (~ 29 Ma ago) (Fig. 3E), although this
value had high uncertainty. However, no interval
over the past 65 Ma was as selective as the late
Q uaternary. Moreover, climate change did not in-
crease extinction risk for large-bodied mammals
before the spread of hominins. We found no re-
lationship between temperature change over the
Cenozoic and size bias of extinction; neither
small nor large mammals were more vulnerable
to extinction during times of high climate varia-
bility (table S3 and fig. S4). The probability that
the late P leistocene and Cenozoic selectivity
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P lio-P leistocene decline of A frican
megaherb iv ores: N o ev idence
for ancient hominin impacts
J . T y l e r F a i t h 1 , 2*, J oh n R ow a n 3, 4 , A n d r e w D u 5, P a u l L . K oc h 6

It has long been proposed that pre-modern hominin impacts drove extinctions and shaped the
evolutionary history of Africa’ s exceptionally diverse large mammal communities, but this
hypothesis has yet to be rigorously tested.We analyz ed eastern African herbivore communities
spanning the past 7 million years—encompassing the entirety of hominin evolutionary
history—to test the hypothesis that top-down impacts of tool-bearing, meat-eating hominins
contributed to the demise of megaherbivores prior to the emergence of H omo sap iens.We
document a steady, long-term decline ofmegaherbivores beginning ~ 4 .6 million years ago, long
before the appearance of hominin species capable of exerting top-down control of large
mammal communities and predating evidence for hominin interactions with megaherbivore
prey. E xpansion of C 4 grasslands can account for the loss of megaherbivore diversity.

A
frica is home to more species of large-
bodied mammalian herbivores than any-
where else today (1). Because most of the
world ’ s large-bodied vertebrates became
extinct toward the end of the P leistocene

(2), present-day A frican faunas serve as model
systems for understanding the ecology of large
mammal communities (3) and the impact of
massive megaherbivores (> 1000 kg) on ecosys-
tems (4). Such knowledge feeds directly into
conservation biology on a global scale by high-
lighting the ecological consequences of ongoing
large mammal diversity loss (1) and illustrating
the potential consequences of their rewilding (5).
There is a perception that A frica’ s exceptional

large herbivore diversity is due to the continent

being spared the extinctions that occurred else-
where as modern humans (Homo sapiens) dis-
persed across the world in the past 100,000 years
(2). This anomaly has been thought to reflect
coevolution of hominin hunters and their prey
(6) or perhaps a long history of extinctions pre-
cipitated by pre-modern hominins (7) in A frica.
Indeed, for decades it has been suggested that
hominins drove extinctions and shifts in the
functional structure of large mammal commu-
nities throughout the P leistocene (7–13). Many of
these hypotheses posit that top-down control of
mammal communities by tool-bearing, meat-
eating hominins contributed to the demise of
large-bodied herbivores (e.g., the formerly di-
verse P roboscidea) long before the emergence

of Homo sapiens (7, 9, 11, 12). O ther versions of
the “ancient impacts” hypothesis propose that
encroachment of Early P leistocene Homo into
the carnivore guild led to the demise of several
carnivoran lineages (8, 10), perhaps leading to
environmental changes through relaxed preda-
tion pressure on large-bodied herbivores (10).
Both scenarios imply that ancient hominins
played a key role in shaping A frican ecosystems,
and by extension the environmental settings that
influenced our own evolutionary history.
Despite decades of literature asserting ancient

hominin impacts on A frican faunas, there have
been few attempts to test this scenario or to ex-
plore alternatives. Here, we tested the hypothesis
of top-down hominin impacts on mammal com-
munities through the analysis of megaherbivore
diversity over the past 7 million years (Ma) in
eastern A frica. O ur focus on this region reflects
its rich andwell-dated late Cenozoic fossil record,
coupled with the fact that the earliest known
members of the hominin clade are from eastern
A frica, which therefore provides the longest well-
documented history of hominin-mammal com-
munity interactions in the world. O n the basis of
previous hypotheses (7–13), we expect declines in
megaherbivore community richness to follow
or temporally coincide with hominin expansion
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Fi g . 1 . M e g a h e r b i v o r e r i c h n e s s i n m o d e r n a n d f o s s i l c o m m u n i t i e s .
(A) G eographic distribution of the 2 0 3 modern (continental map) and 1 0 1
fossil (inset map) herbivore communities. (B ) Relationship between the
total number of herbivore species and the proportion of megaherbivore
species in modern African communities and eastern African fossil
assemblages. The solid line represents the maximum proportion of
megaherbivores that could coexist today, based on the empirical observation
of at most five sympatric megaherbivore species. F ossil assemblages falling
above the line are non-analog because they include a greater proportion of

megaherbivores than is observed today. (C) Megaherbivore richness residuals
over the past 7 Ma, illustrating the long-term decline of megaherbivores
starting ~ 4 .6 Ma ago. Data points represent residuals from the least-sq uares
regression modeling the relationship of megaherbivore richness as a function
of total community richness in the modern communities (fig. S2 ). The solid
gray line represents LOESS (locally estimated scatterplot smoothing)
regression with smoothing factor = 0 .7 5 ; 9 5 % confidence limits are shown in
light gray. H orizontal dashed lines encompass the middle 9 5 % range of
variation in the modern communities.
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P lio-P leistocene decline of A frican
megaherb iv ores: N o ev idence
for ancient hominin impacts
J . T y l e r F a i t h 1 , 2*, J oh n R ow a n 3, 4 , A n d r e w D u 5, P a u l L . K oc h 6

It has long been proposed that pre-modern hominin impacts drove extinctions and shaped the
evolutionary history of Africa’ s exceptionally diverse large mammal communities, but this
hypothesis has yet to be rigorously tested.We analyz ed eastern African herbivore communities
spanning the past 7 million years—encompassing the entirety of hominin evolutionary
history—to test the hypothesis that top-down impacts of tool-bearing, meat-eating hominins
contributed to the demise of megaherbivores prior to the emergence of H omo sap iens.We
document a steady, long-term decline ofmegaherbivores beginning ~ 4 .6 million years ago, long
before the appearance of hominin species capable of exerting top-down control of large
mammal communities and predating evidence for hominin interactions with megaherbivore
prey. E xpansion of C 4 grasslands can account for the loss of megaherbivore diversity.

A
frica is home to more species of large-
bodied mammalian herbivores than any-
where else today (1). Because most of the
world ’ s large-bodied vertebrates became
extinct toward the end of the P leistocene

(2), present-day A frican faunas serve as model
systems for understanding the ecology of large
mammal communities (3) and the impact of
massive megaherbivores (> 1000 kg) on ecosys-
tems (4). Such knowledge feeds directly into
conservation biology on a global scale by high-
lighting the ecological consequences of ongoing
large mammal diversity loss (1) and illustrating
the potential consequences of their rewilding (5).
There is a perception that A frica’ s exceptional

large herbivore diversity is due to the continent

being spared the extinctions that occurred else-
where as modern humans (Homo sapiens) dis-
persed across the world in the past 100,000 years
(2). This anomaly has been thought to reflect
coevolution of hominin hunters and their prey
(6) or perhaps a long history of extinctions pre-
cipitated by pre-modern hominins (7) in A frica.
Indeed, for decades it has been suggested that
hominins drove extinctions and shifts in the
functional structure of large mammal commu-
nities throughout the P leistocene (7–13). Many of
these hypotheses posit that top-down control of
mammal communities by tool-bearing, meat-
eating hominins contributed to the demise of
large-bodied herbivores (e.g., the formerly di-
verse P roboscidea) long before the emergence

of Homo sapiens (7, 9, 11, 12). O ther versions of
the “ancient impacts” hypothesis propose that
encroachment of Early P leistocene Homo into
the carnivore guild led to the demise of several
carnivoran lineages (8, 10), perhaps leading to
environmental changes through relaxed preda-
tion pressure on large-bodied herbivores (10).
Both scenarios imply that ancient hominins
played a key role in shaping A frican ecosystems,
and by extension the environmental settings that
influenced our own evolutionary history.
Despite decades of literature asserting ancient

hominin impacts on A frican faunas, there have
been few attempts to test this scenario or to ex-
plore alternatives. Here, we tested the hypothesis
of top-down hominin impacts on mammal com-
munities through the analysis of megaherbivore
diversity over the past 7 million years (Ma) in
eastern A frica. O ur focus on this region reflects
its rich andwell-dated late Cenozoic fossil record,
coupled with the fact that the earliest known
members of the hominin clade are from eastern
A frica, which therefore provides the longest well-
documented history of hominin-mammal com-
munity interactions in the world. O n the basis of
previous hypotheses (7–13), we expect declines in
megaherbivore community richness to follow
or temporally coincide with hominin expansion
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Fi g . 1 . M e g a h e r b i v o r e r i c h n e s s i n m o d e r n a n d f o s s i l c o m m u n i t i e s .
(A) G eographic distribution of the 2 0 3 modern (continental map) and 1 0 1
fossil (inset map) herbivore communities. (B ) Relationship between the
total number of herbivore species and the proportion of megaherbivore
species in modern African communities and eastern African fossil
assemblages. The solid line represents the maximum proportion of
megaherbivores that could coexist today, based on the empirical observation
of at most five sympatric megaherbivore species. F ossil assemblages falling
above the line are non-analog because they include a greater proportion of

megaherbivores than is observed today. (C) Megaherbivore richness residuals
over the past 7 Ma, illustrating the long-term decline of megaherbivores
starting ~ 4 .6 Ma ago. Data points represent residuals from the least-sq uares
regression modeling the relationship of megaherbivore richness as a function
of total community richness in the modern communities (fig. S2 ). The solid
gray line represents LOESS (locally estimated scatterplot smoothing)
regression with smoothing factor = 0 .7 5 ; 9 5 % confidence limits are shown in
light gray. H orizontal dashed lines encompass the middle 9 5 % range of
variation in the modern communities.
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into carnivore niche space. Specifically, propo-
nents of the ancient impacts hypothesis typically
place the onset of anthropogenic diversity decline
between 2 and 1 Ma ago (7, 8, 10–12). This en-
compasses the earliest evidence for systematic
hominin predation upon large-bodied mammals
(~ 2 Ma ago) (14) and megaherbivores (~ 1.95 Ma
ago) (15), as well as the appearance of Homo
erectus (~ 1.9 Ma ago), the first hominin species
whose paleobiology is similar to later represent-
atives of our genus and that consumed large
amounts of animal tissue (16). These evolutionary
changes are thought to account for an unprec-
edented reduction of megaherbivore diversity
coupledwith collapse of the large carnivore guild
(7, 8, 10–12).
We used present-day and fossil herbivore com-

munity data to quantify long-term changes in the
richness of eastern A frican megaherbivores (17).
A dataset of more than 200 modern communi-
ties from protected areas across A frica allowed
us to establish a baseline for present-day var-
iability in megaherbivore community richness
(Fig. 1A , table S1, and data S1). In addition, we
compiled a fossil dataset that includes the pres-
ence of herbivore taxa in 101 eastern A frican fossil
assemblages spanning the past ~ 7 Ma (table S2
and data S2), a period that encompasses the

earliest probable and definitive hominin species
in eastern A frica. O ur focus on individual fossil
assemblages within a single region provides a
pertinent spatiotemporal scale for our research
question because it allows a more direct assess-
ment of hominin impacts on ancient herbivore
communities than is possible from analyses of
species occurrences at continental scales [e.g.,
(9)]. Because hominin impacts need not be the
only driver of change in the eastern A fricanmega-
herbivore community, we also examined trends
in megaherbivore community richness relative
to independent records of climatic and environ-
mental change. These include global atmospheric
partial pressure of CO 2 (pCO 2) (18), the percentage
of C4 biomass (e.g., tropical grasses) inferred
from the stable carbon isotope ( d 13C) compo-
sition of soil carbonates in eastern A frica (19),
estimates of paleo-aridity derived from the stable
oxygen isotopes (d 18O ) of eastern A frican fossil
herbivores (20), and the percentage of C4 grazers
among ungulate taxa in eastern A frican fossil
assemblages (20). The eastern A frican proxy data
come from many of the same sites examined in
our analysis of megaherbivore diversity.
O ur compilation of the eastern A frican fossil

record reveals substantial megaherbivore ex-
tinctions through time. O ver the past 7 Ma,

28 megaherbivore lineages became extinct (table
S3), leading to present-day communities that
are depauperate in megaherbivores. For exam-
ple, modern A frican herbivore communities
include only up to five sympatricmegaherbivores
(data S1), including all of the extant species
(Giraf f a camelopard alis,Hippopotamusamphib ius,
Ceratotherium simum, Diceros b icornis, and
Lox od onta af ricana). In contrast, the fossil re-
cord documents paleocommunities that were con-
siderably richer in megaherbivores, with some
assemblages documenting the co-occurrence of
as many as 10 megaherbivore species (data S2).
A lthough time-averaging of fossil assemblages
can produce associations of species that never
spatiotemporally co-occurred, it cannot account
for the exceptional richness of megaherbivores
here (17) (fig. S1). Controlling for community
richness, a variable that increases as a function
of time-averaging and sampling effort, many
fossil assemblages over the past ~ 7 Ma fall out-
side the modern range of variation because they
include both a greater proportion and a greater
absolute number of megaherbivore species (Fig. 1,
B and C).
To illustrate temporal trends (Fig. 1C), we

calculated residuals for fossil assemblages as
deviations fromexpectedmegaherbivore richness
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Fi g . 2 . Th e d e c l i n e
o f m e g a h e r b i v o r e
r i c h n e s s r e l a t i v e t o
c l i m a t i c a n d
e n v i r o n m e n t a l
p r o x i e s . (A) G lobal
p C O2 . (B ) Percentage
of C 4 vegetation
inferred from d 1 3 C of
eastern African
paleosol carbonates.
(C) Estimates of water
deficit (aridity) for
eastern African fossil
sites based on d 1 8 O of
herbivore tooth
enamel. Error bars
represent SE of the
mean water deficit
estimates. (D) Per-
centage of C 4 grazers
among herbivore
taxa (Artiodactyla-
Perissodactyla-
Proboscidea) from
eastern African fossil
sites, calculated as the
percentage of taxa
withmean enamel d 1 3 C
values > – 1 per mil.
The gray line in all
panels represents the
LOESS regression
(9 5 % confidence limits
in light gray) for mega-
herbivore richness
residuals, as in F ig. 1 C .
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modeled as a linear function of herbivore com-
munity richness based on our modern com-
munity data (fig. S2). R esidual analysis highlights
the exceptional richness of fossil megaherbivore
communities—many are well outside the mod-
ern range of variation—and documents a steady
and long-term decline in richness beginning
in the early P liocene, with fossil assemblages
consistently falling within the modern range
of variation only after ~ 0.7 Ma ago (Fig. 1C).
Breakpoint analysis places the onset of the
megaherbivore decline at ~ 4.6 Ma ago (95%
confidence interval, 3.3 to 5.9 Ma ago). A fter the
~ 4.6Ma breakpoint, the rate of diversity decline
through time does not change following the
appearance of Homo erectus (1.9 Ma ago) or at
either end of the hypothesized window of ac-
celerated anthropogenic diversity decline, 2 to
1 Ma ago (table S4). Instead, the long-term de-
cline in megaherbivore richness closely tracks
global variation in atmospheric pCO 2 as well as
the expansion of C4 grasslands and C4 grazers
in eastern A frica, although there is no associa-
tion with paleo-aridity (Fig. 2).
The loss of large-bodied mammals is thought

to be a hallmark of anthropogenic extinctions
(6, 7, 9), in part because large-bodied species
are likely to have been preferentially targeted
by hominin hunters and because their slower
life history profiles (e.g., delayed reproductive
maturity, prolonged gestation, low population
growth rates) render them more susceptible to
extinction. O ur analyses show that the diversity
of megaherbivores in eastern A frican fossil as-
semblages has undergone a steady decline since
~ 4.6 Ma ago (Fig. 1), beginning long before

the proposed timing of anthropogenic impacts
(2 to 1Ma ago) linked to encroachment ofHomo
erectus into the carnivore guild (Fig. 3). The
antiquity of the megaherbivore decline effec-
tively eliminates top-down hominin impacts
as a plausible mechanism for setting it in mo-
tion, as it would have had to involve small-
bodied australopiths or pre-australopiths (e.g.,
Australopithecus,Ard ipithecus), whichwere func-
tionally equivalent to bipedal apes. Like extant
chimpanzees, these hominin taxa may have
preyed upon vertebrate species smaller than
themselves, but they almost certainly did not
hunt megaherbivore prey (21). A lthough we can-
not rule out the possibility that the subsequent
appearance of more derived hominin species,
new stone-tool technologies, and increased car-
nivory may have incidentally contributed to the
demise of megaherbivores, the steady decline of
megaherbivores beginning ~ 4.6 Ma ago (Fig. 3
and table S4)—in contrast to proposed extinction
pulses linked to major shifts in hominin evolu-
tion (7)—implies that the primary driver was de-
coupled from hominin evolution.
We propose that the expansion of C4 grass-

lands (Fig. 2B) played a critical role in mega-
herbivore decline. A nalysis of our fossil dataset
indicates that the long-term decline of mega-
herbivores is primarily due to the loss of mega-
herbivore browsers and mixed feeders that
consumed C3 plants, including trees, shrubs, and
herbs (fig. S3). Unlike megaherbivore grazers,
temporal declines in the richness of mega-
herbivore browsers and mixed feeders are in
close agreement with the overall megaherbi-
vore diversity loss (fig. S3). Loss of C3 consum-

ers is also evident in a compilation of d 13C data
from tooth enamel of eastern A frican mega-
herbivores (fig. S3 and data S3). Their decline
in fossil assemblages is likely related to the P lio-
P leistocene expansion of C4 grasslands (Fig. 2B),
which reduced the availability of C3 forage on
the landscape. Because larger-bodied species are
more strongly limited by forage availability than
smaller-bodied species (4), a decline in mega-
herbivore species dependent on C3 forage is
expected. A t the same time, decreasing atmo-
spheric CO 2 concentrations (Fig. 2A ) would have
diminished the advantage of massive body size,
which allows megaherbivores to consume lower-
quality foods than their smaller-bodied counter-
parts (4). Especially among C3 plant species,
plant tissue grown at lower CO 2 concentrations
provides higher-quality forage because such plants
have higher N content (lower C: N ratios) and
fewer secondary compounds (22). This would
allow smaller-bodied species—which are restricted
to high-quality forage (3)—to exploit a greater
range of increasingly rare C3 resources, with
the outcome being less food available to mega-
herbivore browsers and mixed feeders. Some
or all of these mechanisms are likely to have
played a role in driving large herbivore extinc-
tions elsewhere. For example, although the timing
of C4 expansion and the nature of its ecological
consequences varied globally as a result of differ-
ences in climate and historical contingencies (23),
the C4 expansion in the Siwalik Group (P akistan)
from ~ 8.5 to 6.0 Ma ago is associated with con-
siderable losses among C3 consumers and the last
appearances of many massive herbivores, includ-
ing five rhino species, a proboscidean, a chalico-
there, and a sivathere (24).
There is a long history of debate concerning

the mechanisms responsible for the expansion
of C4 grasslands in eastern A frica (19). This phe-
nomenon is often linked to increased aridity
after the onset of Northern Hemisphere Glacia-
tion, ~ 2.8 Ma ago (25). However, dust flux re-
cords from marine sedimentary archives that
reflect eastern A frican climate indicate substan-
tial long-term increases in aridity only after
~ 1.5 Ma ago (26), long after the onset of C4

expansion (Fig. 2B). In addition, recent analy-
ses show that terrestrial proxies for aridity and
vegetation in eastern A frica vary independently
through the P lio-P leistocene, implying that other
abiotic or biotic mechanisms likely underpin
habitat change (20). Because C4 grasses are
favored at lower CO 2 concentrations (27), the
P lio-P leistocene CO 2 decline (Fig. 2A ) is likely
an important abiotic mechanism (19). For ex-
ample, at high temperatures, such as those in-
ferred from Turkana Basin paleosol carbonates
(> 30° C) (28), C4 grasses are expected to expand
when atmospheric CO 2 concentrations fall below
~ 450 parts per million (27). The expansion of C4
grasslands and associated decline of megaherbi-
vores are consistent with long-term decline of
CO 2 (Fig. 2), likely facilitated by episodes of
aridity (i.e., positive water deficit) that occurred
across the interval (Fig. 2C). The persistent
expansion of C4 grasslands is remarkable in
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Fi g . 3 . Th e d e c l i n e o f m e g a h e r b i v o r e r i c h n e s s r e l a t i v e t o m i l e s t o n e s i n h o m i n i n e v o l u t i o n .
These include the appearance of novel technologies and behaviors, as well as the observed temporal
ranges of eastern African hominin taxa. The vertical dashed line indicates the breakpoint denoting
onset of megaherbivore decline (4 .6 Ma ago), with red shading representing the 9 5 % confidence
interval (3 .3 to 5 .9 Ma ago).
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pathway that induces in fibroblasts the 

expression of Plod2 [which encodes lysyl 

hydroxylase 2 (LH2)], a critical enzyme in 

the formation of profibrotic collagen cross-

links (7). Intriguingly, Shook et al. found 

that adipocyte precursors highly express 

Plod2. How type 2 immune responses and 

profibrotic signaling pathways connect, 

specifically with regard to macrophage and 

myofibroblast heterogeneity, is far from un-

derstood. This challenging biological com-

plexity is not specific for fibrosing diseases, 

and moving toward a cytokine-based dis-

ease taxonomy, as previously suggested for 

other immune-mediated diseases (12), may 

benefit the wound healing field.

The study of Shook et al. also raises inter-

esting questions about the role of adipocyte-

related cells in tissue repair. Recent studies 

in fruitflies show that adipocytes might be 

important for preventing wound infection 

and clearing cell debris, thus expanding the 

potential consequences of immune cell–adi-

pocyte communication (13).

How can we translate the knowledge un-

covered by Shook et al. to the clinic? The au-

thors found differences in the heterogeneity 

of fibroblast–immune cell subpopulations in 

wound repair in young mice, in ageing-im-

paired repair, and in skin fibrosis, indicating 

a correlation between cellular heterogeneity 

and fibrotic outcome in mice. A critical step 

will be to investigate cellular heterogeneity 

in human fibrosing disorders. Shook et al. 

identified a similar composition of fibroblast 

subsets in uninjured human skin compared 

with mouse skin, with human fibroblasts re-

sembling a more profibrotic phenotype. In-

terestingly, they also found a high abundance 

of CD301+ macrophages in keloid scars, a 

pathological scarring entity in human skin, 

supporting a possible clinically-relevant pro-

fibrotic function of this cell type. Ongoing an-

tifibrosis clinical trials, which target some of 

the outlined pathways such as type 2 immune 

responses, highlight the exciting possibility 

that we can target tissue fibrosis  to improve 

organ function after injury (14, 15).        j
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T
he human species is causing profound 

climatic, environmental, and biotic 

disruptions on a global scale. In the 

present time (now called the Anthro-

pocene), most species of large terres-

trial herbivores are threatened with 

extinction as their populations decline and 

their geographic ranges collapse under the 

pressure of human hunting, poaching, and 

encroachment (1). Although the scale of on-

going anthropogenic ecological disruptions 

is unprecedented, human-driven extinctions 

are not new: There is strong evidence that 

humans played a major role in the wave of 

megafaunal losses at the end of the Pleisto-

cene, between about 10,000 and 50,000 years 

ago (2). But when did humans, or our ances-

tors, begin to have such a profound effect on 

large herbivores to the point of causing ex-

tinctions? On page 938 of this issue, Faith et 

al. (3) provide evidence to help answer this 

question. They track the number of mega-

herbivore species (mammals weighing more 

than 1000 kg) in eastern Africa from the late 

Miocene, about 7 million years ago, to the 

present. Their analysis indicates that mega-

herbivore diversity began to decline in the 

early Pliocene, about 4.6 million years ago.

Hominins—species on our side of the evo-

lutionary divergence that separated us from 

the chimpanzees—first appeared in Africa 

in the late Miocene, about 7 million years 

ago. The late Miocene was a time of global 

climatic and environmental change, with an 

expansion of grasslands (with C
4
 photosyn-

thesis) in tropical latitudes and an increas-

ing frequency of fires (4). At that time, large 

mammals were abundant in eastern Africa. 

At Lothagam, for example, in the Turkana Ba-

sin of Kenya, there were 10 species of mega-

herbivores (5), including the earliest records 

of the elephant family, Elephantidae. Near 

Lothagam is the early Pliocene site of Ka-

napoi, with a rich fossil record dated to about 

4.2 million years ago. Kanapoi has the ear-

liest record of the hominin genus Australo-

pithecus (6), which coexisted with at least 11 
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expression of Plod2 [which encodes lysyl 

hydroxylase 2 (LH2)], a critical enzyme in 

the formation of profibrotic collagen cross-

links (7). Intriguingly, Shook et al. found 

that adipocyte precursors highly express 

Plod2. How type 2 immune responses and 

profibrotic signaling pathways connect, 

specifically with regard to macrophage and 

myofibroblast heterogeneity, is far from un-

derstood. This challenging biological com-

plexity is not specific for fibrosing diseases, 

and moving toward a cytokine-based dis-

ease taxonomy, as previously suggested for 

other immune-mediated diseases (12), may 

benefit the wound healing field.

The study of Shook et al. also raises inter-

esting questions about the role of adipocyte-

related cells in tissue repair. Recent studies 

in fruitflies show that adipocytes might be 

important for preventing wound infection 

and clearing cell debris, thus expanding the 

potential consequences of immune cell–adi-

pocyte communication (13).

How can we translate the knowledge un-

covered by Shook et al. to the clinic? The au-

thors found differences in the heterogeneity 

of fibroblast–immune cell subpopulations in 

wound repair in young mice, in ageing-im-

paired repair, and in skin fibrosis, indicating 

a correlation between cellular heterogeneity 

and fibrotic outcome in mice. A critical step 

will be to investigate cellular heterogeneity 

in human fibrosing disorders. Shook et al. 

identified a similar composition of fibroblast 

subsets in uninjured human skin compared 

with mouse skin, with human fibroblasts re-

sembling a more profibrotic phenotype. In-

terestingly, they also found a high abundance 

of CD301+ macrophages in keloid scars, a 

pathological scarring entity in human skin, 

supporting a possible clinically-relevant pro-

fibrotic function of this cell type. Ongoing an-

tifibrosis clinical trials, which target some of 

the outlined pathways such as type 2 immune 

responses, highlight the exciting possibility 

that we can target tissue fibrosis  to improve 

organ function after injury (14, 15).        j
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climatic, environmental, and biotic 

disruptions on a global scale. In the 

present time (now called the Anthro-

pocene), most species of large terres-

trial herbivores are threatened with 

extinction as their populations decline and 

their geographic ranges collapse under the 

pressure of human hunting, poaching, and 

encroachment (1). Although the scale of on-

going anthropogenic ecological disruptions 

is unprecedented, human-driven extinctions 

are not new: There is strong evidence that 

humans played a major role in the wave of 

megafaunal losses at the end of the Pleisto-

cene, between about 10,000 and 50,000 years 

ago (2). But when did humans, or our ances-

tors, begin to have such a profound effect on 

large herbivores to the point of causing ex-

tinctions? On page 938 of this issue, Faith et 

al. (3) provide evidence to help answer this 

question. They track the number of mega-

herbivore species (mammals weighing more 

than 1000 kg) in eastern Africa from the late 

Miocene, about 7 million years ago, to the 

present. Their analysis indicates that mega-

herbivore diversity began to decline in the 

early Pliocene, about 4.6 million years ago.

Hominins—species on our side of the evo-

lutionary divergence that separated us from 

the chimpanzees—first appeared in Africa 

in the late Miocene, about 7 million years 

ago. The late Miocene was a time of global 

climatic and environmental change, with an 

expansion of grasslands (with C
4
 photosyn-

thesis) in tropical latitudes and an increas-

ing frequency of fires (4). At that time, large 

mammals were abundant in eastern Africa. 

At Lothagam, for example, in the Turkana Ba-

sin of Kenya, there were 10 species of mega-

herbivores (5), including the earliest records 

of the elephant family, Elephantidae. Near 

Lothagam is the early Pliocene site of Ka-

napoi, with a rich fossil record dated to about 

4.2 million years ago. Kanapoi has the ear-

liest record of the hominin genus Australo-

pithecus (6), which coexisted with at least 11 
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Que dit la recherche sur l’incidence de l’empreinte 
écologique humaine sur la biodiversité ?
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L and change is a cause and consequence of global environmental 
change1,2. C hanges in land use and land cover considerably alter the 
Earth’s energy balance and biogeochemical cycles, which contributes 
to climate change and—in turn—affects land surface properties and 
the provision of ecosystem services1–4. However, quantification 
of global land change is lacking. Here we analyse 35 years’ worth 
of satellite data and provide a comprehensive record of global 
land-change dynamics during the period 1982–2016. We show 
that—contrary to the prevailing view that forest area has declined 
globally5—tree cover has increased by 2.24 million km2 ( +7.1%  
relative to the 1982 level) . This overall net gain is the result of a net 
loss in the tropics being outweighed by a net gain in the extratropics. 
Global bare ground cover has decreased by 1.16 million km2 
( −3.1% ) , most notably in agricultural regions in Asia. Of all land 
changes, 60%  are associated with direct human activities and 40%  
with indirect drivers such as climate change. L and-use change 
exhibits regional dominance, including tropical deforestation and 
agricultural expansion, temperate reforestation or afforestation, 
cropland intensification and urbanization. C onsistently across 
all climate domains, montane systems have gained tree cover and 
many arid and semi-arid ecosystems have lost vegetation cover. The 
mapped land changes and the driver attributions reflect a human-
dominated Earth system. The dataset we developed may be used to 
improve the modelling of land-use changes, biogeochemical cycles 
and vegetation–climate interactions to advance our understanding 
of global environmental change1–4,6.

Humanity depends on land for food, energy, living space and  
development. L and-use change— traditionally a local-scale human 
practice— is increasingly affecting Earth system processes, including 
the surface energy balance, the carbon cycle, the water cycle and species 
diversity1–4. L and-use change is estimated to have contributed a quarter 
of cumulative carbon emissions to the atmosphere since industriali-
zation3. As population and per capita consumption continue to grow, 
so does demand for food, natural resources and consequent stress to 
ecosystems.

Because of their synoptic view and recurrent monitoring of the 
Earth’s surface, satellite observations contribute substantially to our 
current understanding of the global extent and change of land cover 
and land use. Previous global-scale studies have mainly focused on 
annual forest cover change (stand-replacement disturbance) for the 
time period after 20007, or focused on sparse temporal intervals8. L ong-
term gradual changes in undisturbed forests as well as areal changes in 
cropland, grassland and other non-forested land are less well quantified.

We create an annual, global vegetation continuous fields product9 
for the time period 1982 to 2016 , consisting of tall vegetation (≥5 m in 
height; hereafter referred to as tree canopy (TC)) cover, short vegetation 
(SV ) cover and bare ground (BG) cover, at 0.05° × 0.05°  spatial resolu-
tion (for details of definitions, see Supplementary Methods). For each 
year, every land pixel is characterized by its per cent cover of TC, SV  
and BG, representing the vegetation composition at the time of the local 
peak growing season. The dataset is produced by combining optical 
observations from multiple satellite sensors, including the Advanced 
V ery High Resolution Radiometer (AV HRR), the Moderate Resolution 

Imaging Spectroradiometer, the L andsat Enhanced Thematic Mapper 
Plus and various sensors with very high spatial resolution. We use 
non-parametric trend analysis to detect and quantify changes in tree 
canopy, short vegetation and bare ground over the full time period at 
pixel (0.05°  × 0.05° ), regional and global scales. O bserved changes are 
attributed to direct human activities or indirect drivers on the basis of a 
global probability sample and interpretation of high-resolution images 
from Google Earth.

The total area of tree cover increased by 2.24 million km2 from 1982 
to 2016  (90%  confidence interval (CI): 0.93, 3.42 million km2), which 
represents a + 7.1%  change relative to 1982 tree cover (Extended Data 
Table 1). Bare ground area decreased by 1.16  million km2 (90%  CI: 
−1.78, −0.34 million km2), which represents a decrease of 3.1%  relative  
to 1982 bare ground cover. The total area of short vegetation cover 
decreased by 0.88 million km2 (90%  CI: −2.20, 0.52 million km2), which 
indicates a decrease of 1.4%  relative to 1982 short vegetation cover. A 
global net gain in tree canopy contradicts current understanding of 
long-term forest area change; the Food and Agriculture O rganization of 
the United Nations (FAO ) reported a net forest loss between 1990 and 
20155. However, our gross tree canopy loss estimate (−1.33 million km2,  
−4.2% , Extended Data Table 1) agrees in magnitude with the 
FAO ’s estimate of net forest area change (−1.29 million km2,  
−3% ), despite differences in the time period covered and definition 
of forest (the FAO  defines ‘ forest’ as tree cover ≥10% ; see details 
in Supplementary Methods).

The mapped land change (Fig. 1) consists of all changes in land 
cover and land use induced by natural or anthropogenic drivers. 
L and change themes are also inherently linked in the tree cover–short  
vegetation–bare ground nexus. For example, deforestation for agricultural  
expansion is often manifested as tree canopy loss and short vegetation 
gain, whereas land degradation may simultaneously result in short  
vegetation loss and bare ground gain. Pairs of changes in TC (∆TC), SV  
(∆SV ) and BG (∆BG) show strong coupling and symmetry in change 
direction but vary substantially over space (Fig. 1b and Extended Data 
Fig. 1). That is, the globally dominant, coupled land changes are ∆TC 
co-located with ∆SV  and ∆SV  co-located with ∆BG.

The overall net gain in tree canopy is a result of a net loss in the tropics 
being outweighed by a net gain in the subtropical, temperate and boreal 
climate zones (Extended Data Table 2). A latitudinal north (gain)–south 
(loss) contrast in tree cover change is evident (Fig. 2a). Conversely, 
for short vegetation tropical net gain is exceeded by extratropical net 
loss. The latitudinal profile of ∆SV  largely mirrors that of ∆TC, most 
obviously in the northern mid-to-high latitudes (45°  N–75°  N) and 
low latitudes (30°  S–10°  N) (Fig. 2b). For bare ground, subtropical  
net gain partially offsets losses in all other climate domains. In 
the northern low-to-mid latitudes (10°  N–45°  N), the profile  
of bare ground loss (Fig. 2c) closely corresponds to that of short  
vegetation gain (Fig. 2b).

Changes were unevenly distributed across biomes (Fig. 3, Extended 
Data Fig. 2 and Extended Data Table 2). The largest area of net tree 
canopy loss occurred in the tropical dry forest biome (−95,000 km2, 
−8% ) (Extended Data Fig. 2a), closely followed by tropical moist decid-
uous forest (−84,000 km2, −2% ) (Fig. 3c) (all per cent net changes 
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L and change is a cause and consequence of global environmental 
change1,2. C hanges in land use and land cover considerably alter the 
Earth’s energy balance and biogeochemical cycles, which contributes 
to climate change and—in turn—affects land surface properties and 
the provision of ecosystem services1–4. However, quantification 
of global land change is lacking. Here we analyse 35 years’ worth 
of satellite data and provide a comprehensive record of global 
land-change dynamics during the period 1982–2016. We show 
that—contrary to the prevailing view that forest area has declined 
globally5—tree cover has increased by 2.24 million km2 ( +7.1%  
relative to the 1982 level) . This overall net gain is the result of a net 
loss in the tropics being outweighed by a net gain in the extratropics. 
Global bare ground cover has decreased by 1.16 million km2 
( −3.1% ) , most notably in agricultural regions in Asia. Of all land 
changes, 60%  are associated with direct human activities and 40%  
with indirect drivers such as climate change. L and-use change 
exhibits regional dominance, including tropical deforestation and 
agricultural expansion, temperate reforestation or afforestation, 
cropland intensification and urbanization. C onsistently across 
all climate domains, montane systems have gained tree cover and 
many arid and semi-arid ecosystems have lost vegetation cover. The 
mapped land changes and the driver attributions reflect a human-
dominated Earth system. The dataset we developed may be used to 
improve the modelling of land-use changes, biogeochemical cycles 
and vegetation–climate interactions to advance our understanding 
of global environmental change1–4,6.
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diversity1–4. L and-use change is estimated to have contributed a quarter 
of cumulative carbon emissions to the atmosphere since industriali-
zation3. As population and per capita consumption continue to grow, 
so does demand for food, natural resources and consequent stress to 
ecosystems.
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current understanding of the global extent and change of land cover 
and land use. Previous global-scale studies have mainly focused on 
annual forest cover change (stand-replacement disturbance) for the 
time period after 20007, or focused on sparse temporal intervals8. L ong-
term gradual changes in undisturbed forests as well as areal changes in 
cropland, grassland and other non-forested land are less well quantified.

We create an annual, global vegetation continuous fields product9 
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year, every land pixel is characterized by its per cent cover of TC, SV  
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Imaging Spectroradiometer, the L andsat Enhanced Thematic Mapper 
Plus and various sensors with very high spatial resolution. We use 
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Earth’s energy balance and biogeochemical cycles, which contributes 
to climate change and—in turn—affects land surface properties and 
the provision of ecosystem services1–4. However, quantification 
of global land change is lacking. Here we analyse 35 years’ worth 
of satellite data and provide a comprehensive record of global 
land-change dynamics during the period 1982–2016. We show 
that—contrary to the prevailing view that forest area has declined 
globally5—tree cover has increased by 2.24 million km2 ( +7.1%  
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cropland intensification and urbanization. C onsistently across 
all climate domains, montane systems have gained tree cover and 
many arid and semi-arid ecosystems have lost vegetation cover. The 
mapped land changes and the driver attributions reflect a human-
dominated Earth system. The dataset we developed may be used to 
improve the modelling of land-use changes, biogeochemical cycles 
and vegetation–climate interactions to advance our understanding 
of global environmental change1–4,6.
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diversity1–4. L and-use change is estimated to have contributed a quarter 
of cumulative carbon emissions to the atmosphere since industriali-
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ecosystems.
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cropland, grassland and other non-forested land are less well quantified.
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height; hereafter referred to as tree canopy (TC)) cover, short vegetation 
(SV ) cover and bare ground (BG) cover, at 0.05° × 0.05°  spatial resolu-
tion (for details of definitions, see Supplementary Methods). For each 
year, every land pixel is characterized by its per cent cover of TC, SV  
and BG, representing the vegetation composition at the time of the local 
peak growing season. The dataset is produced by combining optical 
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pixel (0.05°  × 0.05° ), regional and global scales. O bserved changes are 
attributed to direct human activities or indirect drivers on the basis of a 
global probability sample and interpretation of high-resolution images 
from Google Earth.

The total area of tree cover increased by 2.24 million km2 from 1982 
to 2016  (90%  confidence interval (CI): 0.93, 3.42 million km2), which 
represents a + 7.1%  change relative to 1982 tree cover (Extended Data 
Table 1). Bare ground area decreased by 1.16  million km2 (90%  CI: 
−1.78, −0.34 million km2), which represents a decrease of 3.1%  relative  
to 1982 bare ground cover. The total area of short vegetation cover 
decreased by 0.88 million km2 (90%  CI: −2.20, 0.52 million km2), which 
indicates a decrease of 1.4%  relative to 1982 short vegetation cover. A 
global net gain in tree canopy contradicts current understanding of 
long-term forest area change; the Food and Agriculture O rganization of 
the United Nations (FAO ) reported a net forest loss between 1990 and 
20155. However, our gross tree canopy loss estimate (−1.33 million km2,  
−4.2% , Extended Data Table 1) agrees in magnitude with the 
FAO ’s estimate of net forest area change (−1.29 million km2,  
−3% ), despite differences in the time period covered and definition 
of forest (the FAO  defines ‘ forest’ as tree cover ≥10% ; see details 
in Supplementary Methods).

The mapped land change (Fig. 1) consists of all changes in land 
cover and land use induced by natural or anthropogenic drivers. 
L and change themes are also inherently linked in the tree cover–short  
vegetation–bare ground nexus. For example, deforestation for agricultural  
expansion is often manifested as tree canopy loss and short vegetation 
gain, whereas land degradation may simultaneously result in short  
vegetation loss and bare ground gain. Pairs of changes in TC (∆TC), SV  
(∆SV ) and BG (∆BG) show strong coupling and symmetry in change 
direction but vary substantially over space (Fig. 1b and Extended Data 
Fig. 1). That is, the globally dominant, coupled land changes are ∆TC 
co-located with ∆SV  and ∆SV  co-located with ∆BG.

The overall net gain in tree canopy is a result of a net loss in the tropics 
being outweighed by a net gain in the subtropical, temperate and boreal 
climate zones (Extended Data Table 2). A latitudinal north (gain)–south 
(loss) contrast in tree cover change is evident (Fig. 2a). Conversely, 
for short vegetation tropical net gain is exceeded by extratropical net 
loss. The latitudinal profile of ∆SV  largely mirrors that of ∆TC, most 
obviously in the northern mid-to-high latitudes (45°  N–75°  N) and 
low latitudes (30°  S–10°  N) (Fig. 2b). For bare ground, subtropical  
net gain partially offsets losses in all other climate domains. In 
the northern low-to-mid latitudes (10°  N–45°  N), the profile  
of bare ground loss (Fig. 2c) closely corresponds to that of short  
vegetation gain (Fig. 2b).

Changes were unevenly distributed across biomes (Fig. 3, Extended 
Data Fig. 2 and Extended Data Table 2). The largest area of net tree 
canopy loss occurred in the tropical dry forest biome (−95,000 km2, 
−8% ) (Extended Data Fig. 2a), closely followed by tropical moist decid-
uous forest (−84,000 km2, −2% ) (Fig. 3c) (all per cent net changes 
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are expressed relative to the benchmark of the area of the cover class 
in 1982). Tree canopy in major forest biomes outside the tropics has 
increased over the past 35 years: temperate continental forest has 
experienced the largest gain ( + 726 ,000 km2, + 33% ) (Fig. 3d), which 
is comparable to the next two biomes— boreal coniferous forest 
(+ 46 3,000 km2, + 12% ) and subtropical humid forest (+ 280,000 km2, 
+ 18% )— combined (Extended Data Fig. 2e, m).

Short vegetation loss mirrored tree cover gain dynamics, but with 
smaller magnitudes: temperate continental forest (− 6 10,000 km2, 
−14% ), boreal coniferous forest (−430,000 km2, −10% ) and subtropical 
humid forest (−249,000 km2, −9% ). By contrast, tropical forest biomes 
all gained short vegetation, with tropical shrubland experiencing  
the largest areal increase (+ 417,000 km2, + 10% ) (Fig. 3e), twice the 
amount of short vegetation gain in tropical dry forest (+ 246 ,000 km2, 
+ 5% ). Tropical shrubland also experienced the largest bare ground loss 
(−408,000 km2, −10% ). Subtropical desert— the second largest dryland 
biome on Earth— had the largest gain in bare ground (+ 154,000 km2, 
+ 4% ) (Fig. 3f), followed by subtropical steppe (+ 107,000 km2, + 5% ) 
(Extended Data Fig. 2h).

Consistently across all climate domains, mountain systems expe-
rienced net bare ground loss, net short vegetation loss and net tree 
canopy gain (Extended Data Fig. 2c, f, i, n and Extended Data Table 2). 
In the high-latitude boreal tundra woodland and the polar ecozone 
(Extended Data Fig. 2o, p), bare ground decreased and tree canopy 
increased in both biomes, whereas short vegetation decreased in tundra 
woodland but increased in the polar ecozone.

Based on the data from the global probability sample, an estimated 
6 0%  of all changes were associated with direct human land-use activities  
and 40%  with indirect drivers such as climate change (Extended Data 
Figs. 3, 4; see Supplementary Methods). Direct human impact varied  
from 36 %  for bare ground gain to 70%  for tree canopy loss. At the 
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F ig. 2 |  L atitudinal profiles of change in land cover from 1982 to 2016.  
a, Tree canopy cover change (∆TC). b, Short vegetation cover change 
(∆SV ). c, Bare ground cover change (∆BG). Area statistics were calculated 
for every 1°  of latitude.

F ig. 1 |  A satellite-based record of global TC , SV  and B G cover from 
1982 to 2016. a, Mean annual estimates. b, L ong-term change estimates. 
Both mean and change estimates are expressed as per cent of pixel area at 
0.05°  × 0.05°  spatial resolution. Pixels showing a statistically significant 
trend (n =  35, two-sided Mann–K endall test, P  < 0.05) in either TC, SV  or 

BG are depicted on the change map. Circled numbers in the colour legend 
denote dominant change directions: 1, TC gain with SV  loss; 2, BG gain 
with SV  loss; 3, TC gain with BG loss; 4, BG gain with TC loss; 5, SV  gain 
with BG loss; and 6 , SV  gain with TC loss.
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Congo Basin forest loss dominated by increasing
smallholder clearing
Alexandra Tyukavina1*, Matthew C. Hansen1, Peter Potapov1, Diana Parker1, Chima Okpa1,
Stephen V. Stehman2, Indrani Kommareddy1, Svetlana Turubanova1

A regional assessment of forest disturbance dynamics from 2000 to 2014 was performed for the Congo Basin
countries using time-series satellite data. Area of forest loss was estimated and disaggregated by predistur-
bance forest type and direct disturbance driver. An estimated 84% of forest disturbance area in the region is
due to small-scale, nonmechanized forest clearing for agriculture. Annual rates of small-scale clearing for agri-
culture in primary forests and woodlands doubled between 2000 and 2014, mirroring increasing population
growth. Smallholder clearing in the Democratic Republic of the Congo alone accounted for nearly two-thirds
of total forest loss in the basin. Selective logging is the second most significant disturbance driver, contributing
roughly 10% of regional gross forest disturbance area and more than 60% of disturbance area in Gabon. Forest
loss due to agro-industrial clearing along the Gulf of Guinea coast more than doubled in the last half of the
study period. Maintaining natural forest cover in the Congo Basin into the future will be challenged by an
expected fivefold population growth by 2100 and allocation of industrial timber harvesting and large-scale ag-
ricultural development inside remaining old-growth forests.

INTRODUCTION
The Congo Basin is home to the second largest massif of humid trop-
ical forests (HTFs) after the Amazon, performing globally important
ecosystem services and providing livelihood to the regional population
(1). The critical role of the Congo Basin rainforests in climate regula-
tion and biodiversity conservation is recognized internationally and
has led to establishing collaborative sustainable forest resource man-
agement initiatives such as the Central Africa Regional Program for
the Environment and the Regional Programme for the Conservation
and Rational Use of Forestry Ecosystems in Central Africa. Understand-
ing forest disturbance dynamics in the region as a whole and on the
national scale is essential for policy-making and land use planning.

The presented study is focused on the six Congo Basin tropical
rainforest countries, namely, Cameroon (CAM), the Central African
Republic (CAR), the Democratic Republic of the Congo (DRC), Equa-
torial Guinea (EQG), Gabon (GAB), and the Republic of the Congo
(RoC). Differences in forest disturbance dynamics and drivers among
the Congo Basin countries vary owing to geographic, economic, and
demographic conditions (table S1); development history; and current
policy and institutional factors (2, 3). Historically, forest loss in the
Congo Basin has been strongly linked to rural populations and sub-
sistence agriculture (4, 5). However, per-capita food production and
food availability vary between Congo Basin countries (Table 1).
CAM stands out as a country with improving food production and,
in the regional context, relatively strong export and import sectors.
The oil-exporting countries GAB, EQG, and RoC form a group of
countries exhibiting decreasing food production. High food import
levels for RoC and especially GAB reflect the use of oil earnings to
support domestic food consumption. Oil exports account for 40 to
50% of the gross domestic product (GDP) in GAB and RoC and
80% of the GDP in EQG. Such high dependence on oil exports has
implications for economic and political stability in the face of price
shocks, such as those of 2014 to 2016 (6).

CAR has the lowest human development index of all countries
(table S1), reflected in Table 1 by marginal food exports and imports,
and the highest per-capita food aid shipments in the region. DRC is
unique in its declining food production, low food exports and imports,
and lack of food aid shipments. DRC is of particular importance, as it
is home to 60% of the remaining Congo Basin humid tropical rain-
forest (7). DRC is also unique because of its population pressure and
recent history of conflict and insecurity. The only country similar to
DRC in terms of persistent conflict, insecurity, and statelessness is the
CAR (table S1). However, DRC dwarfs CAR in terms of total popu-
lation and HTF resources. With more than 70 million people, DRC is
more than twice the population of CAM, CAR, EQG, GAB, and RoC
combined (table S1). For the citizens of DRC, which, along with CAR,
has a human development index in the bottom 10% of all countries,
there are few livelihood options. The vast majority of the population
consists of smallholder farmers, who feed not only themselves but also
nearby towns and cities (3, 8).

Given the different economic, political, and social contexts within
Congo Basin rainforest countries, we can expect within-region variations
in land cover and land use change. For example, mineral and petroleum
exports tend to discourage deforestation, as oil wealth enables food
importation and reduced domestic agricultural output, with GAB a
clear example (9). Low populations also help to ensure low rates of
disturbance outside of commercial logging operations for countries
like GAB, RoC, and EQG (10). Recent investments in agro-industrial
development, mainly palm oil, are a relatively new threat to primary
forests in the Congo Basin (11). The Tropical Forest Alliance (12),
which seeks to implement sustainable palm oil development in Africa,
includes CAR, DRC, and RoC as signatories, but not CAM, EQG, or
GAB. The Gulf of Guinea countries have logistical advantages in this
sector over interior Congo Basin countries, mainly due to proximity to
ports. In GAB, the creation of special economic zones around ports is
part of new and ambitious development plans that include palm oil
expansion (13). Land use and land cover change in low-population,
forest resource–rich Congo Basin countries is likely attributable to ex-
tractive industries such as logging or agro-industrial development,
such as palm oil.
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A regional assessment of forest disturbance dynamics from 2000 to 2014 was performed for the Congo Basin
countries using time-series satellite data. Area of forest loss was estimated and disaggregated by predistur-
bance forest type and direct disturbance driver. An estimated 84% of forest disturbance area in the region is
due to small-scale, nonmechanized forest clearing for agriculture. Annual rates of small-scale clearing for agri-
culture in primary forests and woodlands doubled between 2000 and 2014, mirroring increasing population
growth. Smallholder clearing in the Democratic Republic of the Congo alone accounted for nearly two-thirds
of total forest loss in the basin. Selective logging is the second most significant disturbance driver, contributing
roughly 10% of regional gross forest disturbance area and more than 60% of disturbance area in Gabon. Forest
loss due to agro-industrial clearing along the Gulf of Guinea coast more than doubled in the last half of the
study period. Maintaining natural forest cover in the Congo Basin into the future will be challenged by an
expected fivefold population growth by 2100 and allocation of industrial timber harvesting and large-scale ag-
ricultural development inside remaining old-growth forests.

INTRODUCTION
The Congo Basin is home to the second largest massif of humid trop-
ical forests (HTFs) after the Amazon, performing globally important
ecosystem services and providing livelihood to the regional population
(1). The critical role of the Congo Basin rainforests in climate regula-
tion and biodiversity conservation is recognized internationally and
has led to establishing collaborative sustainable forest resource man-
agement initiatives such as the Central Africa Regional Program for
the Environment and the Regional Programme for the Conservation
and Rational Use of Forestry Ecosystems in Central Africa. Understand-
ing forest disturbance dynamics in the region as a whole and on the
national scale is essential for policy-making and land use planning.

The presented study is focused on the six Congo Basin tropical
rainforest countries, namely, Cameroon (CAM), the Central African
Republic (CAR), the Democratic Republic of the Congo (DRC), Equa-
torial Guinea (EQG), Gabon (GAB), and the Republic of the Congo
(RoC). Differences in forest disturbance dynamics and drivers among
the Congo Basin countries vary owing to geographic, economic, and
demographic conditions (table S1); development history; and current
policy and institutional factors (2, 3). Historically, forest loss in the
Congo Basin has been strongly linked to rural populations and sub-
sistence agriculture (4, 5). However, per-capita food production and
food availability vary between Congo Basin countries (Table 1).
CAM stands out as a country with improving food production and,
in the regional context, relatively strong export and import sectors.
The oil-exporting countries GAB, EQG, and RoC form a group of
countries exhibiting decreasing food production. High food import
levels for RoC and especially GAB reflect the use of oil earnings to
support domestic food consumption. Oil exports account for 40 to
50% of the gross domestic product (GDP) in GAB and RoC and
80% of the GDP in EQG. Such high dependence on oil exports has
implications for economic and political stability in the face of price
shocks, such as those of 2014 to 2016 (6).

CAR has the lowest human development index of all countries
(table S1), reflected in Table 1 by marginal food exports and imports,
and the highest per-capita food aid shipments in the region. DRC is
unique in its declining food production, low food exports and imports,
and lack of food aid shipments. DRC is of particular importance, as it
is home to 60% of the remaining Congo Basin humid tropical rain-
forest (7). DRC is also unique because of its population pressure and
recent history of conflict and insecurity. The only country similar to
DRC in terms of persistent conflict, insecurity, and statelessness is the
CAR (table S1). However, DRC dwarfs CAR in terms of total popu-
lation and HTF resources. With more than 70 million people, DRC is
more than twice the population of CAM, CAR, EQG, GAB, and RoC
combined (table S1). For the citizens of DRC, which, along with CAR,
has a human development index in the bottom 10% of all countries,
there are few livelihood options. The vast majority of the population
consists of smallholder farmers, who feed not only themselves but also
nearby towns and cities (3, 8).

Given the different economic, political, and social contexts within
Congo Basin rainforest countries, we can expect within-region variations
in land cover and land use change. For example, mineral and petroleum
exports tend to discourage deforestation, as oil wealth enables food
importation and reduced domestic agricultural output, with GAB a
clear example (9). Low populations also help to ensure low rates of
disturbance outside of commercial logging operations for countries
like GAB, RoC, and EQG (10). Recent investments in agro-industrial
development, mainly palm oil, are a relatively new threat to primary
forests in the Congo Basin (11). The Tropical Forest Alliance (12),
which seeks to implement sustainable palm oil development in Africa,
includes CAR, DRC, and RoC as signatories, but not CAM, EQG, or
GAB. The Gulf of Guinea countries have logistical advantages in this
sector over interior Congo Basin countries, mainly due to proximity to
ports. In GAB, the creation of special economic zones around ports is
part of new and ambitious development plans that include palm oil
expansion (13). Land use and land cover change in low-population,
forest resource–rich Congo Basin countries is likely attributable to ex-
tractive industries such as logging or agro-industrial development,
such as palm oil.
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Within primary and mature secondary dense HTFs, 70.3 ± 3 .2%
of forest loss is due to small-scale clearing for rotational agriculture
(table S2A), which is an indication of shifting cultivation expanding
into previously undisturbed forest. This finding is consistent with
Molinario e t a l . (29), who found that the area under shifting culti-
vation and rural settlements in DRC grew by 10% between 2000 and
2010. Selective logging is also a significant contributor to primary and
mature secondary dense HTF loss (21.7 ± 3 .2%), followed by fire (5.8 ±
1.8%), large-scale agro-industrial clearing (1.3 ± 0.3 %), and road con-
struction (0.5 ± 0.2%).

Y oung secondary dense HTFs and secondary woodlands and
sparse secondary HTFs are cleared almost exclusively in the context
of small-scale rotational agriculture (9 7.8 ± 0.5% and 9 5.9 ± 2.3 %,
respectively; table S2A). Primary woodlands and dry forests are cleared
for both rotational (78.0 ± 4.3 %) and semipermanent agriculture
(12.5 ± 2.9 %). Old tree plantations are either cleared and replanted
again (68.6 ± 16.0%) or converted to small-scale shifting cultivation
(3 1.4 ± 16.0%).

Temporal trends of forest loss
Annual forest loss trends are analyzed at a regional scale by distur-
bance driver and predisturbance forest type (table S2B and Fig. 3 ).
Among the major disturbance categories (Fig. 3 ), small-scale clearing
for rotational agriculture is increasing both in primary and mature
secondary dense HTFs and in primary woodlands and dry forests. Ac-
celerating rates of small-scale clearing in these forest types are likely
linked to increasing population pressure (Fig. 4). However, at the na-
tional scale, not all countries display the same increasing trend of

small-scale clearing in primary forests and woodlands (Table 2). In
GAB, where industrial selective logging accounts for more forest loss
than small-scale clearing for agriculture (Fig. 1), encroachment of
small-scale agricultural activities into primary forests and woodlands
has slowed down by 2014 (Table 2). In CAR, small-scale clearing for
agriculture in primary forests and woodlands first accelerated and
then slowed down again (Table 2), possibly because of the civil war,
which started in 2012.

Small-scale forest clearing for rotational agriculture in secondary
forests displays a decreasing trend (Fig. 3 ), which is explained by
the way young secondary forests are defined in the current study
(see the “ Definitions” section and Discussion). Industrial selective log-
ging in primary and mature secondary dense HTFs peaked at the
beginning and at the end of the study period (Fig. 3 ). Lower logging
rates in 2007 to 2008 may be linked to the decreased demand for tim-
ber during the global financial crisis (30).

DISCUSSION
Drivers of forest disturbanc e
Results of the current study provide a quantitative assessment of
regional socioeconomic drivers resulting in forest loss. Congo Basin
forests are being cleared primarily by manual means: N onmechanized
small-scale forest clearing for agriculture is responsible for 84% of the
total forest loss between 2000 and 2014. In the least-developed coun-
tries, DRC and CAR, small-scale clearing is even more dominant
(more than 9 0%). The dominance of local populations and subsistence
farming within the Congo Basin distinguishes it from deforestation

F ig . 1. F orest disturbanc e driver. (A) Reference disturbance driver for each sampled pixel. (B ) National estimates of 2000 to 2014 forest loss area by disturbance
driver. Area estimates along with SEs are presented in table S2A. Forest clearing for small-scale rotational agriculture includes clearing for charcoal production, the
contribution of which does not exceed 10% of the class area ( 4 2 ).
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R ecent A sian origin of chy trid fungi
causing glob al amphib ian declines
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G lobaliz ed infectious diseases are causing species declines worldwide, but their source often
remains elusive.We used whole-genome seq uencing to solve the spatiotemporal origins of
themost devastating panz ootic to date, caused by the fungus Batrachochytrium dendrobatidis,
a proximate driver of global amphibian declines.We traced the source of B. dendrobatidis to
the K orean peninsula, where one lineage, BdAS IA-1 , exhibits the genetic hallmarks of an
ancestral population that seeded the panz ootic.We date the emergence of this pathogen to
the early 2 0 th century, coinciding with the global expansion of commercial trade in amphibians,
and we show that intercontinental transmission is ongoing. O ur findings point to E ast Asia as
a geographic hotspot for B. dendrobatidis biodiversity and the original source of these lineages
that now parasitiz e amphibians worldwide.

T
he discovery of the amphibian-killing fun-
gus B . d end rob atid is (1, 2) was a turning
point in understanding why amphibian
species worldwide are in steep decline.
A lthough amphibian declines and extinc-

tions had been recorded by herpetologists as

early as the 1970s, they were only recognized in
1990 as a global phenomenon that could not be
explained by environmental changes and anthro-
pogenic factors alone (3). The emergence of
B . d end rob atid is and the disease that it causes,
amphibian chytridiomycosis, as a causative agent

of declines has been documented across six dif-
ferent regions: A ustralia (~ 1970s and 1990s) (4),
Central A merica (~ 1970s) (5), South A merica (~ 1970s
and 1980s) (6, 7), the Caribbean islands (~ 2000s)
(8), the North A merican Sierra Nevada (~ 1980s
and 1990s) (9), and the Iberian P eninsula (~ 1990s)
(10). The panzootic has been attributed to the
emergence of a single B . d end rob atid is lineage,
known as B d GP L (Global P anzootic Lineage) (11).
However, 20 years after identification of the dis-
ease, the timing of its worldwide expansion re-
mains unknown and previous estimates for time
to most recent common ancestor (TMR CA ) for
B d GP L span two orders of magnitude, from
100 years before the present (11) to 26,000 years
before the present (12). The geographic origin
of the pathogen is similarly contested, with the
source of the disease variously suggested to be
A frica (13), North A merica (14), South A merica
(15), J apan (16), and East A sia (17).

G l o b a l d i v e r s i t y o f B . dendr o b atidis

To resolve these inconsistencies, we isolated B .
d end rob atid is from all the candidate source con-
tinents and sequenced the genomes of 177 iso-
lates to high depth, then combined our data
with published genomes from three prior studies
(11, 12, 18) to generate a globally representative
panel of 234 isolates (Fig. 1A and fig. S1). Thisdata set
covers all continents fromwhich B . d end rob atid is
has been detected to date, and spans infections
of all three extant orders of A mphibia (fig. S1 and
table S1). Mapped against the B . d end rob atid is
reference genome J EL423, our sequencing recov-
ered 586,005 segregating single-nucleotide poly-
morphisms (SNP s). P hylogenetic analysis recovered
all previously detected divergent lineages (Fig. 1B
and fig. S2). The previously accepted lineages
B d GP L (global), B d CA P E (A frican), B d CH (Euro-
pean), and B d BR A Z IL (Brazilian) were all detected
(19), but our discovery of a new hyperdiverse
lineage in amphibians native to the K orean pe-
ninsula (B d A SIA -1) redefined these lineages and
their relationships. The B d CH lineage, whichwas
previously thought to be enzootic to Switzerland
(11), now groups with the B d A SIA -1 lineage. A
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R ecent A sian origin of chy trid fungi
causing glob al amphib ian declines
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G lobaliz ed infectious diseases are causing species declines worldwide, but their source often
remains elusive.We used whole-genome seq uencing to solve the spatiotemporal origins of
themost devastating panz ootic to date, caused by the fungus Batrachochytrium dendrobatidis,
a proximate driver of global amphibian declines.We traced the source of B. dendrobatidis to
the K orean peninsula, where one lineage, BdAS IA-1 , exhibits the genetic hallmarks of an
ancestral population that seeded the panz ootic.We date the emergence of this pathogen to
the early 2 0 th century, coinciding with the global expansion of commercial trade in amphibians,
and we show that intercontinental transmission is ongoing. O ur findings point to E ast Asia as
a geographic hotspot for B. dendrobatidis biodiversity and the original source of these lineages
that now parasitiz e amphibians worldwide.

T
he discovery of the amphibian-killing fun-
gus B . d end rob atid is (1, 2) was a turning
point in understanding why amphibian
species worldwide are in steep decline.
A lthough amphibian declines and extinc-

tions had been recorded by herpetologists as

early as the 1970s, they were only recognized in
1990 as a global phenomenon that could not be
explained by environmental changes and anthro-
pogenic factors alone (3). The emergence of
B . d end rob atid is and the disease that it causes,
amphibian chytridiomycosis, as a causative agent

of declines has been documented across six dif-
ferent regions: A ustralia (~ 1970s and 1990s) (4),
Central A merica (~ 1970s) (5), South A merica (~ 1970s
and 1980s) (6, 7), the Caribbean islands (~ 2000s)
(8), the North A merican Sierra Nevada (~ 1980s
and 1990s) (9), and the Iberian P eninsula (~ 1990s)
(10). The panzootic has been attributed to the
emergence of a single B . d end rob atid is lineage,
known as B d GP L (Global P anzootic Lineage) (11).
However, 20 years after identification of the dis-
ease, the timing of its worldwide expansion re-
mains unknown and previous estimates for time
to most recent common ancestor (TMR CA ) for
B d GP L span two orders of magnitude, from
100 years before the present (11) to 26,000 years
before the present (12). The geographic origin
of the pathogen is similarly contested, with the
source of the disease variously suggested to be
A frica (13), North A merica (14), South A merica
(15), J apan (16), and East A sia (17).

G l o b a l d i v e r s i t y o f B . dendr o b atidis

To resolve these inconsistencies, we isolated B .
d end rob atid is from all the candidate source con-
tinents and sequenced the genomes of 177 iso-
lates to high depth, then combined our data
with published genomes from three prior studies
(11, 12, 18) to generate a globally representative
panel of 234 isolates (Fig. 1A and fig. S1). Thisdata set
covers all continents fromwhich B . d end rob atid is
has been detected to date, and spans infections
of all three extant orders of A mphibia (fig. S1 and
table S1). Mapped against the B . d end rob atid is
reference genome J EL423, our sequencing recov-
ered 586,005 segregating single-nucleotide poly-
morphisms (SNP s). P hylogenetic analysis recovered
all previously detected divergent lineages (Fig. 1B
and fig. S2). The previously accepted lineages
B d GP L (global), B d CA P E (A frican), B d CH (Euro-
pean), and B d BR A Z IL (Brazilian) were all detected
(19), but our discovery of a new hyperdiverse
lineage in amphibians native to the K orean pe-
ninsula (B d A SIA -1) redefined these lineages and
their relationships. The B d CH lineage, whichwas
previously thought to be enzootic to Switzerland
(11), now groups with the B d A SIA -1 lineage. A
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G lob al rise in emerging alien species results from
increased accessib ility of new source pools
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O ur ability to predict the identity of future invasive alien species is
largely based upon knowledge of prior invasion history. Emerging
alien species— those never encountered as aliens before— therefore
pose a significant challenge to biosecurity interventions worldwide.
Understanding their temporal trends, origins, and the drivers of their
spread is pivotal to improving prevention and risk assessment tools.
Here, we use a database of 45 ,984 first records of 16,019 established
alien species to investigate the temporal dynamics of occurrences of
emerging alien species worldwide. Even after many centuries of inva-
sions the rate of emergence of new alien species is still high: O ne-
quarter of first records during 2000–2005 were of species that had not
been previously recorded anywhere as alien, though with large vari-
ation across taxa. Model results show that the high proportion of
emerging alien species cannot be solely explained by increases in
well-known drivers such as the amount of imported commodities from
historically important source regions. Instead, these dynamics reflect
the incorporation of new regions into the pool of potential alien spe-
cies, likely as a consequence of expanding trade networks and envi-
ronmental change. This process compensates for the depletion of the
historically important source species pool through successive invasions.
We estimate that 1–16% of all species on Earth, depending on the
taxonomic group, qualify as potential alien species. These results sug-
gest that there remains a high proportion of emerging alien species we
have yet to encounter, with future impacts that are difficult to predict.

source species pools | invasive species | drivers | time series | globalization

Thousands of species have been introduced to regions outside
their native ranges by humans, and many have become per-

manent additions to local faunas and floras. The number of these
established alien species has strongly increased worldwide during
the past two centuries (1), thereby redefining the classical bound-
aries of biogeography (2), affecting ecosystem functioning (3),
human health (4), and economies (5, 6). Alien species have thus
emerged as a defining feature of the Anthropocene (7).
The observed growth in alien species numbers has been largely

attributed to increases in drivers of alien species introductions, such
as import volumes and human mobility and rising establishment rates
due to land degradation (8–12). However, alien species numbers in a
region may also be affected by changes in the accessibility of source
pools of species in the native range (13). For example, it has been
shown that “ historical” alien bird introductions (AD 1500–1903)
were largely driven by European colonial expansion and thus mostly
drawn from birds originating in Europe and European colonies,
whereas “ modern” bird introductions (1983–2000) primarily relate to
introductions via the pet bird trade and concern species native to
regions close to key trade hubs (14). These new source pools provide
many new potential alien species when old source pools start to
deplete (the depletion of source pools refers to the proportion of new
alien species in that pool, which declines with every newly selected

species), thereby maintaining the rate of alien species establish-
ments in new regions. Disentangling the factors underpinning the
accumulation of alien species will improve our understanding of
past invasion dynamics and result in better-informed predictions
of future trajectories of alien species accumulation.
To dissect the drivers of emerging alien species we analyzed a

global database of 45,984 regional first records of 16,019 estab-
lished alien species from most major taxonomic groups (vascular
plants, mammals, birds, fishes, insects, crustaceans, molluscs, and
other invertebrates) (1) during recent centuries (AD 1500–2005).
A first record constitutes the year of first detection of an alien
species that later has become established in a region (usually a
country or an island). From this database we determined the first
records of species appearing for the first time as alien worldwide,

Significance

O ur ability to predict the identity of future invasive alien spe-
cies is largely based upon knowledge of prior invasion history.
Emerging alien species— those never before encountered as
aliens— therefore pose a significant challenge to biosecurity
interventions worldwide. Using a global database of the first
regional records of alien species covering the years 15 00–
2005 we detected a surprisingly high proportion of species in
recent records that have never been recorded as alien before.
The high proportion of these emerging alien species mainly
resulted from the increased accessibility of new source species
pools in the native range. Risk assessment approaches that rely
less on invasion history will need to be prioritized.
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Super- invasive crayf ish 
revealed to b e a genetic hyb rid
S c ientists ex amine D N A  of  a mar b l ed c r ay f ish that is spr eading f er oc iou sl y .

lucrative contracts with international research 
consortia. “ Industry is very important for us,”  
says K arina Angelieva, adviser for education 
and research at Bulgaria’s permanent represen-
tation to the EU, in Brussels.

RAI SED  SC RU T I N Y
These plans are now at risk, unless Bulgaria can 
persuade the EU’s regional-policy directorate 
general to release the frozen funds. Mean-
while, the 2018 science and higher education 
budget stands at 2013 levels:  just 415 million 
leva (US$ 263 million), plus another 98 million 
leva for the Bulgarian Academy of Sciences.

The financial difficulties also threaten 
Bulgaria’s national research-infrastructure 
road map, which was published in J une 2017. 
K ostadin K ostadinov, an adviser to the coun-
try’s science and education minister, K rasimir 
Valchev, says that the road map “ will increase 
research potential in Bulgaria according to the 
needs of local industry and regional develop-
ment” , and that it is part of a plan ultimately to 
raise the country’s total science spending to 
1.5% of gross domestic product (GDP). That 
figure currently stands at 0.96% of GDP, which 
is less than half the EU average.

Problems with science funding are 
exacerbated by corruption, say several scien-
tists. Not only is Bulgaria the poorest country 
in the EU, it is also the most corrupt, according 

to Berlin-based lobby group Transparency 
International. Proykova says that science is 
rarely directly affected by monetary fraud, but 
corruption makes itself felt in procurement. 
“ For example, things are never delivered to the 
lab, even though the money has been trans-
ferred,”  she says. “ O r, you get less good equip-
ment for the same money, because the company 
takes some of the funds.”

Some scientists see Bulgaria’s turn in the 
EU presidency as a chance for change. Lidia 

Borrell-Damiá n, director for research and 
innovation at the European University Asso-
ciation in Brussels, says that it provides an 
opportunity for Bulgaria’s universities to 
connect with others. Daniel Smilov, a politi-
cal scientist at Sofia University, hopes that the 
presidency will put the country’s problems on 
the map, forcing change from outside that has 
been lacking from within. “ It is an important 
moment,”  he says, “ because our visibility will 
be great.”  ■
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Molecular biologists have sequenced 
the genome of an invasive species of 
crayfish that can reproduce without 

mating and is spreading rapidly across Mada-
gascar. The marbled crayfish ( P r o c am b ar u s  
v i r g i n ali s ) was first spotted in aquariums in 
Germany in the 1990s. Now, DNA sequencing 
suggests that the species is probably the product 
of two distantly related members of a different 
crayfish species, the team reported on 5 Febru-
ary in N atu r e E c o lo g y  an d  E v o lu ti o n 1.

The marbled crayfish has already been 
banned in the European Union and some parts 
of the United States because of the threat it poses 
to freshwater ecosystems. The species has now 
spread into the interior of Madagascar and 
risks crowding out seven native crayfish spe-
cies. “ This is a very aggressive population,”  says 

Frank Lyko, a molecular biologist at the German 
Cancer Research Center in Heidelberg, who co-
led the study. “ If the marbled crayfish continues 
to explode at its current pace, it will probably 
outcompete endemic species.”

T h e  m a r b l e d 
cray  f ish  carr ies 
three  copies  of 
each chromosome, 
instead of the usual 
two2. Lyko and his 
team sequenced the 
genome of a single 
individual from a 
laboratory strain 

known as Petshop. Its DNA revealed a sur-
prise:  it had two different genotypes at many 
places in its genome. The best explanation for 
this pattern, says Lyko, is that two of the chro-
mosomes are nearly identical in sequence, but 

the third differs substantially.
The two distinct genomes are closely 

related to those of another freshwater crayfish, 
P r o c am b ar u s  f allax , native to Florida and 
popular with aquarists. Lyko speculates that 
marbled crayfish emerged when the genome of 
a sperm or egg of one P .  f allax  individual became 
duplicated, which can happen in response to 
sudden changes in temperature. If this cell was 
then fertilized by another individual living in 
the same aquarium, it would have resulted in 
an embryo with three copies of its genome, says 
Lyko. This would represent a new species. Lyko 
says that the first marbled crayfish was probably 
born in an aquarium in either Germany or the 
United States, and its offspring widely shared 
between fish collectors.

The first scientific description of the mar-
bled crayfish appeared in 2003, in a N atu r e 
paper3 showing that all members of the 

ì I f the marbled 
cray fish 
continues to 
ex plode at its 
current pace, 
it will probably  
outcompete 
endemic species.î
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T he identification of effects of inv asiv e species is challenging
owing to their multifaceted impacts on nativ e biota. N egativ e
impacts are most often refl ected in indiv idual fitness rather
than in population dynamics of nativ e species and are
less expected in low-biodiv ersity habitats, such as urban
env ironments. W e report the long-term effects of inv asiv e
rose-ringed parakeets on the largest known population of a
threatened bat species, the greater noctule, located in an urban
park. B oth species share preferences for the same tree cav ities
for breeding. W hile the number of parakeet nests increased
by a factor of 20 in 14 years, the number of trees occupied
by noctules declined by 8 1% . P arakeets occupied most cav ities
prev iously used by noctules, and spatial analyses showed that
noctules tried to av oid cav ities close to parakeets. P arakeets
were highly aggressiv e towards noctules, trying to occupy
their cav ities, often resulting in noctule death. T his led to a
dramatic population decline, but also an unusual aggregation
of the occupied trees, probably disrupting the complex social
behav iour of this bat species. T hese results indicate a strong
impact through site displacement and killing of competitors,
and highlight the need for long-term research to identify
unexpected impacts that would otherwise be ov erlooked.

1. I ntroduction
B iological inv asions are considered as one of the most serious
threats to biodiv ersity worldwide owing to their impacts on
nativ e biota and ecosystem functioning [ 1] . H owev er, detecting
and q uantifying the effects of inv asiv e species on nativ e

2018 T he A uthors. Published by the R oyal Society under the terms of the Creative Commons
A ttribution License http:/ / creativecommons.org/ licenses/ by/ 4.0/ , which permits unrestricted
use, provided the original author and source are credited.
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Figure 2. Changes in the number of nests of rose-ringed parakeets and trees occupied by greater noctules across years in María Luisa
Park.
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Figure 3. Distribution of trees with refuges of greater noctules (yellow dots) and with nests of rose-ringed parakeets (red dots) in María
Luisa Park across years. Larger dots indicate overlapping points.

3.3. Spatial segregation between noctules and parakeets
Figure 3 shows the spatial distribution of parakeet nests and noctule refuges recorded across years in the
park, indicating not only a reduction in the number but also a spatial contraction of noctule refuges along
with an increase and spatial expansion in parakeet nests. In 2013, the first year we recorded both noctule
refuges (n D 47 trees) and parakeet nests (n D 159 nests) (figure 3), the best-supported model indicates
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Que dit la recherche sur l’incidence des invasions 
biologiques sur la biodiversité ?

E C O L O G Y

South Af ricaí s invasive species guz z le 
water and cost U S$ 4 5 0  million a year
T he c ou ntr y í s f ir st r epor t on its b iol ogic al  inv ader s is pioneer ing in sc ope,  and paints a dir e 
pic tu r e f or  r esou r c es and b iodiv er sity .

suggested that a federal appeals court 
should consider the administration’s argu-
ments before any trial starts in the O regon 
district court. Lawyers for the young people 
said that they would push the district court to 
reschedule the trial this week.

“ The youth of our nation won an important 
decision today from the Supreme Court that 
shows even the most powerful government in 
the world must follow the rules and process of 
litigation in our democracy,”  said J ulia O lson, 
co-counsel for the plaintiffs, in a statement.

Although climate change is a global problem, 
lawyers around the world have brought cli-
mate-change-related lawsuits against local and 
national governments and corporations since 
the late 1980s. These suits have generally sought 
to force the sort of aggressive action against cli-
mate change that has been tough to achieve 
through political means.

Many of the cases have failed, but in 2015, 
a citizen’s group called the Urgenda Founda-
tion won a historic victory against the Dutch 
government. The judge in that case ordered 
the Netherlands to cut its greenhouse-gas 
emissions to at least 25% below 1990 levels by 
2020, citing the possibility of climate-related 
damages to “ current and future generations 
of Dutch nationals”  and the government’s 
“ duty of care …  to prevent hazardous climate 
change” . A Dutch appeals court upheld the 
verdict last month.

O ver the past few years, the Dutch case 
has emerged as a model for climate lawsuits 
in other countries, says Gillian Lobo, a law-
yer who specializes in climate-change-related 
cases at ClientEarth in London. More recently, 
she says, the J u li an a lawsuit has inspired 

its own copycats — some of which have 
progressed further than J u li an a itself. “ It is a 
global phenomenon,”  Lobo says.

O ne case modelled on the J u li an a lawsuit 
has already produced a striking victory. In 
J anuary, 25 young people sued the Colombian 
government for their right to a healthy envi-
ronment, in a case called D em an d a G en er a-
c i o n es  F u tu r as  v .  M i n am b i en te.

The Colombian Supreme Court found in 
the plaintiffs’ favour 
in April. Not only did 
it order the govern-
ment to take steps to 
reduce deforestation 
and climate change, 
it also ruled that the 
Colombian Amazon 
rainforest is “ a subject 
of rights”  that is entitled to “ protection, conser-
vation, maintenance and restoration” .

The young plaintiffs in the J u li an a case 
allege that they have already suffered harm 
from climate change. Seventeen-year-old 
J aime and her family left their home on the 
Navajo Nation Reservation in Cameron, Ari-
zona, in 2011 because the springs that supplied 
their water were drying up. Fifteen-year-old 
J ayden’s home in Louisiana was severely dam-
aged by flooding in 2016, and 19-year-old Vic’s 
school in White Plains, New York, closed tem-
porarily in 2012 after Hurricane Sandy hit.

US climate hawks hope that the J u li an a 
plaintiffs will ultimately prevail, but President 
Trump’s administration is mounting a mul-
tipronged defence. The J ustice Department 
denies that the district court in O regon has 
jurisdiction over the broad sweep of federal 

policies at issue, and that the rights to life, 
liberty and property set out in the Constitu-
tion translate into the right to a stable climate. 
In any case, the department argues, no mean-
ingful redress is possible, given that sharp cuts 
in US emissions might not move the needle 
on climate change much if other countries’ 
greenhouse-gas output grows.

Andrea Rodgers, co-counsel for the J u li an a 
plaintiffs, says that the Trump administration 
hasn’t challenged the fact that humans are 
changing the climate. “ They haven’t presented 
experts to contest what our scientists are say-
ing about ice melt or sea-level rise or terres-
trial impacts or how climate change happens 
or ocean acidification,”  she says.

To win, Rodgers says, “ we have to show that 
the United States government is liable, but also 
that there is a remedy that the judge can order” . 
The United States has seen its greenhouse-gas 
emissions drop in recent years, as the coun-
try shifts its energy mix away from coal and 
towards renewable sources, but as of 2016, it 
remains the second-largest emitter after China.

J ames Hansen, a climatologist at Columbia 
University in New York City and a long-time 
climate activist, is an expert witness in the case 
— and a plaintiff, representing “ future genera-
tions”  not yet born. (His 20-year-old grand-
daughter Sophie K ivlehan is also a plaintiff.)

Hansen has been fighting for action on 
climate change since he first testified on the 
subject before the US Senate in 1988. He says 
that if the J u li an a plaintiffs lose their case, he 
will simply try another way. “ We need to win 
as soon as possible,”  Hansen says, “ but if we 
lose, we don’t give up — we come back with a 
stronger case.”  ■

B Y  S A R A H  W I L D

South Africa is losing its battle against 
biological invaders, according to the gov-
ernment’s first attempt to comprehensively 

assess the status of the country’s alien species.
The invaders, including forest-munching 

wasps and hardy North American bass, cost the 
country around 6.5 billion rand (US$ 450 mil-
lion) a year and are responsible for about 
one-quarter of its biodiversity loss. That’s the 
conclusion of a pioneering report (see go.nature.
com/ 2qmwgag) that the South African National 

Biodiversity Institute in Pretoria released on 
2 November.

Invasive species also guzzle water, a 
serious problem in a country suffering from 
a prolonged and catastrophic drought that is 
expected to worsen as the climate changes.

The report, which the institute compiled 
in response to 2014 regulations that mandate 
a review of invasive species every three years, 
examines the pathways by which these species 
enter the country and the effectiveness of inter-
ventions. It also weighs the toll they take on the 
nation’s finances and biodiversity.

This achievement constitutes a “ significant 
advance”  compared with efforts by most other 
countries, says Piero Genovesi, who chairs the 
invasive species specialist group of the Inter-
national Union for Conservation of Nature in 
Rome. He says that other reports have looked 
at the impact of biological invasions, or at 
measures to address the problem, but have not 
considered all aspects of invasions.

The report provides “ an incredible basis”  on 
which to deal with invasive species in South 
Africa, says Helen Roy, an ecologist at the Cen-
tre for Ecology and Hydrology near O xford, UK .

ì We need to 
win as soon as 
possible. But if 
we lose, we doní t 
give up ó  we 
come back with a 
stronger case.î
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E C O L O G Y

South Af ricaí s invasive species guz z le 
water and cost U S$ 4 5 0  million a year
T he c ou ntr y í s f ir st r epor t on its b iol ogic al  inv ader s is pioneer ing in sc ope,  and paints a dir e 
pic tu r e f or  r esou r c es and b iodiv er sity .

suggested that a federal appeals court 
should consider the administration’s argu-
ments before any trial starts in the O regon 
district court. Lawyers for the young people 
said that they would push the district court to 
reschedule the trial this week.

“ The youth of our nation won an important 
decision today from the Supreme Court that 
shows even the most powerful government in 
the world must follow the rules and process of 
litigation in our democracy,”  said J ulia O lson, 
co-counsel for the plaintiffs, in a statement.

Although climate change is a global problem, 
lawyers around the world have brought cli-
mate-change-related lawsuits against local and 
national governments and corporations since 
the late 1980s. These suits have generally sought 
to force the sort of aggressive action against cli-
mate change that has been tough to achieve 
through political means.

Many of the cases have failed, but in 2015, 
a citizen’s group called the Urgenda Founda-
tion won a historic victory against the Dutch 
government. The judge in that case ordered 
the Netherlands to cut its greenhouse-gas 
emissions to at least 25% below 1990 levels by 
2020, citing the possibility of climate-related 
damages to “ current and future generations 
of Dutch nationals”  and the government’s 
“ duty of care …  to prevent hazardous climate 
change” . A Dutch appeals court upheld the 
verdict last month.

O ver the past few years, the Dutch case 
has emerged as a model for climate lawsuits 
in other countries, says Gillian Lobo, a law-
yer who specializes in climate-change-related 
cases at ClientEarth in London. More recently, 
she says, the J u li an a lawsuit has inspired 
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The Colombian Supreme Court found in 
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in April. Not only did 
it order the govern-
ment to take steps to 
reduce deforestation 
and climate change, 
it also ruled that the 
Colombian Amazon 
rainforest is “ a subject 
of rights”  that is entitled to “ protection, conser-
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allege that they have already suffered harm 
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remains the second-largest emitter after China.
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University in New York City and a long-time 
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tions”  not yet born. (His 20-year-old grand-
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nation’s finances and biodiversity.

This achievement constitutes a “ significant 
advance”  compared with efforts by most other 
countries, says Piero Genovesi, who chairs the 
invasive species specialist group of the Inter-
national Union for Conservation of Nature in 
Rome. He says that other reports have looked 
at the impact of biological invasions, or at 
measures to address the problem, but have not 
considered all aspects of invasions.

The report provides “ an incredible basis”  on 
which to deal with invasive species in South 
Africa, says Helen Roy, an ecologist at the Cen-
tre for Ecology and Hydrology near O xford, UK .

ì We need to 
win as soon as 
possible. But if 
we lose, we doní t 
give up ó  we 
come back with a 
stronger case.î
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O ne of the best-known general patterns in island biogeography is
the species–isolation relationship (SIR), a decrease in the number
of native species with increasing island isolation that is linked to
lower rates of natural dispersal and colonization on remote oce-
anic islands. However, during recent centuries, the anthropogenic
introduction of alien species has increasingly gained importance
and altered the composition and richness of island species pools.
We analyzed a large dataset for alien and native plants, ants,
reptiles, mammals, and birds on 25 7 (sub) tropical islands, and
showed that, except for birds, the number of naturalized alien
species increases with isolation for all taxa, a pattern that is op-
posite to the negative SIR of native species. We argue that the
reversal of the SIR for alien species is driven by an increase in
island invasibility due to reduced diversity and increased ecologi-
cal naiveté of native biota on the more remote islands.

island biogeography | alien species | isolation | island invasibility |
naturalization

Islands harbor a disproportionately high number of evolution-
arily unique, geographically restricted species, and thus con-

tribute significantly to global biodiversity (1). Native species
richness on islands, which arose through colonization events and
evolution over geological time scales, follows positive species–
area relationships and negative species–isolation relationships
(SIR s), as predicted by the theory of island biogeography (2–5).
While the negative SIR for native species is a well-documented
pattern in ecology (2, 6, 7), it is less clear whether or how the
number of alien species on islands is related to isolation.
On the one hand, globalization in trade and transport has con-

siderably reduced the effective isolation of islands worldwide and
has led to a breakdown of biogeographical barriers (8). While
natural dispersal to remote islands is extremely rare and has had a
strong influence on island native species richness and composition,
human-aided transport increases the frequency of introduction
events by orders of magnitude; as a result, SIR patterns may de-
crease or even vanish (2, 9). Alternately, economic theory predicts
that insularity (characterized by smallness and remoteness) has a
strong effect on the socioeconomic structure of an island (10).
Small markets, dependence on sea and air transport, and exclusion
from major transport routes, together with higher costs generally,
mean that fewer commodities are transported to more remote is-
lands (10). Hence, fewer intentional and accidental alien intro-
ductions (i.e., lower propagule and colonization pressures), and
thus lower colonization rates, might be expected for more remote
islands (11). Still, another line of reasoning suggests that invasibility

should be highest on the most remote islands because their
impoverished and evolutionarily naive biota provide greater eco-
logical opportunities for introduced species to establish (12–14).
Further, alien species establishment might lead to the extinction of
native species through enhanced competition or predation, thereby
increasing the establishment odds for additional aliens. These hy-
potheses would predict alien species richness on islands to be
positively correlated, negatively correlated, or uncorrelated with
isolation, depending on the balance between colonization pressure
and establishment probabilities. Empirical studies have so far pro-
vided ambiguous results, with no correlations [ for plants (15, 16)
and birds (16)] or positive correlations [ for birds (17), plants (18),
and ants (19)] between alien species richness and island isolation.
Since these studies vary in methods, predictor variables, and spatial
and taxonomic extent, we are so far unable to draw general con-
clusions regarding the SIR for alien versus native species.

Significance

Islands are hotspots of alien species invasions, and their dis-
tinct biodiversity is particularly vulnerable to invading species.
While isolation has shaped natural colonization of islands for
millions of years, globalization in trade and transport has led to
a breakdown of biogeographical barriers and subsequent col-
onization of islands by alien species. Using a large dataset of
25 7 subtropical and tropical islands, we show that alien richness
increases with increasing isolation of islands. This pattern is
consistent for plants, ants, mammals, and reptiles, and it cannot
simply be explained by island economics and trade alone. Geo-
graphical isolation does not protect islands from alien species,
and island species richness may reach a new dynamic equilibrium
at some point, likely at the expense of many endemic species.

Author contributions: D.M. and B.L. designed research; D.M. and B.L. performed research;
P.W., W.D., H.K ., J .P., P.P., M.v.K ., M.W., C.C., P.C., S.D., E.P.E., P.G .-D., B.G ., H.S., and F.E.
contributed data for the different tax onomic groups; D.M., B.L., F.H., and T.M. analyzed
data; and D.M., B.L., P.W., W.D., H.K ., J .P., P.P., M.v.K ., M.W., C.C., P.C., S.D., E.P.E., P.G .-D.,
B.G ., F.H., T.M., H.S., and F.E. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1D.M. and B.L. contributed equally to this work.
2To whom correspondence should be addressed. Email: bernd.lenzner@univie.ac.at.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.18 04179 115/-/DCSupplemental.

Published online August 29 , 2018 .

9270–9275 | PNAS | September 11, 2018 | vol. 115 | no. 37 www.pnas.org/cgi/doi/10.1073/pnas.18 04179 115

R emoteness promotes b iological invasions on
islands w orldw ide
D ietmar Mosera,1, Bernd Lenznera,1,2, Patrick Weigeltb, Wayne D awsonc, Holger K reftb, J an Pergld, Petr Pyšekd,e,f,
Mark van K leuneng,h, Marten Winteri, Cé sar Capinhaj,k, Phillip Casseyl, Stefan D ullingera, Evan P. Economom,
Pablo Garcí a-D í azl,n, Benoit Gué nardm,o, F lorian Hofhansla,p, Thomas Manga, Hanno Seebensq, and F ranz Essla

aDivision of Conservation Biology, Vegetation and Landscape Ecology, University of Vienna, 1030 Vienna, Austria; bBiodiversity, Macroecology and
Biogeography, University of G oettingen, 37077 G oettingen, G ermany; cDepartment of Biosciences, Durham University, DH1 3LE Durham, United K ingdom;
dInstitute of Botany, Department of Invasion Ecology, The Czech Academy of Sciences, CZ-252 43 Pr!uhonice, Czech Republic; eDepartment of Ecology,
Faculty of Science, Charles University, CZ-128 44 Prague, Czech Republic; fCentre for Invasion Biology, Department of Botany & Zoology, Stellenbosch
University, 7602 Matieland, South Africa; gEcology, University of K onstanz, 78 457 K onstanz, G ermany; hZhej iang Provincial K ey Laboratory of Plant
Evolutionary Ecology and Conservation, Taizhou University, 318 000 Taizhou, China; iG erman Centre for Integrative Biodiversity Research, Halle-J ena-Leipzig,
04103 Leipzig, G ermany; j Centro de Investigaç ã o em Biodiversidade e Recursos G ené ticos (CIBIO /InBIO ), Universidade do Porto, 448 5-661 Vairã o, Portugal;
kZoologisches Forschungsmuseum Alex ander K oenig, Museumsmeile Bonn, 53113 Bonn, G ermany; lSchool of Biological Sciences and Centre for Conservation
Science and Technology, The University of Adelaide, North Terrace Adelaide, SA 5005, Australia; mO kinawa Institute of Science and Technology G raduate
University, O nna, 9 04-049 5 O kinawa, J apan; nManaaki Whenua–Landcare Research, 7640 Lincoln, New Zealand; oSchool of Biological Sciences, The University of
Hong K ong, Pok Fu Lam, Hong K ong SAR, China; pEcosystem Services and Management Program, International Institute of Applied Systems Analysis, 2361
Lax enburg, Austria; and qSenckenberg Biodiversity and Climate Research Centre, 60325 Frankfurt am Main, G ermany

Edited by Daniel S. Simberloff, The University of Tennessee, K nox ville, TN, and approved August 2, 2018 (received for review March 9 , 2018 )

O ne of the best-known general patterns in island biogeography is
the species–isolation relationship (SIR), a decrease in the number
of native species with increasing island isolation that is linked to
lower rates of natural dispersal and colonization on remote oce-
anic islands. However, during recent centuries, the anthropogenic
introduction of alien species has increasingly gained importance
and altered the composition and richness of island species pools.
We analyzed a large dataset for alien and native plants, ants,
reptiles, mammals, and birds on 25 7 (sub) tropical islands, and
showed that, except for birds, the number of naturalized alien
species increases with isolation for all taxa, a pattern that is op-
posite to the negative SIR of native species. We argue that the
reversal of the SIR for alien species is driven by an increase in
island invasibility due to reduced diversity and increased ecologi-
cal naiveté of native biota on the more remote islands.

island biogeography | alien species | isolation | island invasibility |
naturalization

Islands harbor a disproportionately high number of evolution-
arily unique, geographically restricted species, and thus con-

tribute significantly to global biodiversity (1). Native species
richness on islands, which arose through colonization events and
evolution over geological time scales, follows positive species–
area relationships and negative species–isolation relationships
(SIRs ), as predicted by the theory of island biogeography (2–5).
While the negative SIR for native species is a well-documented
pattern in ecology (2, 6, 7), it is less clear whether or how the
number of alien species on islands is related to isolation.
On the one hand, globalization in trade and transport has con-

siderably reduced the effective isolation of islands worldwide and
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Significance

Islands are hotspots of alien species invasions, and their dis-
tinct biodiversity is particularly vulnerable to invading species.
While isolation has shaped natural colonization of islands for
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a breakdown of biogeographical barriers and subsequent col-
onization of islands by alien species. Using a large dataset of
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functions. M oreover, there was evidence of selection on loci putatively involved in reproductive
functions, which was interpreted by the authors as an adaptive shift towards more-reproductive
phenotypes. However, this study did not identify any phenotypic differences between individu-
als from the native and introduced range nor did it demonstrate that the introduced population
had a greater colonisation success compared to native populations. Although previous work
has shown that admixture in invasive populations may increase fitness relative to native
populations [32], it is currently not possible to conclude from the evidence in this study if
adaptation played any role in the secondary spread of glossy buckthorn.

E vidence N eeded
In order to demonstrate that adaptive evolution is an important driver of secondary introduc-
tions, one would need to first establish that a trait conferring greater invasion success evolved in
the bridgehead population. Thus far, there is only limited evidence for adaptive evolution in
introduced populations (reviewed in [33]), with the notable exception of a well-designed
common garden experiment comparing the fitness of invasive plant populations along a
climatic gradient over several growing seasons [34]. However, there is currently no specific
evidence of adaptive evolution in bridgehead populations, favouring secondary spread. Here,
we outline what type of evidence would be required to test this hypothesis.

Demonstration that a trait conferring greater invasion success evolved in a bridgehead popu-
lation requires several steps (Figure 1 ). The first is to determine the exact origin of the introduced
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Figure 1 . Evidence N eeded to Demonstrate That Adaptive Evolution Is an Important Driver of Secondary Introductions.
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Review

B ridgehead E ffects and R ole of A dap tive
Ev olution in I nvasive Pop ulations
Cleo Bertelsmeier1 ,* and Laurent K eller1 ,*

Biological invasions are a major threat to biodiversity, agriculture, and human
health. Invasive populations can be the source of additional new introductions,
leading to a self-accelerating process whereby invasion begets invasion. This
phenomenon, coined bridgehead effect, has been proposed to stem from the
evolution of higher invasiveness in a primary introduced population. There is,
however, no conclusive evidence that the success of bridgehead populations
stems from the evolution of increased invasiveness. Instead, we argue that a
high frequency of secondary introductions can be explained by increased
abundance in the bridgehead region or the topology of human transport net-
work s. We outline the type of evidence and experiments that are needed to
demonstrate adaptive evolution and higher invasion success of introduced
populations.

E volution as a P otential Driver of Bridgehead E ffects
All species have limits to their geographical distributions [1 ]. Historically these limits were
determined by a range of environmental factors such as climate or resource availability, biotic
interactions, and physical barriers to dispersal [1 ]. However, in the current period, particularly
since the Industrial Revolution, increased international trade and human movement have
resulted in the accidental movement of many species worldwide. This ongoing movement
of species has brought about the breakdown of biogeographic boundaries that have historically
limited the distributions of organisms [2], and some of these species become invasive (i.e., an
introduced population maintains itself without human assistance, spreads further and has
impacts on biodiversity, health, agriculture, or ecosystem functioning) [3]. As biological inva-
sions are a leading cause of global biodiversity loss and the erosion of ecosystem functions
worldwide [4], it is important to develop a better understanding of the invasion process [5].

In several species, it has been observed that introduced populations are themselves the source
of additional new introductions (e.g., [6 –9 ]), leading to a self-accelerating process whereby
invasion begets invasion. This phenomenon has been called the bridgehead effect, using the
analogy of a military unit establishing a foothold at the far side of a bridge, prior to further
incursions into hostile territories [1 0 ]. Recently, the bridgehead effect has been highlighted by a
horizon scan identifying the most important issues likely to affect how invasion processes and
dynamics are studied in the near future [1 1 ], because it could drive steep rises in global invasion
rates [1 2]. A potential explanation for an introduced population being the source of several
secondary introductions is that these bridgehead populations evolve higher invasiveness; that
is, they acquire new traits increasing the probability of successful establishment and further
spread relative to native populations [1 0 ]. While this idea of adaptive evolution as a driver of
bridgehead effects is appealing, we argue here that there is currently no empirical support for
this hypothesis. M ost studies that have suggested a role of adaptive evolution are based on the
observation that introduced populations are the source of one or several secondary

Highlights
Introduced populations are frequently
the source of additional secondary
introductions leading to a self-acceler-
ating process whereby invasion
begets invasion.

A potential explanation for this bridge-
head effect is that the bridgehead
populations evolve higher invasive-
ness, that is, new traits increasing
the probability of successful establish-
ment and further spread relative to
native populations.

We argue that there is currently only
limited evidence for adaptive evolution
in introduced populations and so far no
support for the view that this may
account for the high frequency of sec-
ondary introductions.

The high frequency of secondary intro-
ductions is probably best explained by
the topology of human transport net-
works, with species more likely to be
introduced to, and spread from, highly
connected hubs.
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functions. M oreover, there was evidence of selection on loci putatively involved in reproductive
functions, which was interpreted by the authors as an adaptive shift towards more-reproductive
phenotypes. However, this study did not identify any phenotypic differences between individu-
als from the native and introduced range nor did it demonstrate that the introduced population
had a greater colonisation success compared to native populations. Although previous work
has shown that admixture in invasive populations may increase fitness relative to native
populations [32], it is currently not possible to conclude from the evidence in this study if
adaptation played any role in the secondary spread of glossy buckthorn.

E vidence N eeded
In order to demonstrate that adaptive evolution is an important driver of secondary introduc-
tions, one would need to first establish that a trait conferring greater invasion success evolved in
the bridgehead population. Thus far, there is only limited evidence for adaptive evolution in
introduced populations (reviewed in [33]), with the notable exception of a well-designed
common garden experiment comparing the fitness of invasive plant populations along a
climatic gradient over several growing seasons [34]. However, there is currently no specific
evidence of adaptive evolution in bridgehead populations, favouring secondary spread. Here,
we outline what type of evidence would be required to test this hypothesis.

Demonstration that a trait conferring greater invasion success evolved in a bridgehead popu-
lation requires several steps (Figure 1 ). The first is to determine the exact origin of the introduced
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Que dit la recherche sur l’incidence des invasions 
biologiques sur la biodiversité ?

O p in io n

C ommunity A ssembly T heory as a
Framew ork  for B iological I nvasions
Dean E. P earson,1 ,2,* Y vette K . Ortega,1 Öz kan Eren,3 and J osé  L. Hierro4,5

Biological invasions present a global problem underlain by an ecological para-
dox that thwarts explanation:  how do some exotic species, evolutionarily naï ve
to their new environments, outperform locally adapted natives?  We propose
that community assembly theory provides a framework  for addressing this
question. L ocal community assembly rules can be defined by evaluating
how native species’  traits interact with community filters to affect species
abundance. E valuation of exotic species against this benchmark  indicates that
exotics that follow assembly rules behave lik e natives, while those exhibiting
novel interactions with community filters can greatly underperform or outper-
form natives. A dditionally, advantages gained by exotics over natives following
disturbance can be explained by accounting for extrinsic assembly processes
that bias exotic traits toward ruderal strategies.

The N eed for an O verarching Framework  to Guide Invasion E cology
Human-assisted translocations of biological organisms have enhanced societies around the
globe by increasing the availability and diversity of foods, medicines, and construction materials
and generally enriching our lives [1 ]. However, a subset of organisms that are introduced by
humans, intentionally or otherwise, become established within and transform native ecosystems,
disrupting ecosystem services provided to humans [2]. Such ex otic (see Glossary) species have
become a leading threat to native species and natural systems around the world [2,3]. They also
present an ecological paradox:  how do some exotic species, presumably evolutionarily naï ve to
their new surroundings, outperform locally adapted natives [4]?  Deciphering this paradox is critical
to managing and mitigating invasions. Y et, despite an explosion in research on this topic over
recent decades [3], we still lack a general explanation for the invasion paradox. Invasion ecology
has become mired in a debate regarding whether exotic species behave any differently than
natives [3], despite the fact that many exotic organisms have overrun recipient communities to
become some of the most notorious pest species around the world [3,5]. We contend that
progress in invasion ecology has been hindered by the lack of an overarching framework capable
of integrating the key pieces of the invasion puzzle and organizing the field into a more directed
science. Here weexplore the potential forcommunity assembly theory – the theoretical framework
originated to explain the organization of native communities [6 ,7 ] – to serve as a framework for
integrating and advancing invasion ecology.

Dozens of hypotheses have been proposed to explain invasion outcomes [8 –1 0 ]. These
hypotheses offer a d  h o c  explanations for specific invasion scenarios but none provides an
overall explanation for the full range of invasion outcomes. For example, the enemy release [1 1 ]
and novel weapons [1 2] hypotheses offer mechanisms to explain why some exotics become
invasive pests (invasiveness) due to changes in biogeographic context (the role of p rove-
nance), but they do not explain why so many others fail to become problematic when

Highlights
We build on recent studies to demon-
strate how community assembly the-
ory can provide a framework for
advancing invasion ecology.

In this framework, the success of exo-
tic species in recipient communities is
determined by how their traits interact
with local ecological filters.

This approach illustrates that most
exotics follow community rules to
become naturalized species that
behave like the natives; that is, traits
predict their abundance according to
local rules as they do for natives. How-
ever, some exotics can underperform
or outperform relative to the natives
when they exhibit novel interactions
with local filters due to their unique
ecological–evolutionary histories.

This approach also illustrates that the
widely noted advantage of exotics over
natives following disturbances can
arise when extrinsic filters bias local
exotic species pools toward traits that
facilitate invasiveness.
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In the A nthropocene, alien species are no longer the only category of biological
organism establishing and rapidly spreading beyond historical boundaries. We
review evidence showing that invasions by native species are a global phe-
nomenon and present case studies from Southern A frica, and elsewhere, that
reveal how climate-mediated expansions of native plants into adjacent com-
munities can emulate the functional and structural changes associated with
invasions by alien plant species. We conclude that integrating native invasions
into ecological practice and theory will improve mechanistic models and better
inform policy and adaptive ecological management in the 2 1 st century.

When E ndemics Become E pidemic
Invasion science is an ecological subdiscipline that explores the proliferation, spread, and
persistence of species transported by human activity to new and potentially distant ranges
[1 ]. Highly contentious topics in invasion science include the utility of origin (i.e., native vs
alien) [2,3], ‘ denial ’  of impacts [4], and the lexicon used to describe invasions and invaded
communities [5– 7 ]. Despite disputes there is nearly universal disciplinary agreement that
the role of scientists in studying invasive species should be to gather, interpret, and
communicate information as accurately and obj ectively as possible and that decisions
to manage invasive species will require j udgments communicated from invasion biologists
to policymakers [8 ]. It is from this common ground that we discuss the challenges of
formulating unambiguous native plant invasion science and policy. Whether they are termed
‘ expansion ’ , ‘ encroachment ’ , ‘ colonization ’ , or ‘ regime shifts ’ , scientists from around the
world have documented ecological phenomena that share many characteristics with
invasions by alien species. Shared characteristics include changes in population distribu-
tions [9 ,1 0 ], ecosystem structure [1 1 ], and function [1 2] as well as impacts on biodiversity
[1 3,1 4], ecosystem services [1 5,1 6 ], and regional economies [1 2]. There are concerns that
‘ artificial distinctions ’  and a general dissociation by invasion science has created a rift that is
impeding policy on and management of native range expansions [1 7 ]. If an invasive species
is defined as an organism occurring outside its natural past or present range whose
presence and dispersal is due to intentional or unintentional human action – and climate
change is recognized as being forced by anthropogenic factors – climate-driven range
expansions can be considered something other than historical biological colonization. We
affirm the collective call for obj ective science to drive policy [8 ] and herein advocate for a
more inclusive invasion science built on the study of dissemination processes, lag phases,
linked invasions [1 8 ], and unified classification impacts [1 9 ] that embraces a broader
consideration of the potential problems caused by species undergoing range expansion,
in particular when this is a result of human activity.

M any modern landscapes have experienced exponential transformations since the mid-20 th
century conception of invasion science. Global environmental change is creating conditions

Trends
For much of the 21 st century, and
before, scientists from around the
world have reported the occurrence
of populations of native plant species
establishing and spreading outside
historical plant communities.

In general, native plant invasions were
considered small scale and driven by
local land use. However, on review of
the subj ect literature it becomes evi-
dent that native plant invasions are in
fact very widespread, often very large,
and often independent of local land-
use changes, driven rather by global
climate.

Currently, policy for and management
of ecological systems focuses on alien
invasive plant species, in part because
of the widespread awareness of the
impacts of alien plant species.

Considerably less attention has been
given to invasive native plant species,
even when the impacts are structurally
and functionally similar to those of
invasive alien plant species.
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Figure 1 . Evidence of N ative Tree Invasions into Grass Ecosystems from Around the World. P ercentage
increases were calculated from density coverage increase over time. Data collection methods in the source material
[1 6 ,26 –32,35] vary between the studies. Therefore, the percentages can be considered illustrative of a global phenomenon
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Red u c ti ons i n g lob al b i od i v er si ty  loss p r ed i c ted  
f r om c onser v ati on sp end i ng
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Halting global biodiversity loss is central to the C onvention on 
B iological Diversity and U nited N ations Sustainable Development 
Goals1,2, but success to date has been very limited3–5. A critical 
determinant of success in achieving these goals is the financing 
that is committed to maintaining biodiversity6–9;  however, 
financing decisions are hindered by considerable uncertainty over 
the likely impact of any conservation investment6–9. F or greater 
effectiveness, we need an evidence-based model10–12 that shows how 
conservation spending quantitatively reduces the rate of biodiversity 
loss. Here we demonstrate such a model, and empirically quantify 
how conservation investment between 1996 and 2008 reduced 
biodiversity loss in 109 countries ( signatories to the C onvention 
on B iological Diversity and Sustainable Development Goals) , by a 
median average of 29%  per country. We also show that biodiversity 
changes in signatory countries can be predicted with high accuracy, 
using a dual model that balances the effects of conservation 
investment against those of economic, agricultural and population 
growth ( human development pressures) 13–18. Decision-makers 
can use this model to forecast the improvement that any proposed 
biodiversity budget would achieve under various scenarios of 
human development pressure, and then compare these forecasts 
to any chosen policy target. We find that the impact of spending 
decreases as human development pressures grow, which implies 
that funding may need to increase over time. The model offers a 
flexible tool for balancing the Sustainable Development Goals of 
human development and maintaining biodiversity, by predicting 
the dynamic changes in conservation finance that will be needed as 
human development proceeds.

The rapid loss of global biodiversity has major consequences for 
human wellbeing5,19 and consequently, governments worldwide 
have committed to international agreements aimed at reducing these 
losses; these include the Convention on Biological Diversity (CBD) 
and United Nations Sustainable Development Goals (SDGs)1,2. 
However, outcomes to date have been poor: the 2010 CBD target was 
not achieved and it also seems probable that the 2020 Aichi biodiver-
sity targets will not be accomplished3,4. O ne of the most important 
determinants of policy success is our ability to correctly identify (and 
secure) the level of financing needed to adequately fund biodiversity– 
conservation strategies (as outlined in Aichi target 20 and  
SDG 17)1,2,6 –8. A second way to substantially improve outcomes is 
to adopt an evidence-based approach, in which decision making is 
guided by reliable evaluations of past successes and failures (‘ con-
servation impact assessments’)10–12. In many fields, the financing of 
strategic goals is already evidence-based, analysing previous spending 
outcomes to guide current budget decisions20,21. Surprisingly, however, 
no study has yet tested whether global conservation investment has 

actually reduced biodiversity decline across CBD signatory countries, 
nor quantified the differential impacts of different funding levels.

A second key policy need is for models that reliably predict  
biodiversity decline, so that future losses can be forecast and timely action 
taken15,22 (as already occurs with climate change23). In bio-political  
science, predictive models typically quantify the ways in which biodi-
versity loss is driven by human socioeconomic pressures, such as eco-
nomic or agricultural expansion14–16 ,24. To date, evidence-based impact 
assessments and predictive decline models have largely been developed 
separately. However, the ultimate rate of biodiversity change depends 
on the simultaneous effects of human pressures and conservation 
impacts3,25. To make accurate predictions, we therefore need unified 
models that combine both aspects: ‘ pressures-and-conservation- 
impact’ (PACI) models. Indeed, one of the core challenges for the 
SDGs is to balance the often-conflicting goals of human development  
(for example, SDGs 1, 2 and 8) and biodiversity conservation  
(SDG 15)2,14–18,24; models for policy use therefore need to include both. 
Finally, such models need to apply at the level of sovereign countries, 
the key geopolitical decision-making scale for the CBD and SDGs. This 
demands a finer geographic resolution than the planet-scale approaches 
commonly used in assessing global biodiversity change3,7.

Here, we develop a unified PACI model, at the sovereign country 
scale, that statistically quantifies how change in human pressures drives 
biodiversity decline and conservation spending reduces it. The model 
therefore informs policymakers not only about expected biodiversity 
losses but also, more constructively, about the ways in which changes 
in conservation resourcing can reduce the otherwise-expected losses3. 
We also show how the effects of spending and pressures predictably 
depend on national socioeconomic contexts, and thus how they may 
change over time.

A standard policy measure of biodiversity change is the planet-scale 
sum of all changes in the IUCN (International Union for Conservation 
of Nature) Red L ist status of each individual species, using well-known 
taxa as a proxy for biodiversity3,26 . To calculate biodiversity change at 
the scale of sovereign signatory countries (the ‘ biodiversity decline score’ 
(BDS) for each country), we took Red L ist status changes for all bird and 
mammal species for the period 1996 –2008 (see Methods for details) 
and portioned them out among all the countries in which each species 
is found (treating the few status improvements as negative fractions). 
We then summed all the decline fractions for each country to calculate 
its BDS8,26  (Fig. 1, Supplementary Table 1). Sixty per cent of the total 
global BDS was ascribable to only seven countries: Indonesia, Malaysia, 
Papua New Guinea, China, India, Australia and the USA (principally 
Hawaii). Seven countries had net biodiversity improvements (a negative 
BDS): Mauritius, Seychelles, Fiji, Samoa, Tonga, Poland and Ukraine 
(see Extended Data Fig. 1 for mean BDS per species).
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To be useful in policymaking, models of biodiversity change need 
to have simple generality and demonstrated forecasting accuracy. 
Therefore, we first built PACI regression models to predict known BDSs, 
using national-level data on strict-sense conservation spending (annu-
alized, see Methods) combined with the broad socioeconomic pressures 
of growth in the gross domestic product (GDP), agricultural expan-
sion (and its relationship to forest loss), human population growth and 
changing governance quality (Extended Data Table 1, Supplementary 
Table 2). We then tested forecasting accuracy by using cross-validation,  
which repeatedly presents the model with data it has not seen and asks 
it to predict a known outcome (see Methods). BDS data were continu-
ous and zero-inflated as a result of the presence of multiple species-poor 
countries with no status changes, so we used two-part models27 in 
which the ‘ continuous’ part (n =   50) models BDS after truncating the 
long tail of zeroes, and the ‘ binomial’ part (n =   109) models whether 
BDS is zero or non-zero across all countries. We tested for context 
dependence by fitting several hypothesized interactions (Methods, 
Extended Data Table 1).

In the best-fitting regression models (Table 1), we found that conser-
vation spending strongly reduced BDS (Fig. 2) whereas GDP growth 
and agricultural expansion tended to increase it (Fig. 3). Although 
 forest loss was often an important factor, the best-fitting predictive 
model favoured more generalized terms (Table 1, Supplementary 
Discussion). Interaction terms revealed several context-dependent 
nuances (see Supplementary Discussion). The effect of GDP growth 
decreased as baseline GDP decreased, becoming non-significant in the 
poorest countries (Fig. 3). Agricultural expansion had a deleterious 
effect in countries with relatively low percentages of land devoted to 
agriculture (such as Malaysia and Peru), but was not statistically signifi-
cant in countries with mid-to-high percentages (such as Bangladesh) 
(Fig. 3). The binomial part of the model also suggested that the 

consequences of agricultural expansion could be considerably reduced 
by improvements in the quality of national governance (Extended Data 
Fig. 2) and that the effect size for GDP growth increased as human 
population growth increased (that is, the combined effect of the two 
pressures was greater than the sum of its parts; see Table 1). Finally, 
conservation spending was more effective in low-income countries 
than it was in higher-income ones, and also had a greater impact when 
there was greater threatened species richness (Extended Data Fig. 3).

Both parts of the model accurately predicted historical declines 
(R2 =   0.85 in the continuous part; accuracy =   94%  in the binomial 
part; Extended Data Fig. 4) and were robust to several sensitivity tests 
(Extended Data Table 2, Supplementary Results).They also had high 
forecasting accuracy in cross-validation (82%  for the continuous part; 
85%  for the binomial part). O ur PACI models therefore have immediate 
application to several major policy needs. They can predict not only 
future biodiversity declines15,22 but also how changes to a key policy 
instrument (the high-level financial resourcing of biodiversity conser-
vation) will quantifiably reduce the declines expected. To illustrate this 
feature, we used the model to predict the effect of spending an extra 
five million constant international dollars (I$ ) in each country (increas-
ing the overall global annual budget by 42% , Supplementary Table 3).  
O utcomes for all countries are shown in Supplementary Table 3;  
see also Fig. 1) but to give an example: the model predicted that this 
would lead to BDS reductions of 33%  and 54% , respectively, in the 
biologically mega-diverse countries of Papua New Guinea and Peru. 
We also used the model to estimate how much biodiversity loss has 
been prevented by conservation financing since the Earth Summit8,28, 
finding that median loss per country was 29%  less than would other-
wise have occurred (see Methods).

The model can also be used to predict the funding each country 
requires to achieve specific biodiversity policy goals, including the 
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F igure 1 |  Global biodiversity declines and the effects of conservation 
spending. Colours show percentage of all global declines (total BDS) 
associated with each country. Pie charts show the predicted reduction 
in decline (in black) if spending had been I$ 5 million higher (for 
selected countries); pie size represents the square root of the BDS. 

Inset shows predicted versus observed BDS (log-transformed) for the 
continuous model (see also Extended Data Fig. 4). Country outlines 
supplied by esri_ dm (https:/ / www.arcgis.com/ home/ item.html? id =  
d86 e32ea12a6 4727b9e94d6 f820123a2# overview).
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Halting global biodiversity loss is central to the C onvention on 
B iological Diversity and U nited N ations Sustainable Development 
Goals1,2, but success to date has been very limited3–5. A critical 
determinant of success in achieving these goals is the financing 
that is committed to maintaining biodiversity6–9;  however, 
financing decisions are hindered by considerable uncertainty over 
the likely impact of any conservation investment6–9. F or greater 
effectiveness, we need an evidence-based model10–12 that shows how 
conservation spending quantitatively reduces the rate of biodiversity 
loss. Here we demonstrate such a model, and empirically quantify 
how conservation investment between 1996 and 2008 reduced 
biodiversity loss in 109 countries ( signatories to the C onvention 
on B iological Diversity and Sustainable Development Goals) , by a 
median average of 29%  per country. We also show that biodiversity 
changes in signatory countries can be predicted with high accuracy, 
using a dual model that balances the effects of conservation 
investment against those of economic, agricultural and population 
growth ( human development pressures) 13–18. Decision-makers 
can use this model to forecast the improvement that any proposed 
biodiversity budget would achieve under various scenarios of 
human development pressure, and then compare these forecasts 
to any chosen policy target. We find that the impact of spending 
decreases as human development pressures grow, which implies 
that funding may need to increase over time. The model offers a 
flexible tool for balancing the Sustainable Development Goals of 
human development and maintaining biodiversity, by predicting 
the dynamic changes in conservation finance that will be needed as 
human development proceeds.

The rapid loss of global biodiversity has major consequences for 
human wellbeing5,19 and consequently, governments worldwide 
have committed to international agreements aimed at reducing these 
losses; these include the Convention on Biological Diversity (CBD) 
and United Nations Sustainable Development Goals (SDGs)1,2. 
However, outcomes to date have been poor: the 2010 CBD target was 
not achieved and it also seems probable that the 2020 Aichi biodiver-
sity targets will not be accomplished3,4. O ne of the most important 
determinants of policy success is our ability to correctly identify (and 
secure) the level of financing needed to adequately fund biodiversity– 
conservation strategies (as outlined in Aichi target 20 and  
SDG 17)1,2,6 –8. A second way to substantially improve outcomes is 
to adopt an evidence-based approach, in which decision making is 
guided by reliable evaluations of past successes and failures (‘ con-
servation impact assessments’)10–12. In many fields, the financing of 
strategic goals is already evidence-based, analysing previous spending 
outcomes to guide current budget decisions20,21. Surprisingly, however, 
no study has yet tested whether global conservation investment has 

actually reduced biodiversity decline across CBD signatory countries, 
nor quantified the differential impacts of different funding levels.

A second key policy need is for models that reliably predict  
biodiversity decline, so that future losses can be forecast and timely action 
taken15,22 (as already occurs with climate change23). In bio-political  
science, predictive models typically quantify the ways in which biodi-
versity loss is driven by human socioeconomic pressures, such as eco-
nomic or agricultural expansion14–16 ,24. To date, evidence-based impact 
assessments and predictive decline models have largely been developed 
separately. However, the ultimate rate of biodiversity change depends 
on the simultaneous effects of human pressures and conservation 
impacts3,25. To make accurate predictions, we therefore need unified 
models that combine both aspects: ‘ pressures-and-conservation- 
impact’ (PACI) models. Indeed, one of the core challenges for the 
SDGs is to balance the often-conflicting goals of human development  
(for example, SDGs 1, 2 and 8) and biodiversity conservation  
(SDG 15)2,14–18,24; models for policy use therefore need to include both. 
Finally, such models need to apply at the level of sovereign countries, 
the key geopolitical decision-making scale for the CBD and SDGs. This 
demands a finer geographic resolution than the planet-scale approaches 
commonly used in assessing global biodiversity change3,7.

Here, we develop a unified PACI model, at the sovereign country 
scale, that statistically quantifies how change in human pressures drives 
biodiversity decline and conservation spending reduces it. The model 
therefore informs policymakers not only about expected biodiversity 
losses but also, more constructively, about the ways in which changes 
in conservation resourcing can reduce the otherwise-expected losses3. 
We also show how the effects of spending and pressures predictably 
depend on national socioeconomic contexts, and thus how they may 
change over time.

A standard policy measure of biodiversity change is the planet-scale 
sum of all changes in the IUCN (International Union for Conservation 
of Nature) Red L ist status of each individual species, using well-known 
taxa as a proxy for biodiversity3,26 . To calculate biodiversity change at 
the scale of sovereign signatory countries (the ‘ biodiversity decline score’ 
(BDS) for each country), we took Red L ist status changes for all bird and 
mammal species for the period 1996 –2008 (see Methods for details) 
and portioned them out among all the countries in which each species 
is found (treating the few status improvements as negative fractions). 
We then summed all the decline fractions for each country to calculate 
its BDS8,26  (Fig. 1, Supplementary Table 1). Sixty per cent of the total 
global BDS was ascribable to only seven countries: Indonesia, Malaysia, 
Papua New Guinea, China, India, Australia and the USA (principally 
Hawaii). Seven countries had net biodiversity improvements (a negative 
BDS): Mauritius, Seychelles, Fiji, Samoa, Tonga, Poland and Ukraine 
(see Extended Data Fig. 1 for mean BDS per species).
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COMMENT

Strategically growing the urban
forest will improve our world
Theodore A. Endreny 1

Growth in urban populations creates opportunities for urban forests to deliver ecosystem

services critical to human wellbeing and biodiversity. Our challenge is to strategically expand

urban forests and provide our international communities, particularly the vulnerable, with

healthier, happier, and enriched lives.

Trees are too often removed for urbanization, well captured by Joni Mitchell’s lyrics “They paved
paradise. And put up a parking lot.” Urban areas globally will expand to accommodate popu-
lation growth and migration trends1. Yet, urban denizens benefit greatly with trees in their
habitat, and that is the theme of the 2018 International Day of Forests; Forests and Sustainable
Cities. Urban areas can concentrate poverty and sickness, and trees can help alleviate these ills
through their ecosystem services. Our global challenge is to grow urban forests and sustain
human wellbeing and biodiversity.
The urban forest is defined to comprise all trees in the urban area, inclusive of individual street

trees and clusters of park trees, and peri-urban forests extend to the outer metropolitan area.
Within the urban forest, forest types include city parks and urban forests >0.5 ha, pocket parks
and gardens with trees, trees on streets or in public squares, and any other green spaces with
trees, such as riparian corridors, rooftops, and nurseries. Urban areas occupy 4% of the world’s
land area, and if planted at global average tree density, they could contain 121 billion trees2.
Urban forests may have <10 billion trees, with >100 genus including Pinus, Platanus, and Pyrus
that are increasingly planted based on the ecosystem services they can deliver.

Establishing the role of ecosystem services
Ecosystem services from trees can be categorized as cultural (e.g., spiritual, recreational), pro-
visioning (e.g., food, fiber, water), regulating (e.g., climate and flood control), and supporting
(e.g., pollination, soil formation). Causation between tree structure and functional services
include the obvious, such as harvesting an apple, to processes that only researchers may notice
such as cooling buildings through shading, cooling the air through transpiration, silencing of
noise through damping, and cleaning the air and water through filtration. In general, ecosystem
services are greater from evergreen trees with large leaf areas due to the functional role of tree
canopy3. The Food and Agriculture Organization4 mapped how urban forest advance nine UN
Sustainable Development Goals (SDGs): no poverty, zero hunger, good health and well-being,
clean water and sanitation, affordable and clean energy, descent work and economic growth,
climate action, life on land, and sustainable cities and communities (see Table 1). Preliminary
analysis suggests an average return on investment of $2.25 for each $1 invested in urban trees,
and this >100% return does not include all services5. Urban forest services are invaluable for the
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R E S E A R C H A R T I C L E

Aligning nature conservation and agriculture:
the search for new regimes
Henny J. van der Windt1,2, Jac. A.A. Swart1

In addition to the protection of nature in reserves, known as the land-sparing approach, another strategy is often suggested,
the land-sharing approach, which implies the integration of nature protection with other human activities. Especially in
Europe, a rich variety of sharing approaches have been practiced. Using the theoretical concepts of the multilevel perspective
on sustainable transitions, we will analyze two experimental cases in the Netherlands, in which the development of a
sustainable, nature-friendly form of agriculture was attempted. In these experiments, new concepts of biodiversity monitoring,
self-governance, and agriculture were developed in order to enhance biodiversity and the quality of nature on a regional
scale. Our conclusion is that this sharing strategy has proved to be promising, at least in terms of relatively extensive use of
agricultural areas. It should, however, not only include sharing of land use but also of responsibilities, knowledge development,
aims, and means. Moreover, our study revealed that such an approach is possible only if governmental and market structures
also change, and if based on new integrating concepts.

Key words: agriculture, conservation, regime shift, sharing, sparing, sustainability

Implications for Practice

• Alignment of nature protection and agriculture may con-
tribute to biodiversity goals in seminatural and cultural
landscapes.

• The multilevel perspective makes it possible to distinguish
several dimensions and levels of society that are rele-
vant for understanding the transition to a sustainable and
nature-friendly form of agriculture.

• Alignment of nature protection and agriculture requires
expertise with respect to agricultural regimes and
agriculture-nature interactions, as well as spaces for
experiments.

• Knowledge building and practices concerning nature-
friendly agriculture may be considered a form of inclusive
ecological restoration.

Introduction

Agriculture is seen as one of the main drivers behind the threats
to biodiversity (CBD 2006). The environmental effects com-
prise habitat destruction or fragmentation, pollution by nutri-
ents and pesticides, and drainage. For example, many European
farmland bird populations have decreased by at least 50% over
the past few decades, including the Northern Lapwing (Vanel-
lus vanellus) and Eurasian Skylark (Alauda arvensis) (European
Environmental Agency 2015). The dominant response to these
threats is preservation and conservation, and, more recently,
the restoration of nature reserves. However, the relationship
between agriculture and conservation has attracted and renewed
attention recently in terms of the debate around land sparing

and sharing (Green et al. 2005; Kremen 2015). Proponents of
land sharing argue for a strong separation between agriculture
and conservation, along with intensive forms of agriculture, in
order to create more space for nature. In contrast, land-sharing
advocates promoted extensive, nature-friendly forms of agricul-
ture, without any such rigid separation. However, the distinction
between sparing and sharing is often too simplistic, since opti-
mum strategies for conservation and food security issues also
depend on the kinds of species and ecosystems involved, as
well as land-scale and climate conditions, the rebound effects
of land conversion, and political, cultural, and economic condi-
tions (Fischer et al. 2014; Phalan et al. 2016).

At present, both strategies are being practiced. North Amer-
ican nature protection organizations have always featured a
strong focus on pristine, pre-Columbian nature, thus implying a
preservation or sparing approach. Their European counterparts,
however, have developed several approaches in order to con-
serve seminatural and traditional, small-scale agricultural land-
scapes, which can be considered variants of the land-sharing
strategy (de Klemm & Shine 1996). More recently we have
also been seeing attempts to integrate conservation and restora-
tion measures with modern forms of agriculture, their value
chains, and daily practices (Barbier & Elzen 2012). However,
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War f ar e and  w i ld li f e d ec li nes i n Af r i c aí s  
p r otec ted  ar eas
J o s h u a  H .  D a s k i n 1Ü  &  Ro b e r t  M.  P r i n g l e 1

L arge-mammal populations are ecological linchpins1, and their 
worldwide decline2 and extinction3 disrupts many ecosystem 
functions and services4. Reversal of this trend will require an 
understanding of the determinants of population decline, to 
enable more accurate predictions of when and where collapses will 
occur and to guide the development of effective conservation and 
restoration policies2,5. M any correlates of large-mammal declines are 
known, including low reproductive rates, overhunting, and habitat 
destruction2,6,7. However, persistent uncertainty about the effects of 
one widespread factor—armed conflict—complicates conservation-
planning and priority-setting efforts5,8. C ase studies have revealed 
that conflict can have either positive or negative local impacts on 
wildlife8–10, but the direction and magnitude of its net effect over 
large spatiotemporal scales have not previously been quantified5. 
Here we show that conflict frequency predicts the occurrence and 
severity of population declines among wild large herbivores in 
African protected areas from 1946 to 2010. C onflict was extensive 
during this period, occurring in 71%  of protected areas, and 
conflict frequency was the single most important predictor of 
wildlife population trends among the variables that we analysed. 
P opulation trajectories were stable in peacetime, fell significantly 
below replacement with only slight increases in conflict frequency 
( one conflict-year per two-to-five decades) , and were almost 
invariably negative in high-conflict sites, both in the full 65-year 
dataset and in an analysis restricted to recent decades ( 1989–2010) . 
Y et total population collapse was infrequent, indicating that war-
torn faunas can often recover. Human population density was also 
correlated ( positively)  with wildlife population trajectories in recent 
years;  however, we found no significant effect, in either timespan, 
of species body mass, protected-area size, conflict intensity ( human 
fatalities) , drought frequency, presence of extractable mineral 
resources, or various metrics of development and governance. 
Our results suggest that sustained conservation activity in conflict 
zones—and rapid interventions following ceasefires—may help to 
save many at-risk populations and species.

O ver the past 70 years, humans have waged war continuously in 
the world’s most biodiverse regions. Between 1950 and 2000, more 
than 80%  of wars overlapped with biodiversity hotspots9. In recent 
decades, the large majority of conflicts have occurred in Africa and 
Asia— an average of 28 per year since 1989, with no clear indication 
of  slowdown11. These continents also support the world’s largest 
 numbers of extant large-mammal species (and of those threatened 
with  extinction)2. This alignment of warfare and wildlife hotspots 
might further imperil the world’s last remaining assemblages of diverse 
large-mammal populations, which play important roles in ecosystems 
and in many local, regional, and national economies2–4.

Yet there is no consensus as to whether any general,  directional 
relationship exists between armed conflict and biodiversity 
 outcomes5,8,12,13. At local scales, both positive and negative effects of 
war on wildlife have been documented, arising from multiple direct 

and indirect pathways8,13. Negative impacts stem directly from the use 
of ordnance and chemicals14, bushmeat hunting by soldiers15,16 , and 
trade in ivory and other wildlife products to finance military activity12; 
they can also arise indirectly from the weakening of local institutions 
and the disruption of livelihoods and norms16 . However, war can also 
relax pressure on wildlife when people avoid combat zones10 or are 
tactically disarmed8, or when extractive industries decline8,17. The 
net effect of these diverse pathways on wildlife populations has never, 
to our knowledge, been assessed over continental or multi-decadal 
scales.

A generalized, large-scale assessment of war’s effect on wildlife is 
needed to help decision-makers to predict the severity and geographical 
distribution of threats to biodiversity and to develop practical miti-
gation strategies13. This need is perhaps most acute for Africa, where 
the high frequency, extent, and duration of conflicts11,18 undermines 
governance and threatens the livelihoods of rapidly growing human 
populations, and where large-mammal populations— including many 
threatened species— have declined sharply2,19. A recent  modelling 
study5 has shown that incorporating conflict risk into protected-area 
 planning improved predicted conservation outcomes throughout 
Africa;  however, the authors noted that the dearth of information 
about war’s ecological impacts remains a major source of uncertainty 
in such  forecasts. Categorical assumptions employed in the absence 
of pertinent data (for example, that the occurrence of any conflict in a 
protected area entails total loss of its conservation value5) might under-
estimate returns on conservation investments in volatile regions and 
cannot account for the likelihood that impacts vary as a function of 
conflict frequency or intensity17. L eaders of conservation organiza-
tions have called for increased research on the environmental effects of 
conflict and the identification of general trends to facilitate mitigation 
planning in conflict-prone regions13.

We used spatially and temporally explicit databases18,20 to quantify 
the frequency of armed conflict in and around African protected areas 
since 1946 . We first extracted locations for all protected areas covering 
at least 5 km2 from the IUCN/ UNEP World Database21, which included 
3,585 protected areas from 51 of the 54 countries in Africa. We next 
mapped conflicts using two datasets that provide the dates and loca-
tions of events that caused at least one human fatality and were part 
of an organized conflict that caused at least 25 fatalities in the year of 
the event. For 1946 –1988, we used PRIO- GRID18, which delineates  
conflict zones at annual intervals within 0.5°  ×  0.5°  geographical grid 
cells. For 1989–2010, we used the Georeferenced Events Database 
(GED)20, which provides yearly minimum convex polygons encom-
passing conflict locations along with associated estimates of human 
fatalities. We translated GED polygons into PRIO -GRID structure 
using a spatial join in ArcMap 10.0, enabling us to quantify the  number 
of years of conflict in each grid cell from 1946  to 2010; we then calcu-
lated the mean number of conflict-years for each protected area by 
averaging across all grid cells that wholly or partially overlapped that 
protected area.
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severity of population declines among wild large herbivores in 
African protected areas from 1946 to 2010. C onflict was extensive 
during this period, occurring in 71%  of protected areas, and 
conflict frequency was the single most important predictor of 
wildlife population trends among the variables that we analysed. 
P opulation trajectories were stable in peacetime, fell significantly 
below replacement with only slight increases in conflict frequency 
( one conflict-year per two-to-five decades) , and were almost 
invariably negative in high-conflict sites, both in the full 65-year 
dataset and in an analysis restricted to recent decades ( 1989–2010) . 
Y et total population collapse was infrequent, indicating that war-
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correlated ( positively)  with wildlife population trajectories in recent 
years;  however, we found no significant effect, in either timespan, 
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fatalities) , drought frequency, presence of extractable mineral 
resources, or various metrics of development and governance. 
Our results suggest that sustained conservation activity in conflict 
zones—and rapid interventions following ceasefires—may help to 
save many at-risk populations and species.

O ver the past 70 years, humans have waged war continuously in 
the world’s most biodiverse regions. Between 1950 and 2000, more 
than 80%  of wars overlapped with biodiversity hotspots9. In recent 
decades, the large majority of conflicts have occurred in Africa and 
Asia— an average of 28 per year since 1989, with no clear indication 
of  slowdown11. These continents also support the world’s largest 
 numbers of extant large-mammal species (and of those threatened 
with  extinction)2. This alignment of warfare and wildlife hotspots 
might further imperil the world’s last remaining assemblages of diverse 
large-mammal populations, which play important roles in ecosystems 
and in many local, regional, and national economies2–4.

Yet there is no consensus as to whether any general,  directional 
relationship exists between armed conflict and biodiversity 
 outcomes5,8,12,13. At local scales, both positive and negative effects of 
war on wildlife have been documented, arising from multiple direct 

and indirect pathways8,13. Negative impacts stem directly from the use 
of ordnance and chemicals14, bushmeat hunting by soldiers15,16 , and 
trade in ivory and other wildlife products to finance military activity12; 
they can also arise indirectly from the weakening of local institutions 
and the disruption of livelihoods and norms16 . However, war can also 
relax pressure on wildlife when people avoid combat zones10 or are 
tactically disarmed8, or when extractive industries decline8,17. The 
net effect of these diverse pathways on wildlife populations has never, 
to our knowledge, been assessed over continental or multi-decadal 
scales.

A generalized, large-scale assessment of war’s effect on wildlife is 
needed to help decision-makers to predict the severity and geographical 
distribution of threats to biodiversity and to develop practical miti-
gation strategies13. This need is perhaps most acute for Africa, where 
the high frequency, extent, and duration of conflicts11,18 undermines 
governance and threatens the livelihoods of rapidly growing human 
populations, and where large-mammal populations— including many 
threatened species— have declined sharply2,19. A recent  modelling 
study5 has shown that incorporating conflict risk into protected-area 
 planning improved predicted conservation outcomes throughout 
Africa;  however, the authors noted that the dearth of information 
about war’s ecological impacts remains a major source of uncertainty 
in such  forecasts. Categorical assumptions employed in the absence 
of pertinent data (for example, that the occurrence of any conflict in a 
protected area entails total loss of its conservation value5) might under-
estimate returns on conservation investments in volatile regions and 
cannot account for the likelihood that impacts vary as a function of 
conflict frequency or intensity17. L eaders of conservation organiza-
tions have called for increased research on the environmental effects of 
conflict and the identification of general trends to facilitate mitigation 
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We used spatially and temporally explicit databases18,20 to quantify 
the frequency of armed conflict in and around African protected areas 
since 1946 . We first extracted locations for all protected areas covering 
at least 5 km2 from the IUCN/ UNEP World Database21, which included 
3,585 protected areas from 51 of the 54 countries in Africa. We next 
mapped conflicts using two datasets that provide the dates and loca-
tions of events that caused at least one human fatality and were part 
of an organized conflict that caused at least 25 fatalities in the year of 
the event. For 1946 –1988, we used PRIO -GRID18, which delineates  
conflict zones at annual intervals within 0.5°  ×  0.5°  geographical grid 
cells. For 1989–2010, we used the Georeferenced Events Database 
(GED)20, which provides yearly minimum convex polygons encom-
passing conflict locations along with associated estimates of human 
fatalities. We translated GED polygons into PRIO -GRID structure 
using a spatial join in ArcMap 10.0, enabling us to quantify the  number 
of years of conflict in each grid cell from 1946  to 2010; we then calcu-
lated the mean number of conflict-years for each protected area by 
averaging across all grid cells that wholly or partially overlapped that 
protected area.
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S
eagrasses are marine flowering 

plants that are found along temper-

ate and tropical coastlines around the 

world. They provide habitat for fish, 

shellfish, and marine herbivores such 

as turtles (see the photo) and dugong 

and also serve important physical roles—for 

example, by filtering sediments and reduc-

ing wave and current energies near coasts 

(1). By filtering the water column of patho-

gens, seagrasses reduce contamination in 

seafood while also reducing coral disease 

(2). Given the global distribution of seagrass 

and its role in climate mitigation and food 

security, the protection of these ecosystems 

has implications for the planetary boundar-

ies within which humanity can safely op-

erate (3, 4). Growing understanding of the 

roles of seagrass shows that their protection 

is crucial for staying within safe planetary 

boundaries and sustaining fisheries produc-

tivity and food security (see the figure).

Seagrass meadows are one of the most 

widespread coastal habitats on Earth. They 

are found throughout subarctic to tropical 

latitudes and exist in countries across the 

range of the human development index. 

However, like many of the world’s natural 

habitats, seagrass meadows are in decline, 
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P ROTECTED AREAS

O ne-third of glob al protected land
is under intense human pressure
K e n d a l l R . J on e s , 1 , 2* O s c a r V e n t e r , 3 R i c h a r d A . F ul l e r , 2, 4 J a m e s R . A l l a n , 1 , 2

S e a n L . M a x w e l l , 1 , 2 P a b l o J os e N e g r e t , 1 , 2 J a m e s E . M . W a t s on 1 , 2, 5

In an era of massive biodiversity loss, the greatest conservation success story has been
the growth of protected land globally. P rotected areas are the primary defense against
biodiversity loss, but extensive human activity within their boundaries can undermine this.
U sing the most comprehensive global map of human pressure, we show that 6 million
sq uare kilometers (3 2 .8 % ) of protected land is under intense human pressure. F or
protected areas designated before the C onvention on B iological Diversity was ratified in
1 9 9 2 , 5 5 % have since experienced human pressure increases. T hese increases were lowest
in large, strict protected areas, showing that they are potentially effective, at least
in some nations. T ransparent reporting on human pressure within protected areas is now
critical, as are global targets aimed at efforts req uired to halt biodiversity loss.

I
n response tomassiveworldwide biodiversity
loss (1), the global extent of protected land
has roughly doubled in size since the 1992
Earth Summit in R io de J aneiro, Brazil, with
more than 202,000 protected areas now cov-

ering 14.7% of the world’ s terrestrial area (2). The
recent expansion has been closely associatedwith
A ichi Biodiversity Target 11, which mandates the
inclusion of at least 17% of terrestrial areas in ef-
fectivelymanaged and ecologically representative
protected areas by 2020 (3). P rotected areas have
various management objectives, ranging from
strict biodiversity conservation areas [Interna-
tional Union for Conservation of Nature (IUCN)
categories I and II] to zones permitting certain
human activities and sustainable resource extrac-
tion (IUCN categories III to V I), but the primary
objective of all protected areas with an IUCN cat-
egory is to conserve nature (4). A s such,maintain-
ing the ecological integrity and natural condition
of these areas is essential to ensure the protection
of species, habitats, and the ecological and evo-
lutionary processes that sustain them (3).
The increasing growth and overall extent of

protected areas is deservedly celebrated as a con-
servation success story (5), and there is no doubt
that well-managed protected areas can preserve
biodiversity (6, 7). However, despite the clear re-
lationship between human activities and bio-
diversity decline (8), and the prevalence of these
activities inside many protected areas (9), there
has been only one global assessment of multiple
human pressures within protected areas (10).
This study mapped human pressure at a coarse

scale, considered only a small subset of global
protected areas (n = 8950), and did not consider
many important human pressures, such as roads
and navigable waterways (11), livestock grazing
(12), and urbanization (13). A comprehensive
analysis of cumulative human pressure within
protected areas, and how this has changed
since the Convention on Biological Diversity was
ratified in 1992, is necessary to assess how hu-

man pressure inside protected areas may im-
pede progress toward international conservation
targets (3).
Here we use the most comprehensive global

mapof humanpressure on the environment [the
human footprint; (14)] to quantify the extent and
intensity of human pressure within protected
areas and how this has changed since 1992. The
human footprint provides a single pressuremet-
ric that combines data on built environments,
intensive agriculture, pasture lands, humanpop-
ulation density, nighttime lights, roads, railways,
and navigable waterways (14). The presence of
these pressures is directly linked to constraints
on and declines in biodiversity (8, 15, 16). We de-
lineate areas of intense human pressure in pro-
tected areas (human footprint≥ 4; seemethods)
and explore how excluding these areas would
affect measurements of progress toward A ichi
Biodiversity Target 11. We also assess the impact
of protected-area size and IUCN management
category on patterns of human pressure within
protected areas.
We find that the average human footprint score

within protected areas is 3.3, almost 50% lower
than the global mean of 6.16 (14). Despite this,
human activities are prevalent across many pro-
tected areas,with only 42% of protected land free
of any measurable human pressure (figs. S1 and
S2). A reas under intense human pressure make
up 32.8% (6,005,249 km2) of global protected land
(Fig. 1), andmore than half (57% ) of all protected
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Fi g . 1 . H u m a n p r e s s u r e w i t h i n p r o t e c t e d a r e a s . (A) Proportion of each protected area that is
subject to intense human pressure, spanning from low (blue) to high (orange) levels. ( B ) K amianets-
Podilskyi, a city within Podolskie Tovtry National Park, Ukraine. (C) Major roads fragment habitat
within Mikumi National Park, Tanzania. (D) Agriculture and buildings within Dadohaehaesang
National Park, South K orea. [ Photo credits: G oogle Earth]
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Protected areas (PAs) play an important role in conserving biodi-
versity and providing ecosystem services, yet their effectiveness is
undermined by funding shortfalls. Using lions (Panthera leo) as a
proxy for PA health, we assessed available funding relative to
budget requirements for PAs in Africa’s savannahs. We compiled
a dataset of 2015 funding for 282 state-owned PAs with lions. We
applied three methods to estimate the minimum funding required
for effective conservation of lions, and calculated deficits. We es-
timated minimum required funding as $978/ km2 per year based on
the cost of effectively managing lions in nine reserves by the Af-
rican Parks Network; $1,271/ km2 based on modeled costs of man-
aging lions at ≥5 0% carrying capacity across diverse conditions in
115 PAs; and $2,030/ km2 based on Packer et al.’s [ Packer et al.
(2013) Ecol Lett 16: 635 –641] cost of managing lions in 22 unfenced
PAs. PAs with lions require a total of $1.2 to $2.4 billion annually,
or ∼$1,000 to 2,000/ km2, yet received only $381 million annually,
or a median of $200/ km2. Ninety-six percent of range countries
had funding deficits in at least one PA, with 88 to 94% of PAs with
lions funded insufficiently. In funding-deficit PAs, available fund-
ing satisfied just 10 to 20% of PA requirements on average, and
deficits total $0.9 to $2.1 billion. African governments and the in-
ternational community need to increase the funding available for
management by three to six times if PAs are to effectively con-
serve lions and other species and provide vital ecological and eco-
nomic benefits to neighboring communities.

budget | comanagement | conservation effectiveness | deficit |
funding need

Protected areas (P As) are the foundation of international ef-
forts to secure biodiversity (1, 2). P As play a critical role

in conserving high-priority species, including the African lion
(Panthera leo), one of the most iconic symbols of Africa and a
proxy for ecological health (3, 4). At least 56% of lion range falls
within P As, and the species reaches its highest population densi-
ties in P As with high prey densities and where lion populations are
well-managed and protected from primary threats (3, 5). Short-
falls in funding, combined with mounting human pressures, have
weakened the management capacity in most African P As and
contributed to rapid declines in numbers of lions, their prey, and
other species (6–9). Lion numbers have decreased by 43% in just
two decades, to as few as 23,000 to 35,000 wild individuals (8, 10).
If managed optimally, Africa’s P As could theoretically support
three to four times more wild lions than the current continental
total, which would secure the ecosystems that lions encompass
and allow for conservation gains for many other species (3).

Investing more financial resources into Africa’s P As would not
only strengthen the conservation of lions and their ecosystems, but
also generate social and economic benefits for Africa and the
world at large. Africa’s P As encompass species and areas of natural
heritage that are of great symbolic and cultural significance both
within Africa and elsewhere, perhaps most notably in the West
(4, 11, 12). P As also support and supply vital ecosystem services to
African countries (13–15) and bolster and diversify rural and na-
tional economies via nature-based tourism (9, 16–18). V isitation to
parks and reserves has been increasing in Africa to the extent that,
in Southern Africa, for instance, ecotourism generates as much
revenue as farming, forestry, and fishing combined (19, 20).
However, Africa’s P As are often underfunded and receive less

international support than their global value merits or than is

Significance

Protected areas (PAs) are the cornerstone of conservation yet
face funding inadequacies that undermine their effectiveness.
Using the conservation needs of lions as a proxy for those of
wildlife more generally, we compiled a dataset of funding in
Africa’s PAs with lions and estimated a minimum target for
conserving the species and managing PAs effectively. PAs with
lions require $1.2 to $2.4 billion or $1,000 to $2,000/ km2 an-
nually, yet receive just $381 million or $200/ km2 (median) an-
nually. Nearly all PAs with lions are inadequately funded;
deficits total $0.9 to $2.1 billion. Governments and donors must
urgently and significantly invest in PAs to prevent further de-
clines of lions and other wildlife and to capture the economic,
social, and environmental benefits that healthy PAs can confer.
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Protected areas (PAs) play an important role in conserving biodi-
versity and providing ecosystem services, yet their effectiveness is
undermined by funding shortfalls. Using lions (Panthera leo) as a
proxy for PA health, we assessed available funding relative to
budget requirements for PAs in Africa’s savannahs. We compiled
a dataset of 2015 funding for 282 state-owned PAs with lions. We
applied three methods to estimate the minimum funding required
for effective conservation of lions, and calculated deficits. We es-
timated minimum required funding as $978/ km2 per year based on
the cost of effectively managing lions in nine reserves by the Af-
rican Parks Network; $1,271/ km2 based on modeled costs of man-
aging lions at ≥5 0% carrying capacity across diverse conditions in
115 PAs; and $2,030/ km2 based on Packer et al.’s [ Packer et al.
(2013) Ecol Lett 16: 635 –641] cost of managing lions in 22 unfenced
PAs. PAs with lions require a total of $1.2 to $2.4 billion annually,
or ∼$1,000 to 2,000/ km2, yet received only $381 million annually,
or a median of $200/ km2. Ninety-six percent of range countries
had funding deficits in at least one PA, with 88 to 94% of PAs with
lions funded insufficiently. In funding-deficit PAs, available fund-
ing satisfied just 10 to 20% of PA requirements on average, and
deficits total $0.9 to $2.1 billion. African governments and the in-
ternational community need to increase the funding available for
management by three to six times if PAs are to effectively con-
serve lions and other species and provide vital ecological and eco-
nomic benefits to neighboring communities.
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Protected areas (P As) are the foundation of international ef-
forts to secure biodiversity (1, 2). P As play a critical role

in conserving high-priority species, including the African lion
(Panthera leo), one of the most iconic symbols of Africa and a
proxy for ecological health (3, 4). At least 56% of lion range falls
within P As, and the species reaches its highest population densi-
ties in P As with high prey densities and where lion populations are
well-managed and protected from primary threats (3, 5). Short-
falls in funding, combined with mounting human pressures, have
weakened the management capacity in most African P As and
contributed to rapid declines in numbers of lions, their prey, and
other species (6–9). Lion numbers have decreased by 43% in just
two decades, to as few as 23,000 to 35,000 wild individuals (8, 10).
If managed optimally, Africa’s P As could theoretically support
three to four times more wild lions than the current continental
total, which would secure the ecosystems that lions encompass
and allow for conservation gains for many other species (3).

Investing more financial resources into Africa’s P As would not
only strengthen the conservation of lions and their ecosystems, but
also generate social and economic benefits for Africa and the
world at large. Africa’s P As encompass species and areas of natural
heritage that are of great symbolic and cultural significance both
within Africa and elsewhere, perhaps most notably in the West
(4, 11, 12). P As also support and supply vital ecosystem services to
African countries (13–15) and bolster and diversify rural and na-
tional economies via nature-based tourism (9, 16–18). V isitation to
parks and reserves has been increasing in Africa to the extent that,
in Southern Africa, for instance, ecotourism generates as much
revenue as farming, forestry, and fishing combined (19, 20).
However, Africa’s P As are often underfunded and receive less

international support than their global value merits or than is
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conserving the species and managing PAs effectively. PAs with
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nually, yet receive just $381 million or $200/ km2 (median) an-
nually. Nearly all PAs with lions are inadequately funded;
deficits total $0.9 to $2.1 billion. Governments and donors must
urgently and significantly invest in PAs to prevent further de-
clines of lions and other wildlife and to capture the economic,
social, and environmental benefits that healthy PAs can confer.
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and probably intensifying, threats to intact forests and argue that 
action is required to halt and reverse their loss. Such action requires 
explicit consideration on global, national and sub-national scales, 
and we conclude by identifying specific policy mechanisms where 
intact forests should be addressed.

O ur call for an increased emphasis on intact forests does not 
imply that other forms of forest are unimportant. Given the scale 
of the environmental challenges facing humanity, there is also an 
undoubted need to cease deforestation and degradation at forest 
frontiers11, and to promote large-scale reforestation12. We believe 
that coherent environmental policy should give due weight to 
intact forests, clearance frontiers and restoration opportunities, 
because all three have crucial and complementary roles to play. 
The primary reasons why we focus on intact forests are twofold. 
First, they are overlooked in international policy. Second, intact 
forest protection can typically secure very high environmental 
values with often relatively low implementation and opportunity 
costs13, which serves to reinforce the need for their direct inclusion 
in global environmental accords.

Evidence for the exceptional values of intact forest 
ecosystems
There has been rapid growth in our understanding of the link between 
anthropogenic pressures on forest and impacts on ecosystem ser-
vice values across a range of forest types (Box 1). Anthropogenic 
pressures, especially at industrial intensities and large spatial scales, 
have been shown to alter forest characteristics, including physical 
structure, species composition, diversity, abundance and functional 
organization compared with their natural state, and as a result, to 
reduce a wide range of environmental values14–17. These pressures 
also interact with natural disturbance regimes such as fire and pests 
to perturb forests beyond their capacity to regenerate18. The follow-
ing sections show how the loss of forest intactness leads to declines 
or changes in these key environmental values: global and regional 

scale climate regulation; local climate and watershed regulation; 
biodiversity conservation; indigenous cultures; and human health.

C limate mitigation. Climate change is causing pervasive and 
potentially irreversible impacts on ecosystems and people19. O f the 
anthropogenic contribution to atmospheric CO 2 since 1870, 26 %  
is due to emissions from deforestation and forest degradation20. It 
is now accepted that actions that avoid emissions from the land 
sector, especially forests, and maximize removals of greenhouse 
gases are critical if the goals of the UNFCCC Paris Agreement are 
to be achieved12,21.

Degradation typically causes fewer emissions per hectare than 
deforestation, but is much more widespread3,4,9. In the tropics, 
where most net forest emissions occur, degradation may account 
for 10–40%  of total emissions of aboveground carbon22. Industrial-
scale logging (that is, large-scale market-orientated logging using 
heavy machinery, with offtakes that exceed natural rates of tree 
mortality) directly reduces carbon stocks through a combination of 
tree removal, collateral damage to non-target trees, decomposition 
of logging waste and wood fibre products23, and the depletion of 
soil and peatland carbon stocks24,25. Industrial logging creates for-
ested systems dominated by regenerating stands of younger, smaller 
trees, and although some regrowth does occur during each logging 
cycle, the cyclical peaks in biomass typically do not return to pre-
logging levels, and the time-averaged carbon stocks can be expected 
to decline progressively over subsequent cutting cycles in many 
cases26 . Reported carbon losses through industrial logging vary 
widely across forest types and due to the different types of logging 
undertaken (Fig. 2).

As forest patches are fragmented by agriculture and infrastruc-
ture, the area exposed to edge effects increases disproportionately; 
already 70%  of the world’s forests lie within 1 km of a forest edge 
and this proportion is rising27. Globally, locations up to 500 m 
from a forest edge average 25%  less biomass carbon than locations 
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Landscape methodology3 (a), the second example by the global Human Footprint methodology138 (b) and, for both measures, by biome (c). The definition 
of overall forest estate was based on ref. 136, with forests defined as >  75%  tree coverage.
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land and atmosphere. L ocal and regional weather patterns are 
therefore a function of not just the amount of forest cover but also 
its state and condition40.

Intact tropical forests are critical for rain generation because 
air that passes over these forests produces at least twice as much 
rain as air that passes over degraded or non-forest areas41. When 
intact forests are degraded, there is a resulting reduction in con-
vective cloud cover and rainfall42. The influence of intact forests 
on precipitation, temperature and surface hydrology is particu-
larly relevant in reducing the risks of drought imposed by cli-
mate extremes42. In Australia, the degradation and loss of intact 
forest can increase the number of dry and hot days, decrease 
daily rainfall intensity, and increase drought duration during El 
Niñ o years43. The last pattern also has been shown in Amazonia, 
where deforestation and forest degradation produce warmer and 
drier conditions that favour more frequent and intense droughts  
than in the past44. Importantly, the local climate benefits of 
tropical and sub-tropical forests occur primarily during the dry  
season and in regions with low rainfall, and during heat 
waves where the temperature is buffered by the cooling effects  
of evapotranspiration45.

Intact forests also have a direct influence on water availability 
through the redistribution of runoff, water table levels and soil 
moisture by altering soil permeability46 . These processes interact 
with physiography to regulate the flow distribution of energy and 
materials across the land surface and help stabilize slopes, prevent 
water and wind erosion, and regulate the transport of nutrients 
and sediments46 . Several studies have shown that when forests are 
degraded, the soil infiltration rates and water infiltration capacity 
are decreased because of changes in soil structure and aggregation 
by organic matter and plant litter production47. For example, intact 
mountain ash (E u cal y p tu s re gnans) forested ecosystems of south-
ern Australia have been shown to produce >  12 Ml ha−1 yr−1 more 
water than equivalent forested ecosystems that have been degraded 
through logging48. In many cases, intact forests also buffer the nega-
tive effects of heavy rainfall events by reducing peak discharge and 
regulating runoff, and by diminishing the negative consequences of 
climate extremes49,50.

C onservation of biodiversity. The global biodiversity crisis is 
heavily driven by anthropogenic threats to forests51, as forested 
ecosystems support the majority of global terrestrial biodiversity52. 
Biodiversity has intrinsic value and there is also increasing evidence 
that diverse, intact species assemblages underpin ecosystem func-
tions such as tree productivity, nutrient cycling, seed dispersal, 
pollination, water uptake and pest resistance that are critical for 
human well-being53.

Intact forests have particular value for the conservation of bio-
diversity54. Beyond outright forest clearance (which is the great-
est threat facing biodiversity51), forest degradation from logging is 
the most pervasive threat facing species inhabiting intact forests3. 
Many species are sensitive to logging, and studies across many taxo-
nomic groups have shown impacts increasing with the intensity of 
logging and with the number of times a forest has been logged17,55. 
Fragmentation of intact forest blocks (and associated edge effects) 
is also a severe threat to forest-dependent species, especially those 
requiring large areas to maintain viable populations (for example, 
wide-ranging predators and tree species that occur naturally at very 
low densities)27,56 . In temperate, boreal and tropical forest regions, 
the loss of large contiguous tracts of forest has meant wide-ranging 
forest-dependent species have either retreated to the last remaining 
intact forest systems or are extinct57–6 0. Furthermore, there is evi-
dence that —  even for some forest species that may persist for a time 
in degraded fragments —  intact forests are necessary to ensure their 
persistence over the long term18,6 1,6 2.

Defaunation resulting from commercial and subsistence hunting 
is a critical threat for large-bodied forest vertebrates, especially in 
the tropics5,6 3. Many large carnivores and ungulates that play impor-
tant roles as ecosystem engineers (for example, Sumatran serow 
(C ap rico rnis su m atrae nsis), gaur (Bo s gau ru s) and forest elephant 
(L o x o do nta cy cl o tis)) are now found only as remnant populations 
in the remaining intact tropical forests33,6 4. The synergistic interac-
tion of stand damage, fragmentation and hunting is an increasingly 
significant challenge for biodiversity conservation6 5,6 6  as it is well 
known that forest fragmentation increases access for hunters6 7, and 
logging damage has more severe impacts when combined with frag-
mentation17. Forest biodiversity is best conserved by minimizing the 

6 .  P apua New Guinea.  A  
decline of 3 1%  was measured 
in a medium- crowned 
rainforest within four years of 
logging18 1,18 2

1.  C anada.  A  decline of 
12%  was modelled over 
250 years within a 
boreal forest17 6

15.  U nited S tates.  
A  decline of 50%  was 
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10 – 51%  was modelled 
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a lowland tropical rainforest 
immediately post- logging19 0

12.  Braz il.  A  decline of 
3 7 %  was measured within 
various areas of the 
A maz on.  Disturbance 
ages varied18 2,18 8

2.  Malaysia.  A  decline 
of 53 %  was measured 
at a maximum of 19  
years since disturbance 
in a dipterocarp forest117

4 .  Indonesia.  A  decline 
of 15%  was measured 
after various years of 
disturbance in a lowland 
tropical forest17 8 ,17 9

5.  P apua New Guinea.  A  
decline of 24 – 3 7 %  was 
measured over various 
lowland tropical forest 
within a year after logging18 0

3 .  P hilippines.  A  decline of 
50%  was measured in a 
dipterocarp forest.  Measurements 
were taken in a using a 
chronoseq uence of 1– 21 years17 7

9 .  R epublic of C ongo.  
A  decline of 3 %  was 
measured after one 
year since logging 
within a rainforest18 2,18 5

10.  Gabon.  A  decline 
of 6 %  was measured 
after logging within a 
dense humid evergreen 
rainforest18 2,18 6

F ig. 2  |  F orest degradation and carbon loss. Examples of published case studies that have examined the effects of forest degradation on carbon loss23,117,176ñ 191. 
Supplementary Table 1 provides in­ depth summaries of each of the 15 case studies.
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encroachment of productive activities that promote forest loss and 
fragmentation because the initial intrusion leads to rapid degrada-
tion of intact forests, via not only the direct effects of habitat loss, 
but also the coinciding effects of wildfires, overhunting, selective 
logging and biological invasions, alongside other stressors6 5,6 8. For 
example, a recent global analysis of nearly 20,000 vertebrate spe-
cies showed that even minimal initial deforestation within an intact 
landscape had severe consequences for vertebrate biodiversity in a 
given region, emphasizing the special value of intact forests in mini-
mizing extinction risk6 8. Moreover, those forest ecosystems that are 
more affected by humans support less genetic diversity than those 
systems that are still intact, which has potentially significant ramifi-
cations for evolutionary change6 9.

Indigenous peoples. At least 250 million people70 live in forests, and 
for many of them, their cultural identities are deeply rooted in the 
plant and animal species found there71. Archaeological and ethno-
graphical evidence indicate that forests have been inhabited by peo-
ple for millennia: in L atin America, records go back 13,000 years72;  

in Asia, some 40,000 years73; and in Central Africa, more than 
250,000 years74. Forest-dwelling indigenous peoples have tended to 
do so at very low population densities distributed in dispersed set-
tlements75. Today, tropical forest societies that depend almost exclu-
sively on the direct use of natural resources to meet their basic needs 
seldom exceed population densities of 1–2 people km−2 (ref. 76 ), and 
tend to change location from time to time to ensure that their taking 
of food and other products will not permanently deplete an area of 
key resources. Through their selection and management of useful 
plants and animals, these communities have significant and long-
lasting impacts on the structure and composition of the forests in 
which they live77,78.

Industrial-scale degradation of intact forest erodes the mate-
rial basis for the livelihoods of indigenous forest peoples, depleting 
wildlife and other resources79. It also renders traditional resource 
management strategies ineffective, and undermines the value of tra-
ditional knowledge and authority80. Fragmentation and degradation 
of the forest makes a traditional life style no longer tenable, push-
ing indigenous peoples off their land81, and driving people to adopt 

B ox 2  |  The effect of defaunation on carbon storage and sequestration in intact forests

Even where forests have not been cleared, many are not func-
tioning as they once were16 6 . Species such as the Asian and South 
American tapirs (T ap iru s spp.), forest elephant (L .  cy cl o tis) and the 
great apes have disappeared across much of their ranges. Habitat 
degradation and fragmentation are major causes of this defauna-
tion, as many large-bodied species depend on great expanses of 
high-quality forest to sustain viable populations5,192. Increased hu-
man accessibility to forests is another, with unsustainable hunting 
now affecting greater areas of tropical forest than the combined 
extent of deforestation, selective logging and wildfires193. Wildlife 
species are not equally affected by hunting, with stronger impacts 
of hunting pressure on larger-bodied primates and ungulates 
compared with smaller-bodied vertebrates such as birds and ro-
dents31,75,194.

Defaunation significantly erodes key ecosystem services and 
functions through direct and indirect cascading effects on species 
diversity and trophic webs195–197. There is evidence for negative 
effects on pollination, seed dispersal, pest control, nutrient cycling, 
decomposition, water quality and soil erosion192,198. Studies 
across the African and Atlantic tropical forests indicate that the 

disappearance of large frugivores and subsequent loss of seed 
dispersal reduces recruitment and natural regeneration of large-
seeded hardwood plant species, which are key contributors to 
carbon storage199–201. By simulating the local extinction of trees that 
depend on large frugivores in 31 Atlantic forest communities, one 
study29 found that defaunation has the potential to significantly 
erode carbon storage even when only a small proportion of large-
seeded trees are extirpated. This is because of strong functional 
relationships between seed diameter, wood density and tree height, 
which are traits related to carbon storage202. Similar results have 
been shown for the Amazon31 and other parts of the tropics203.

There is also likely to be another link between defaunation and 
lowered carbon storage in tropical forests; lower herbivory rates 
in defaunated forests allow fast-growing herbivore-sensitive plants 
to outcompete slower-growing animal-dispersed trees that have 
better defence mechanisms against hunted frugivores31,204,205. In 
defaunated forests, carbon storage is potentially reduced when 
these fast-growing carbon-poor plants replace an equal basal area 
of carbon-rich animal-dispersed trees206  —  a process that may be 
irreversible once the seed stock is lost.

Degree of defaunation

S chematic representation of the transition ( from left to right)  of a non­ hunted,  faunally intact tropical forest to an overhunted,  defaunated forest. 
Shown is the degree to which large arboreal or terrestrial forest frugivores such as elephants and apes decline in abundance and, with these declines, 
the associated replacement of large­ fruited high­ biomass trees by smaller­ fruited and wind­ dispersed trees that have lower biomass and carbon 
storage. Credit: Blake Alexander Simmons.
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Although Earth has lost at least 35%  of its pre-agricultural for-
est cover over the past three centuries1, forests are still widely 
distributed, covering a total of 40 million km2 (~ 25% ) of 

Earth’s terrestrial surface2. O f the remaining forests, as much as 82%  
is now degraded to some extent as a result of direct human actions 
such as industrial logging, urbanization, agriculture and infrastruc-
ture3,4. This figure is probably an underestimate of the true level 
of anthropogenic impact as it does not incorporate other, more 
cryptic forms of degradation, such as over-hunting5. As the human 
footprint continues to expand4, remaining forest free of significant 
anthropogenic degradation is in rapid decline (Fig. 1).

O ver the past decade, there has been increasing international 
concern around the loss of forest and the impact this has on climate 
change, the loss of biodiversity and the provision of ecosystem ser-
vices1. The 2015 Paris Agreement, together with earlier agreements 
under the United Nations Framework Convention on Climate 
Change (UNFCCC), acknowledges the importance of forests for 
limiting a future temperature increase to well below 2 ° C above pre-
industrial levels6 . The United Nations’ Sustainable Development 
Goals (adopted in 2016 ) have the ambitious aim of fully halting 
deforestation by 20207. However, while these targets are clearly war-
ranted, they fall short of specifically prioritizing the crucial quali-
ties of a forest that contribute most to achieving each convention’s 
specific goals1. For example, indicators tracking progress towards 
the 2015 New York Declaration on Forests —  among the most sig-
nificant global forest conservation targets to date —  focus on forest 
extent and make almost no acknowledgement of forest condition8.

In this Perspective, we argue that to achieve the goals of global 
international environmental accords it is insufficient to treat all for-
ests as equal regardless of their condition. Instead, forest that is free 
of significant anthropogenic degradation (which we term ‘ intact 
forest’) should be identified and accorded special consideration in 
policymaking, planning and implementation. Anthropogenic deg-
radation here includes all human actions that are known to cause 
physical changes in a forest that lead to declines in ecological func-
tion9,10. Well-studied examples include forest fragmentation, stand-
level damage due to logging, over-harvesting of particular species 
(such as over-hunting) and changes in fire or flooding regimes.

We first summarize published evidence that intact forests sup-
port an exceptional confluence of globally significant environmen-
tal values relative to forests that have experienced those damaging 
human actions. We show that intact forests are indispensable not 
only for addressing rapid anthropogenic climate change, but also for 
confronting the planet’s biodiversity crisis, providing critical ecosys-
tem services and supporting the maintenance of human health. We 
then show that the relative value of intact forests is likely to become 
magnified as already-degraded forests experience further intensi-
fied pressures (including anthropogenic climate change). While it is 
beyond the scope of this paper to set thresholds for acceptable for-
est fragment size and configuration, logging intensity or any other 
measure of damage, we provide evidence that human activity that 
exceeds the natural range of variation in a forested system reduces 
key ecological functions, and the greater the level of alteration, the 
greater the reduction in function. Here we outline the significant, 

The exceptional value of intact forest ecosystems
J ames E. M . W atson! !1 , 2 , 1 5 * ,  Tom Evans2 , 1 5 ,  Oscar Venter3 ,  B rook e W illiams1 , 2 ,  Ayesha Tulloch! !1 , 2 ,   
Claire S tew art1 ,  Ian Thompson4 ,  J ustina C. Ray5 ,  K ris M urray6 ,  Alvaro S alaz ar1 ,  Clive M cAlpine1 ,   
P eter P otapov7 ,  J oe W alston2 ,  J ohn G Robinson2 ,  M ichael P ainter2 ,  D avid W ilk ie2 ,   
Christopher F ilardi8 ,  W illiam F . Laurance9 ,  Richard A. H oughton! !1 0 ,  S ean M axw ell1 ,   
H edley Grantham1 , 2 ,  Cristi· n S amper2 ,  S tephanie W ang2 ,  Lars Laestadius1 1 ,  Rebecca K . Runting1 ,  
Gustavo A. S ilva­ Ch· vez 1 2 ,  J amison Ervin1 3  and D avid Lindenmayer! ! 1 4

As the terrestrial human footprint continues to expand, the amount of native forest that is free from significant damaging 
human activities is in precipitous decline. There is emerging evidence that the remaining intact forest supports an exceptional 
confluence of globally significant environmental values relative to degraded forests, including imperilled biodiversity, carbon 
sequestration and storage, water provision, indigenous culture and the maintenance of human health. Here we argue that main­
taining and, where possible, restoring the integrity of dwindling intact forests is an urgent priority for current global efforts to 
halt the ongoing biodiversity crisis, slow rapid climate change and achieve sustainability goals. Retaining the integrity of intact 
forest ecosystems should be a central component of proactive global and national environmental strategies, alongside current 
efforts aimed at halting deforestation and promoting reforestation.

NATURE ECOLOGY & EVOLUTION | V OL 2 | APRIL 2018 | 599ñ 610 | www.nature.com/natecolevol 5 9 9

PERSPECTIVE
https: / / doi.org/ 1 0 .1 0 3 8 / s4 1 5 5 9 ­ 0 1 8 ­ 0 4 9 0 ­ x

© 2018 M ac millan P ub lishers Limited,  part o f  Springer Nature. All rights reserved.

1School of Earth and Environmental Sciences, The University of Queensland, St. Lucia, Brisbane, Queensland, Australia. 2Wildlife Conservation Society, 
Global Conservation Program, Bronx, New York, NY, USA. 3Natural Resources & Environmental Studies Institute, University of Northern British Columbia, 
Prince George, British Columbia, Canada. 4Canadian Forest Service, Sault Ste, Marie, Ontario, Canada. 5Wildlife Conservation Society Canada, Toronto, 
Ontario, Canada. 6The Grantham Institute ­  Climate Change and the Environment and Department of Infectious Disease Epidemiology, Imperial College 
London, London, UK. 7University of Maryland, College Park, MD, USA. 8Division of Ornithology, American Museum of Natural History, New York, NY, USA. 
9Centre for Tropical Environmental and Sustainability Science (TESS) and College of Science and Engineering, James Cook University, Cairns, Queensland, 
Australia. 10Woods Hole Research Center, Falmouth, MA, USA. 11Swedish University of Agricultural Sciences, UmeÂ , Sweden. 12Forest Trends Association, 
Washington DC, USA. 13Global Programme on Nature for Development, United Nations Development Programme, New York, NY, USA. 14Fenner School of 
Environment and Society, The Australian National University, Canberra, Australian Capital Territory, Australia. 15These authors contributed equally: James 
E. M. Watson and Tom Evans. *e­ mail: jwatson@wcs.org

Although Earth has lost at least 35%  of its pre-agricultural for-
est cover over the past three centuries1, forests are still widely 
distributed, covering a total of 40 million km2 (~ 25% ) of 

Earth’s terrestrial surface2. O f the remaining forests, as much as 82%  
is now degraded to some extent as a result of direct human actions 
such as industrial logging, urbanization, agriculture and infrastruc-
ture3,4. This figure is probably an underestimate of the true level 
of anthropogenic impact as it does not incorporate other, more 
cryptic forms of degradation, such as over-hunting5. As the human 
footprint continues to expand4, remaining forest free of significant 
anthropogenic degradation is in rapid decline (Fig. 1).

O ver the past decade, there has been increasing international 
concern around the loss of forest and the impact this has on climate 
change, the loss of biodiversity and the provision of ecosystem ser-
vices1. The 2015 Paris Agreement, together with earlier agreements 
under the United Nations Framework Convention on Climate 
Change (UNFCCC), acknowledges the importance of forests for 
limiting a future temperature increase to well below 2 ° C above pre-
industrial levels6 . The United Nations’ Sustainable Development 
Goals (adopted in 2016 ) have the ambitious aim of fully halting 
deforestation by 20207. However, while these targets are clearly war-
ranted, they fall short of specifically prioritizing the crucial quali-
ties of a forest that contribute most to achieving each convention’s 
specific goals1. For example, indicators tracking progress towards 
the 2015 New York Declaration on Forests —  among the most sig-
nificant global forest conservation targets to date —  focus on forest 
extent and make almost no acknowledgement of forest condition8.

In this Perspective, we argue that to achieve the goals of global 
international environmental accords it is insufficient to treat all for-
ests as equal regardless of their condition. Instead, forest that is free 
of significant anthropogenic degradation (which we term ‘ intact 
forest’) should be identified and accorded special consideration in 
policymaking, planning and implementation. Anthropogenic deg-
radation here includes all human actions that are known to cause 
physical changes in a forest that lead to declines in ecological func-
tion9,10. Well-studied examples include forest fragmentation, stand-
level damage due to logging, over-harvesting of particular species 
(such as over-hunting) and changes in fire or flooding regimes.

We first summarize published evidence that intact forests sup-
port an exceptional confluence of globally significant environmen-
tal values relative to forests that have experienced those damaging 
human actions. We show that intact forests are indispensable not 
only for addressing rapid anthropogenic climate change, but also for 
confronting the planet’s biodiversity crisis, providing critical ecosys-
tem services and supporting the maintenance of human health. We 
then show that the relative value of intact forests is likely to become 
magnified as already-degraded forests experience further intensi-
fied pressures (including anthropogenic climate change). While it is 
beyond the scope of this paper to set thresholds for acceptable for-
est fragment size and configuration, logging intensity or any other 
measure of damage, we provide evidence that human activity that 
exceeds the natural range of variation in a forested system reduces 
key ecological functions, and the greater the level of alteration, the 
greater the reduction in function. Here we outline the significant, 
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As the terrestrial human footprint continues to expand, the amount of native forest that is free from significant damaging 
human activities is in precipitous decline. There is emerging evidence that the remaining intact forest supports an exceptional 
confluence of globally significant environmental values relative to degraded forests, including imperilled biodiversity, carbon 
sequestration and storage, water provision, indigenous culture and the maintenance of human health. Here we argue that main­
taining and, where possible, restoring the integrity of dwindling intact forests is an urgent priority for current global efforts to 
halt the ongoing biodiversity crisis, slow rapid climate change and achieve sustainability goals. Retaining the integrity of intact 
forest ecosystems should be a central component of proactive global and national environmental strategies, alongside current 
efforts aimed at halting deforestation and promoting reforestation.
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W hat C onservation Does
Laurent Godet1 ,3,* and V incent Devictor2,3

N ew agendas for conservation are regularly proposed based on the ground that
existing strategies are overly pessimistic, restricted to biodiversity hotspots,
and inappropriate to halt biodiversity loss. However, little empirical evidence
supports such claims. Here we review the 1 2  9 7 1  papers published in the
leading conservation journals during the last 1 5  years to assess what conser-
vation actually does. A lthough conservation research is affected by specific
bias, conservation is playing a major role in providing empirical evidence of
human impacts on biodiversity. E ncouraging biodiversity comeback s are also
published and a wide range of conservation tools, beyond the development of
protected areas in wilderness areas, are promoted. We argue that finding new
routes to conservation is neither necessary nor sufficient to halt biodiversity
loss.

The A genda of Conservation Science Discredited
Biodiversity loss is not decelerating [1 ], either in the terrestrial [2] or marine biotas [3] and affects
most taxa, particularly birds and mammals [4]. In addition to its velocity, one of the features of
the current situation lies in its anthropogenic origin [5]. This critical transition has been labeled as
‘ Anthropocene’  by scientists, policymakers, and the broader public [6 ]. However, these
conditions were already recognized more than three decades ago, when they led to the
emergence of the discipline of conservation biology, designated as ‘ crisis discipline ’  [7 ], whose
concepts and practices revolved around a fundamental conflict between protecting nature and
the acceleration of human impacts on biodiversity [8 ].

However, the relevance of conservation agenda has subsequently been challenged by three
main line of arguments. The first one argues that accumulating evidence of negative impacts of
human activities is counterproductive [9 ]. According to this view, conservation conveys overly
pessimistic messages and the discipline should review its messages of despair and hopeless-
ness [1 0 ,1 1 ]. The second uses the ongoing negative trend in biodiversity loss to claim that
traditional conservation tools, and mainly protected areas (see [1 2]), are insufficient to slow
down the biodiversity crisis [1 3]. Finally, conservation is regularly undermined as being
restricted to (tropical) biodiversity hotspots instead of paying attention to places where most
humans live and work [1 1 ].

Such criticism remains, however, rhetorical and uninformed by empirical analysis. This has
generated skeptical environmental postures as popularized by the publication of Lomborg’ s
book in 20 0 1  [1 4] and the passionate debate it triggered [1 5–1 7 ]. Skeptical environmentalism
already suggested that environmental problems, including biodiversity loss, lead to overly
pessimistic claims and ineffective policies and are correlated with poverty. Therefore, according
to this view, environmental challenges should mostly reduce to ensuring economic and social
development. As already discussed by Doak e t  a l .  [1 8 ], this ancient rhetoric is surprisingly
recently used again by proponents of ‘ new ’  conservation movements as a j ustification to define
new directions to the field. In particular, this proposal suggests that conservation biology should
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endorse a more integrative approach (and thus be called ‘ conservation science ’ ) to combine
human development and biodiversity issues. Y et, if uncritically explored, this litany may create
false dichotomies (between old and new and/or conservation science and conservation
biology). Indeed, conservation was meant, in its origin, to be a synthetic and multidisciplinary
science involving natural and social sciences, and dealing with natural resource fields such as
public policy, management, or forestry [7 ]. Overall, whether conservation needs to be reframed
toward even more compromise between biodiversity protection and human activities should be
further explored and anchored in empirical investigations rather than limited to wishful thinking.

In their paper ‘ What is the future of conservation? ’ , Doak e t  a l .  [18]  have already critically
assessed the maj or arguments used by those pleading for the need to find new directions to
conservation. They convincingly show that this rather dramatic proposal rests on unchecked
and dubious assumptions (e.g., past conservation has been a failure, or conservation should be
aligned with people’ s interest, i.e., economic issues). However, a systematic review of what is
achieved in academic research is missing in this recurrent debate. What have we learnt from the
thousands of papers that have accumulated in conservation j ournals?  Is conservation biology
condemned to report biased biodiversity status?  Are threats reported by conservation
biologists exaggerated and solutions undermined?  Here, we review each of the 1 2 9 7 1  papers
published from J anuary 20 0 0  to February 20 1 5 in the nine leading conservation science
j ournals, in order to investigate how conservation contributes to produce knowledge regarding
the status and threats of biodiversity and the solutions to its loss.

Identifying the Status, Threats, and Solutions Considered by Conservation
Science
Scrutinizing the Academic Conservation Corpus
We analyzed the titles, abstracts, and, if necessary, full-texts of all scientific papers published
from J anuary 20 0 0  to February 20 1 5 in the nine leading international conservation science
j ournals. We restricted this analysis to j ournals corresponding to the field ‘ conservation’
according to the Web of Science:  A n i m a l  Co n se rv a t i o n ,  B i o d i v e rsi t y  a n d  Co n se rv a t i o n ,  B i o -
l o g i c a l  Co n se rv a t i o n ,  Co n se rv a t i o n  B i o l o g y ,  Co n se rv a t i o n  L e t t e rs,  Di ve rsi t y  a n d  D i st ri b u t i o n s,
E n v i ro n m e n t a l  Co n se rv a t i o n ,  J o u rn a l  f o r N a t u re  Co n se rv a t i o n ,  and Or yx  (n  =  1 2 9 7 1  papers).
See Supplemental M aterial S1  online for details of the j ournal selection process.

Defining Status, Threats, and Solutions
We distinguished three categories of dominant j ustification to each paper:  those dealing with
biodiversity ‘ status ’ , those exploring ‘ threats ’  to biodiversity, and others proposing ‘ solutions’
to biodiversity issues. We focused on paper using either empirical data or meta-analysis. Other
papers, not exploring one of the aforementioned categories or not dealing with biodiversity
issues (e.g., about conservation funding, new conservation policies), were classified as ‘ other’ .

The ‘ Status’  category was defined as papers that report the state of biodiversity, without any
direct causal link with a specific threat.

The ‘ Threats ’  category was defined as papers that report threats to biodiversity (i.e., studies
which identify a causal link between a pressure and any biodiversity component).

The ‘ Solutions ’  category was defined as papers that report the influence of any conservation
tool on biodiversity. P apers proposing fuzzy conservation measures that cannot be used
directly by practitioners (such as ‘ large patches of forests need to be protected’ , or ‘ fragmen-
tation has to be avoided’ ) were included in the ‘ other’  category.
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would allow finer analysis on what contributes to conservation success and failure and their
respective timing. For instance, it is likely that for some specific groups a delay is necessary
between a given conservation action and the first positive signs. The extent to which this reveals
what problems may be more reversible in specific situations could then be scrutinized.

Concluding R emark s
The aim of our study was to take a step back from current, simplistic, ideological positions, and
investigate the scientific conservation literature. In doing so, we do not claim to contribute to
classical ethical debates on conservation motives (e.g., as in the long-lasting discussions about
wilderness and intrinsic values) or to more recent initiatives on global land sparing or sharing
(e.g., N ature N eeds Half movement [40 ]). But our empirical approach provides sufficient
arguments to conclude that conservation biology does not accumulate studies dedicated
to strict nature protection with no or little connexion to human well-being. Rather, we show that
several targets including the protection of nature for itself, nature for people, and nature with
people are coexisting [8] . Interestingly, among most effective conservation actions, protected
areas are still playing a maj or positive role. M ore generally, as the world becomes ever more
dominated by humans, conservation of species in the wild is in fact even more relevant [41 ].
What we argue, however, is that proposing dramatic, top–down changes to a discipline, or
accusing it of ‘ failure’ , not only appears counterproductive, but also ignores the dynamics of
science itself. But more importantly, this debate is a classical diversion from the more profound
causes of biodiversity loss. We thus concur with adopting more lucid approaches to existing
and nonreducible conflicts between biodiversity conservation and the deny of any limits to
destructive human activities. Calling for new directions to conservation is neither necessary nor
sufficient. Constantly seeking even more compromise when nature protection is at stake is part
of the maj or obstacles, not of the solutions (see Outstanding Q uestions).
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Outstanding Q uestions
The difficulty to address conservation
challenges does not result from the
conservation agenda itself. The new
conservation debate should focus on
what is working or not and why, rather
than proposing new directions for the
discipline. Recognizing the existence
of several biases in the distribution of
research studies among countries,
taxonomic groups, or topics should
motivate even higher conservation
efforts. In the future, the success sto-
ries of conservation actions and the
effectiveness of existing conservation
tools should be better investigated.
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LEVERAGING SOCIAL INFLUENCE
Human behavior is also pro-

foundly influenced by our 

innate desire for prestige, rep-

utation, conformity, and reci-

procity (see the figure). Social 

influence refers to the ways in 

which our decisions and ac-

tions are shaped by perceptions 

(whether accurate or not) of 

what other people do and what 

they approve of (1, 4). 

Some power and water com-

panies have managed to dramat-

ically reduce resource use simply 

by including in bills a compari-

son between the usage rates of 

the customer, their neighbors, 

and the most efficient users (9). 

This comparison conveys social 

norms about both what is right 

to do and what other people are 

doing (2) and enables feelings 

of agency and self-control (1). 

People tend to respond best to 

such comparisons when they 

feel that the comparison groups 

are like themselves. To date, so-

cial comparisons have generally 

been targeted at individual customers, but 

they offer the potential for scaled-up impact 

when they are targeted at leaders, policy-

makers, and even engineers. One experi-

ment found that project designs were 28% 

more sustainable when civil engineers had 

social norms about sustainability reinforced 

just prior to starting the project (13). 

People also behave differently when 

they think they are being observed (4). 

Some power companies have leveraged 

this knowledge by making customers’ 

power usage public, resulting in substan-

tial reductions in electricity consumption 

(3). Likewise, prosocial behavior such as 

compliance with conservation rules can 

be encouraged when stylized images of 

watching eyes are visible (i.e., on signs or 

posters), which make people feel as if they 

are being watched (8, 14). However, it is 

unclear how long the effects of these types 

of behavior change intervention last, and it 

remains to be shown whether people even-

tually get desensitized. 

Of course, we are also influenced by 

the source of our information. Spreading 

conservation ideas and practices can be 

facilitated through use of trusted messen-

gers (i.e., popular actors, athletes, or pub-

lic figures), key players in social networks, 

and block leaders (volunteers who help to 

inform people about an issue) (1, 15). Other 

social influence levers include obtaining 

publicly visible commitments or pledges to 

change behavior—for instance, to start re-

cycling (1, 3). Inducing behavioral change 

through social influence levers works best 

when the behavior is visible—such as curb-

side recycling or hiking on as opposed to 

off the trail—and when there is strong so-

cial group cohesion, communication, and 

identity (1, 4).

IMPLEMENTATION CHALLENGES
Behavioral insights have been used to in-

form a broad range of public policies, in-

cluding health care and tax compliance. 

They also hold much promise for conserva-

tion, but applications to date have yielded 

mixed results (5), and critical questions re-

main about the context under which they 

can be most effective (2). Integration of 

behavioral insights into a wider range of 

conservation issues will require the devel-

opment of an operational framework that 

helps practitioners to determine the types 

of behavioral interventions that might work 

best and be most appropriate in a particu-

lar context. Different types of implementing 

organizations, such as private companies, 

government agencies, NGOs, and com-

munity-based organizations, have differ-

ent rights and degrees of social license to 

implement behavioral interventions. The 

best choice of intervention may also depend 

on whether the targets are consumers, re-

source users, leaders, policy-makers, project 

designers, or other types of stakeholders. 

Likewise, certain types of interventions may 

be more effective depending on whether the 

target behavior is a one-off or re-

peated decision; costly or cheap; 

under high or low uncertainty; 

visible or discrete; and whether 

the resource being conserved is 

public, private, or common-pool. 

Finally, sociocultural contexts 

such as attitudes, beliefs, norms, 

prices, and policies can all influ-

ence people’s behavior and may 

help to inform the types of be-

havioral interventions that may 

work best (2, 3). 

Most behavioral interventions, 

and even the behavioral studies 

upon which they are founded, 

have been conducted in de-

veloped countries (1) and may 

not necessarily reflect people’s 

behavior in the diverse social, 

economic, and cultural settings 

where many conservation pro-

grams operate. It is therefore cru-

cial that researchers test many of 

the behavioral insights in field 

settings. These applications will, 

however, raise new ethical chal-

lenges, particularly when applied 

to traditionally marginalized 

peoples who may lack the agency to opt out 

of behavior change interventions. The de-

velopment of a code of conduct may help to 

ensure that behavior change interventions 

are not viewed as coercive, a perception that 

could ultimately undermine support for con-

servation initiatives (2). Further research 

is also needed to explore the potential for 

behavior change interventions to displace 

certain norms and motivations, such as en-

gaging in conservation because it is “the 

right thing to do” (2).        j
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Cognitive biases Social in�uences

The status quo bias
Most people prefer to maintain the 
status quo. This can be addressed by 
setting the default option so that 
people need to  “opt out” rather than 
“opt in” to sustainable options.

Anchoring
People tend to rely on initial 
information. This bias can be leveraged 
by setting cognitive anchors early and 
far from critical thresholds.

Issue framing
People have a strong aversion to 
losses. Highlighting what they stand to 
lose by unsustainable practices and 
policies helps to catalyze action. 

Decoys
When people have trouble making 
decisions, the desirability of sustainable 
options can be emphasized with the 
use of less desirable “decoy” options.

Social norms
People want to �t in with what “most 
people do” and what “should be done.” 
Communicating social norms about 
conservation can help to encourage 
sustainable behaviors.

Observability
People behave more prosocially when 
they think others know what they are 
doing. Increasing observability can 
promote sustainable behaviors.

Block leaders
Whom we receive information from 
can be as powerful as what we receive. 
Trusted messengers and block leaders 
can amplify uptake.

Public commitments
People want to maintain prestige and 
reputation, which can be leveraged 
through public commitments 
or pledges to change behavior.
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M
ost conservation initiatives re-

quire changes in human behavior. 

For example, the establishment of 

a protected area will typically re-

quire some people to change their 

land-use or fishing practices. Yet 

conventional attempts to encourage pro-

environmental behavior through aware-

ness campaigns, financial incentives, and 

regulation can prove ineffective (1, 2). 

Insights into inducing behavior change 

from the social and behavioral sciences are 

therefore of critical importance for conser-

vation scientists and practitioners (2–4). 

Conservation initiatives have begun to le-

verage a wide range of such behavioral in-

sights (5) particularly regarding cognitive 

biases and social influence (see the figure). 

However, their application in the diverse 

socioeconomic and cultural contexts in 

which many conservation programs op-

erate raises important ethical and imple-

mentation-related challenges. 

LEVERAGING COGNITIVE BIASES

Numerous cognitive biases affect the con-

scious and unconscious decisions that hu-

mans make (6, 7). These biases can make 

people behave in seemingly strange but 

predictable ways that have important im-

plications for conservation (see the figure). 

People have a strong tendency to avoid 

making difficult decisions, and as a result, 

they are prone to accepting whatever de-

fault option they are presented with—even 

when this option is not in their own, or so-

ciety’s, best interest. This status quo bias 

means that if people are asked to opt into 

a conservation program voluntarily (such 

as choosing electricity generated from re-

newables), they most likely won’t, even if 

they think it is a good idea. Participation 

in programs intended to promote energy 

efficiency or green energy increases mark-

edly when these options are the customer’s 

default settings (5). Likewise, a university 

was able to reduce paper use by 15% simply 

by switching the default printer settings to 

double-sided (5). Of course, people should 

always be able to opt out (6). 

People also have a cognitive bias that 

causes them to disproportionately weight 

initial information when making decisions 

(7). When a group of students were first 

asked to write down the last two digits of 

their social security number before esti-

mating how much they would be willing to 

pay for a range of goods (such as chocolate 

and wine), those with the highest 

last two digits of their social secu-

rity numbers were willing to pay 

three times as much as those with 

the lowest (7). The social security 

number, even though it was arbi-

trary and irrelevant, acted as an 

anchor—a starting point for deci-

sion-making under uncertainty. 

This anchoring bias has con-

servation applications. Many fisheries do 

not allow fishers  to retain fish below a 

minimum (usually reproductively viable) 

size. This minimum size often becomes 

the anchor for fishers , but it is easy to slip 

just below this anchor and keep fish that 

are too small. To reduce the likelihood of 

recreational fishers  keeping fish that are 

too small, management authorities have 

used persuasive messaging that encour-

ages people to aim for larger fish to reset 

people’s conceptual anchor well above the 

minimum size (8). 

Although these cognitive biases have 

already been leveraged in conservation 

activities spanning fisheries, energy use, 

waste production, and land use (5, 8), 

further opportunities exist to integrate 

people’s cognitive biases directly into op-

erational tools used for conservation plan-

ning. For example, there is a cognitive bias 

that causes people to perceive that losses 

hurt about twice as much as gains feel 

good, often referred to as loss aversion or 

prospect theory (6). Yet, when determining 

where to place protected areas, conserva-

tion planners tend to give the same weight 

to potential losses from establishing a re-

serve in a specific location as to potential 

gains. To more accurately reflect people’s 

loss aversion bias, systematic conservation 

planning could assign a heavier weight to 

losses (this could even be directly inte-

grated into the software used to plan loca-

tions of reserves). 

Likewise, loss aversion bias could be 

integrated into the framing of incentive-

based conservation activities to improve 

motivation and participation. Many con-

servation issues are framed to highlight 

the benefits associated with sustainable re-

source use (9). Yet because of people’s loss 

aversion bias, motivations to use resources 

sustainably can be higher when issues are 

framed to highlight the potential losses 

from not doing so, rather than the gains. 

A high-tech manufacturing company was 

able to increase output by experimentally 

manipulating the framing of bonuses. Total 

team productivity increased by 1% when 

bonuses were framed as a loss (a deduction 

from a maximum when benchmarks were 

not met) compared to when they were 

framed as a gain (a bonus for meeting a 

benchmark), even though the bo-

nus system was actually the same 

(10). A similar type of loss-fram-

ing could be built into incentive-

based conservation programs 

that provide rewards for achiev-

ing sustainability benchmarks, 

such as reforestation or curbing 

non–point source pollution, to 

help motivate participation (11). 

Additionally, conservation interventions 

could also leverage what is known as the 

decoy effect. The decoy effect is the phe-

nomenon that people tend to change their 

preference between two options when pre-

sented with a third option that is meant 

to be inferior in some regard (a decoy). A 

third option can thus be used to make one 

of the initial options seem more attractive. 

The decoy effect is often used in car sales 

and marketing to get people to purchase a 

more expensive product, but recent appli-

cations have shown that it can also be har-

nessed to promote cooperation (12). When 

faced with the options to cooperate or not, 

the presence of a third option—cooperate 

and reward someone else—vastly improved 

cooperation rates, even though this third 

option was rarely used (12). Some volun-

tary conservation initiatives could leverage 

the decoy effect to improve participation 

and cooperation. 
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M
ost conservation initiatives re-

quire changes in human behavior. 

For example, the establishment of 

a protected area will typically re-

quire some people to change their 

land-use or fishing practices. Yet 

conventional attempts to encourage pro-

environmental behavior through aware-

ness campaigns, financial incentives, and 

regulation can prove ineffective (1, 2). 

Insights into inducing behavior change 

from the social and behavioral sciences are 

therefore of critical importance for conser-

vation scientists and practitioners (2–4). 

Conservation initiatives have begun to le-

verage a wide range of such behavioral in-

sights (5) particularly regarding cognitive 

biases and social influence (see the figure). 

However, their application in the diverse 

socioeconomic and cultural contexts in 

which many conservation programs op-

erate raises important ethical and imple-

mentation-related challenges. 

LEVERAGING COGNITIVE BIASES

Numerous cognitive biases affect the con-

scious and unconscious decisions that hu-

mans make (6, 7). These biases can make 

people behave in seemingly strange but 

predictable ways that have important im-

plications for conservation (see the figure). 

People have a strong tendency to avoid 

making difficult decisions, and as a result, 

they are prone to accepting whatever de-

fault option they are presented with—even 

when this option is not in their own, or so-

ciety’s, best interest. This status quo bias 

means that if people are asked to opt into 

a conservation program voluntarily (such 

as choosing electricity generated from re-

newables), they most likely won’t, even if 

they think it is a good idea. Participation 

in programs intended to promote energy 

efficiency or green energy increases mark-

edly when these options are the customer’s 

default settings (5). Likewise, a university 

was able to reduce paper use by 15% simply 

by switching the default printer settings to 

double-sided (5). Of course, people should 

always be able to opt out (6). 

People also have a cognitive bias that 

causes them to disproportionately weight 

initial information when making decisions 

(7). When a group of students were first 

asked to write down the last two digits of 

their social security number before esti-

mating how much they would be willing to 

pay for a range of goods (such as chocolate 

and wine), those with the highest 

last two digits of their social secu-

rity numbers were willing to pay 

three times as much as those with 

the lowest (7). The social security 

number, even though it was arbi-

trary and irrelevant, acted as an 

anchor—a starting point for deci-

sion-making under uncertainty. 

This anchoring bias has con-
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not allow fishers  to retain fish below a 
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size. This minimum size often becomes 
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recreational fishers  keeping fish that are 

too small, management authorities have 

used persuasive messaging that encour-

ages people to aim for larger fish to reset 

people’s conceptual anchor well above the 

minimum size (8). 

Although these cognitive biases have 

already been leveraged in conservation 

activities spanning fisheries, energy use, 

waste production, and land use (5, 8), 

further opportunities exist to integrate 

people’s cognitive biases directly into op-

erational tools used for conservation plan-

ning. For example, there is a cognitive bias 

that causes people to perceive that losses 

hurt about twice as much as gains feel 

good, often referred to as loss aversion or 

prospect theory (6). Yet, when determining 
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tion planners tend to give the same weight 

to potential losses from establishing a re-
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servation issues are framed to highlight 
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help motivate participation (11). 
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sented with a third option that is meant 

to be inferior in some regard (a decoy). A 
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nessed to promote cooperation (12). When 

faced with the options to cooperate or not, 

the presence of a third option—cooperate 

and reward someone else—vastly improved 

cooperation rates, even though this third 

option was rarely used (12). Some volun-

tary conservation initiatives could leverage 

the decoy effect to improve participation 

and cooperation. 
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By Joshua Cinner

M
ost conservation initiatives re-

quire changes in human behavior. 

For example, the establishment of 

a protected area will typically re-

quire some people to change their 

land-use or fishing practices. Yet 

conventional attempts to encourage pro-

environmental behavior through aware-

ness campaigns, financial incentives, and 

regulation can prove ineffective (1, 2). 

Insights into inducing behavior change 

from the social and behavioral sciences are 

therefore of critical importance for conser-

vation scientists and practitioners (2–4). 
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verage a wide range of such behavioral in-
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last two digits of their social secu-

rity numbers were willing to pay 
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aversion bias, motivations to use resources 

sustainably can be higher when issues are 

framed to highlight the potential losses 

from not doing so, rather than the gains. 

A high-tech manufacturing company was 

able to increase output by experimentally 
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nus system was actually the same 
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that provide rewards for achiev-

ing sustainability benchmarks, 

such as reforestation or curbing 

non–point source pollution, to 

help motivate participation (11). 

Additionally, conservation interventions 

could also leverage what is known as the 

decoy effect. The decoy effect is the phe-

nomenon that people tend to change their 

preference between two options when pre-

sented with a third option that is meant 

to be inferior in some regard (a decoy). A 

third option can thus be used to make one 

of the initial options seem more attractive. 

The decoy effect is often used in car sales 

and marketing to get people to purchase a 

more expensive product, but recent appli-

cations have shown that it can also be har-

nessed to promote cooperation (12). When 

faced with the options to cooperate or not, 

the presence of a third option—cooperate 

and reward someone else—vastly improved 

cooperation rates, even though this third 

option was rarely used (12). Some volun-

tary conservation initiatives could leverage 

the decoy effect to improve participation 

and cooperation. 
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By William H. Schlesinger

J
ames Watt’s steam engine vaulted 

coal to its major role as a fuel for the 

Industrial Revolution. Today, about 

40% of the world’s electricity is gen-

erated in coal-fired power plants, 

consuming more than 80% of the 

coal mined each year. Because combustion 

of coal produces carbon dioxide (CO
2
) and 

other air pollutants, efforts to combat cli-

mate change have now turned to seeking 

alternatives to coal. Natural gas is cleaner 

and less expensive but, like coal, returns 

fossil carbon to the atmosphere. Recently, 

attention has focused on woody biomass—

a return to firewood—to generate electric-

ity. Trees remove CO
2 
from the atmosphere, 

and burning wood returns it. But recent 

evidence shows that the use of wood as fuel 

is likely to result in net CO
2
 emissions and 

may endanger forest biodiversity. 

In recent years, ~7 million metric tons 

of wood pellets per year have been shipped 

from the United States to the European 

Union (EU), where biomass fuels have been 

declared carbon neutral and are thus consid-

ered to count toward fulfilling the commit-

ments of the Paris Agreement. The EU aims 

to generate 20% of its electricity by 2020 

using renewable sources, including burn-

ing woody biomass. In part to revive a lan-

guishing forest products industry, the U.S. 

Congress may also declare wood a carbon-

neutral fuel. Despite its withdrawal from the 

Paris Agreement, the United States may see a 

few utilities switch from coal to wood, which 

costs roughly the same as natural gas. The 

switch could be further incentivized with a 

carbon tax on fossil carbon (1).

Cutting trees for fuel is antithetical to the 

important role that forests play as a sink 

for CO
2 

that might otherwise accumulate 

in the atmosphere. Each year, an estimated 

31% of the CO
2 
emitted from human activi-

ties is stored in forests (2). However, man-

aged forests store less carbon than their 
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S imilarly, our study showed that Accipitriformes had the
highest rates of collision. Among other orders, B uceroti-
formes (hornbills and hoopoes), Ciconiformes (storks and

herons) and some Charadriiformes (shorebirds) were also
vulnerable, but notably many waterbirds (e.g. Anseriformes)
were not.

O p i s t h o c o m i f o r m e s

c o l l i s i o n s / t u r b i n e / y e a r

0 0 . 0 2 0 . 0 4 0 . 0 6 0 . 0 8 0 . 1 0 0 . 1 2 0 . 1 4

n o .  s e c i e s
0 5 0 0 1 0 0 0 1 5 0 0 2 0 0 0 2 5 0 0 3 0 0 0 3 5 0 0 4 0 0 0 4 5 0 0 5 0 0 0 5 5 0 0

C o r a c i i f o r m e s
G a l b u l i f o r m e s
C a r i a m i f o r m e s

A p o d i f o r m e s
G a v i i f o r m e s
G a l l i f o r m e s
S t r i g i f o r m e s

P a s s e r i f o r m e s
A n s e r i f o r m e s

P e l e c a n i f o r m e s
G r u i f o r m e s

C o l u m b i f o r m e s
M u s o p h a g i f o r m e s

C u c u l i f o r m e s
T r o g o n i f o r m e s

P i c i f o r m e s
C o l i i f o r m e s

C a p r i m u l g i f o r m e s
L e p t o s o m i f o r m e s
P o d i c i p e d i f o r m e s

P s i t t a c i f o r m e s
T i n a m i f o r m e s

P t e r o c l i d i f o r m e s
C h a r a d r i i f o r m e s

C i c o n i i f o r m e s
B u c e r o t i f o r m e s

E u r y p y g i f o r m e s
A c c i p i t r i f o r m e s

F igure 2. Predictions of mean collisions per turbine ( per year) ( + s.d.) for bird orders (9568 species) from the posterior distributions of MCMCglmm models,
ordered by mean predictions; numbers of species per order are shown by black dots.
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F igure 3 . Predictions of mean collisions per turbine ( per year) (+ s.d.) for bat families (888 species) from the posterior distributions of MCMCglmm models,
ordered by mean predictions; numbers of species per family are shown by black dots.
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Mitigation of anthropogenic climate change involves deployments of renew-
able energy worldwide, including wind farms, which can pose a significant
collision risk to volant animals. Most studies into the collision risk between
species and wind turbines, however, have taken place in industrialized
countries. Potential effects for many locations and species therefore remain
unclear. To redress this gap, we conducted a systematic literature review
of recorded collisions between birds and bats and wind turbines within
developed countries. We related collision rate to species-level traits and tur-
bine characteristics to quantify the potential vulnerability of 9538 bird and
888 bat species globally. Avian collision rate was affected by migratory strat-
egy, dispersal distance and habitat associations, and bat collision rates were
influenced by dispersal distance. For birds and bats, larger turbine capacity
(megawatts) increased collision rates; however, deploying a smaller number
of large turbines with greater energy output reduced total collision risk per
unit energy output, although bat mortality increased again with the largest
turbines. Areas with high concentrations of vulnerable species were also
identified, including migration corridors. Our results can therefore guide
wind farm design and location to reduce the risk of large-scale animal mor-
tality. This is the first quantitative global assessment of the relative collision
vulnerability of species groups with wind turbines, providing valuable gui-
dance for minimizing potentially serious negative impacts on biodiversity.

1. Introduction
In response to projected impacts of climate change on the environment, human
society and health [1], political consensus at the 21st Conference of Parties of
the United Nations Framework Convention on Climate Change (UNFCCC)
led to agreement to hold the increase in global temperatures to below 28C,

& 2017 The Author(s) Published by the Royal Society. All rights reserved.
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R educing food’s env ironmental
impacts through producers
and consumers
J . P oor e 1 , 2* a n d T . N e m e c e k 3

F ood’ s environmental impacts are created by millions of diverse producers. T o identify solutions
that are effective under this heterogeneity, we consolidated data covering five environmental
indicators; 3 8 ,7 0 0 farms; and 1 6 0 0 processors, packaging types, and retailers. Impact can vary
5 0 -fold among producers of the same product, creating substantial mitigation opportunities.
H owever, mitigation is complicated by trade-offs, multiple ways for producers to achieve low
impacts, and interactions throughout the supply chain. P roducers have limits on how far they can
reduce impacts. M ost strikingly, impacts of the lowest-impact animal products typically exceed
those of vegetable substitutes, providing new evidence for the importance of dietary change.
C umulatively, our findings support an approach where producers monitor their own impacts,
flexibly meet environmental targets by choosing frommultiple practices, and communicate their
impacts to consumers.

W
ith current diets and production prac-
tices, feeding 7.6 billion people is degrad-
ing terrestrial and aquatic ecosystems,
depleting water resources, and driving
climate change (1, 2). It is particularly

challenging to find solutions that are effective
across the large and diverse range of producers
that characterize the agricultural sector. More
than 570 million farms produce in almost all the
world’ s climates and soils (3), each using vastly
different agronomicmethods; average farm sizes
vary from 0.5 ha in Bangladesh to 3000 ha in
A ustralia (3); averagemineral fertilizer use ranges
from 1 kg of nitrogen per ha in Uganda to 300 kg
in China (4); and although four crops provide half
of theworld’ s food calories (4),more than 2million
distinct varieties are recorded in seed vaults (5).
Further, products range fromminimally to heavily
processed and packaged, with 17 of every 100 kg of
foodproduced transported internationally, increas-
ing to 50 kg for nuts and 56 kg for oils (4).
P revious studies have assessed aspects of this

heterogeneity by using geospatial data sets (6–8),
but global assessments using the inputs, outputs,
and practices of actual producers have been lim-
ited by data. The recent rapid expansion of the
life cycle assessment (LCA ) literature is providing
this information by surveying producers around
the world. LCA then uses models to translate pro-
ducer data into environmental impacts with suf-
ficient accuracy for most decision-making (9–11).
To date, efforts to consolidate these data or build

new large-scale data sets have covered greenhouse
gas (GHG) emissions only (8, 12, 13), agriculture
only (13–16), small numbers of products (8, 14–16),

and predominantly Western European producers
(12–16) and have not corrected for importantmeth-
odological differences between LCA s (12–16). Here,
we present a globally reconciled and methodolog-
ically harmonizeddatabase on the variation in food’ s
multiple impacts. O ur results show the need for
far-reaching changes in how food’ s environmental
impacts are managed and communicated.

B u i l d i n g t h e m u l t i - i n d i c a t o r
g l o b a l d a t a b a s e

We derived data from a comprehensive meta-
analysis, identifying 1530 studies for potential
inclusion, which were supplemented with addi-
tional data received from 139 authors. Studies
were assessed against 11 criteria designed to
standardize methodology, resulting in 570 suit-
able studies with a median reference year of
2010 (17). The data set covers ~ 38,700 commer-
cially viable farms in 119 countries (fig. S2) and
40 products representing ~ 90% of global pro-
tein and calorie consumption. It covers five im-
portant environmental impact indicators (18):
land use; freshwater withdrawals weighted by
local water scarcity; and GHG, acidifying, and
eutrophying emissions. For crops, yield repre-
sents output for a single harvest. Land use in-
cludes multicropping (up to four harvests per
year), fallow phases (uncultivated periods be-
tween crops), and economic allocation to crop
coproducts such as straw. This makes it a stron-
ger indicator of both farm productivity and
food security than yield.
The system we assess begins with inputs (the

initial effect of producer choice) and ends at re-
tail (the point of consumer choice) (fig. S1). For
each study, we recorded the inventory of out-
puts and inputs (including fertilizer quantity
and type, irrigation use, soil, and climatic con-
ditions). Where data were not reported, for ex-
ample, on climate, we used study coordinates
and spatial data sets to fill gaps. We recorded

environmental impacts at each stage of the sup-
ply chain. For GHG emissions, we further disag-
gregated the farm stage into 20 emission sources.
We then used the inventory to recalculate all
missing emissions. For nitrate leaching and
aquaculture, we developed newmodels for this
study (17).
Studies included provided ~ 1050 estimates

of postfarm processes. To fill gaps in process-
ing, packaging, or retail, we used additional
meta-analyses of 153 studies providing 550 ob-
servations. Transport and losses were included
from global data sets. Each observation was
weighted by the share of national production it
represents, and each country by its share of
global production. We then used randomiza-
tion to capture variance at all stages of the
supply chain (17).
We validated the global representativeness of

our sample by comparing average and 90th-
percentile yields to Food and A griculture O r-
ganization (FA O ) data (4), which reconcile to
within ± 10% for most crops. Using FA O food
balance sheets (4), we scaled up our sample data.
Total arable land and freshwater withdrawals
reconcile to FA O estimates. Emissions from de-
forestation and agricultural methane fall within
ranges of independent models (17).

En v i r o n m e n t a l i m p a c t s o f t h e e n t i r e
f o o d s u p p l y c h a i n

Today ’ s food supply chain creates ~ 13.7 billion
metric tons of carbon dioxide equivalents (CO 2eq),
26% of anthropogenic GHG emissions. A further
2.8 billion metric tons of CO 2eq (5% ) are caused
by nonfood agriculture and other drivers of de-
forestation (17). Food production creates ~ 32%
of global terrestrial acidification and ~ 78% of
eutrophication. These emissions can fundamen-
tally alter the species composition of natural
ecosystems, reducing biodiversity and ecological
resilience (19). The farm stage dominates, rep-
resenting 61% of food’ s GHG emissions (81%
including deforestation), 79% of acidification,
and 95% of eutrophication (table S17).
Today’ s agricultural system is also incredibly

resource intensive, covering ~ 43% of the world’ s
ice- and desert-free land. O f this land, ~ 87% is
for food and 13% is for biofuels and textile crops
or is allocated to nonfood uses such as wool and
leather.We estimate that two-thirds of freshwater
withdrawals are for irrigation. However, irriga-
tion returns less water to rivers and groundwater
than industrial and municipal uses and pre-
dominates in water-scarce areas and times of
the year, driving 90 to 95% of global scarcity-
weighted water use (17).

H i g h l y v a r i a b l e a n d s k e w e d
e n v i r o n m e n t a l i m p a c t s

We now group products by their primary dietary
role and express impacts per unit of primary
nutritional benefit (Fig. 1 and fig. S3). Immedi-
ately apparent in our results is the high variation
in impact among both products and producers.
Ninetieth-percentile GHG emissions of beef
are 105 kg of CO 2eq per 100 g of protein, and

RESEARCH

P oore et al., Science 360 , 987–992 (2018) 1 J une 2018 1 of 6

1Department of Z oology, University of O x ford, N ew Radcliffe
House, O x ford O X 2 6GG, UK . 2School of Geography and the
Environment, University of O x ford, South Parks Road, O x ford
O X 1 3Q Y , UK . 3Agroscope, Agroecology and Environment Research
Division, LCA Research Group, CH-8046 Z ü rich, Switz erland.
* C o r r e s p o n d i n g a u t h o r . E m a i l : j o s e p h . p o o r e @ q u e e n s . o x . a c . u k

on June 2, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

O p in io n
R eframing the Food–
B iodiversity C hallenge
J oern Fischer,1 ,* David J . Abson,1 Arvid Bergsten,1

N eil French Collier,1 Ine Dorresteij n,1 J an Hanspach,1

K ristoffer Hylander,2 J annik Schultner,1 and Feyera Senbeta3

Given the serious limitations of production-oriented framework s, we offer here
a new conceptual framework for how to analyze the nexus of food security and
biodiversity conservation. We introduce four archetypes of [293_TD$DIFF]social-ecological
system states corresponding to win–win ( e.g., agroecology) , win–lose ( e.g.,
intensive agriculture) , lose–win ( e.g., fortress conservation) , and lose–lose ( e.g.,
degraded landscapes) outcomes for food security and biodiversity conserva-
tion. E ach archetype is shaped by characteristic external drivers, exhibits
characteristic internal [293_TD$DIFF]social-ecological features, and has characteristic feed-
back s that maintain it. This framework shifts the emphasis from focusing on
production only to considering [293_TD$DIFF]social-ecological dynamics, and enables com-
parison among landscapes. M oreover, examining drivers and feedback s facil-
itates the analysis of possible transitions between system states ( e.g., from a
lose–lose outcome to a more preferred outcome) .

U nderstanding the Food–Biodiversity Challenge
M any scientists argue that food production must increase substantially to meet the needs of a
growing human population, and that this poses a threat to biodiversity conservation [1 ]. This
widespread framing of the food–biodiversity challenge (in ecology, best known through the
debate on land sparing and land sharing; Box 1 ) has been criticized on numerous grounds.

First, it focuses primarily on food production. However, food production is only a means to an
end: the implied societal goal is to ensure food security. Food security, in turn, implies sufficient
availability, access to, and utilization of, nutritious food [2]. Y et, as demonstrated for several
maj or famines from around the world [3], food security is often lacking not because of
insufficient production (i.e., availability) but because of a lack of equitable distribution among
landscapes and nations (i.e., access).

Second, growing demand for food is often taken as unalterable (e.g., [4]). This is problematic
becauseglobaldemand isdriven,at least inpart,bychangingdiets in increasinglywealthynations,
such asChina (e.g., [5,6 ]); that is, it is driven by the ‘ wants’ of the increasingly wealthy, rather than
by the ‘ needs’ of the undernourished. Different and potentially healthier diets [7 ], in turn, could
render additional food production unnecessary [8 ]. Similarly, reductions in the amount of food
wasted or lost after harvest (currently one third; [9 ]) or used for livestock and energy would also
significantly reduce the need for greater production, even with substantial population growth [8 ].

Third, the dominant framing implies an unavoidable trade-off between food production and
biodiversity conservation. Indeed, [309_TD$DIFF]at the field scale, trade-offs might be unavoidable, but
especially at larger scales, positive outcomes for both goals are possible [1 0 ]. In such instances,
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a b s t r a c t

Organic farming is promoted as a sustainable alternative to conventional farming, with positive effects on
the diversity of plants and selected animal taxa. Here, we used a literature survey to collect presence/
absence data on the composition of farmland bird, ground beetle, spider as well as butterÅ y and moth
communities from 28 independent studies to identify genera and (sub-)families that had either higher
(winners) or lower (losers) species richness under organic farming. We further tested if the taxonomic
breadth of communities and the number of species of conservation concern differed between farming
systems and if climate or fertilization intensity altered responses of animal communities to organic farm-
ing. Our results suggest that there are both winners and losers of organic farming and that this effect
depends on whether taxa are predaceous (losers) or exclusively feed on plant material (winners). Organic
farming did not lead to a higher number of exclusive species, but signiÄ cantly more species of conserva-
tion concern were observed under organic farming. Organic farming consistently led to a slightly higher
taxonomic breadth of bird communities. Finally, we did not Ä nd support that local long-term climatic
conditions or differences in fertilization rates between farming systems altered the effect of organic farm-
ing. Overall, we did not Ä nd strong support for general positive effects of organic farming on animal
diversity in the analysed groups across Central and Northern Europe.

! 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Support for organic farming is one of the most well-established
agri-environment schemes in the European Union that aims at con-
tributing to a more sustainable agricultural production (e.g.
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The increased use of pesticides and tillage intensification is known to negatively affect 
biodiversity. Changes in these agricultural practices such as herbicide and tillage re-
duction have variable effects among taxa, especially at the top of the trophic network 
including insectivorous bats. Very few studies compared the effects of agricultural 
practices on such taxa, and overall, only as a comparison of conventional versus or-
ganic farming without accurately accounting for underlying practices, especially in 
conventional where many alternatives exist. Divergent results founded in these previ-
ous studies could be driven by this lack of clarification about some unconsidered prac-
tices inside both conventional and organic systems. We simultaneously compared, 
over whole nights, bat activity on contiguous wheat fields of one organic and three 
conventional farming systems located in an intensive agricultural landscape. The stud-
ied organic fields (OT) used tillage (i.e., inversion of soil) without chemical inputs. In 
studied conventional fields, differences consisted of the following: tillage using few 
herbicides (T), conservation tillage (i.e., no inversion of soil) using few herbicides (CT), 
and conservation tillage using more herbicide (CTH), to control weeds. Using 64 re-
cording sites (OT = 12; T = 21; CT = 13; CTH = 18), we sampled several sites per sys-
tem placed inside the fields each night. We showed that bat activity was always higher 
in OT than in T systems for two (0.1.2-34$$,2'5,6$.."@AB"0.1.2-34$$,2'1.1.2-34$$,2) of three 
species and for one (0.1.2-34$$,2 spp.) of two genera, as well as greater species richness. 
The same results were found for the CT versus T system comparison. CTH system 
showed higher activity than T for only one genus (0.1.2-34$$,2 spp.). We did not detect 
any differences between OT and CT systems, and CT showed higher activity than CTH 
system for only one species (0.1.2-34$$,2'5,6$..). Activity in OT of 0.1.2-34$$,2 spp. was 
overall 3.6 and 9.3 times higher than CTH and T systems, respectively, and 6.9 times 
higher in CT than T systems. Our results highlight an important benefit of organic 
farming and contrasted effects in conventional farming. That there were no differ-
ences detected between the organic and one conventional system is a major result. 
This demonstrates that even if organic farming is presently difficult to implement and 
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T he interaction of human
population, food production,
and b iodiv ersity protection
E i l e e n C r i s t , 1 * C a m i l o M or a , 2 R ob e r t E n g e l m a n 3

R esearch suggests that the scale of human population and the current pace of its growth
contribute substantially to the loss of biological diversity. Although technological change
and uneq ual consumption inextricably mingle with demographic impacts on the
environment, the needs of all human beings—especially for food—imply that projected
population growth will undermine protection of the natural world. N umerous solutions
have been proposed to boost food production while protecting biodiversity, but alone these
proposals are unlikely to staunch biodiversity loss. An important approach to sustaining
biodiversity and human well-being is through actions that can slow and eventually reverse
population growth: investing in universal access to reproductive health services and
contraceptive technologies, advancing women’ s education, and achieving gender eq uality.

A
chieving high standards of human welfare
and ensuring the long-term viability of the
natural world are both cornerstone goals
of sustainable human development (1). Bio-
diversity and natural ecosystems have intrin-

sic value and are also essential for supporting
human life (2). Many scenarios have been proposed
to meet human food demand, while also maintain-
ing biodiversity, in aworldwith a global population
growing toward 10 billion people (3–6). A pproaches
include a broader implementation and transfer-
ence of technologies to increase food production

through intensification rather than expansion (3),
reducing food waste (4), and changes in diet (5, 6).
These approaches remain largely idealistic.

Engineering the capacity to feed the world’ s pop-
ulation has proceeded at the cost of substantial
disregard for ecological impacts. Given the con-
flicts surrounding the use of land and ocean for
food production while also protecting biodiversity,
some people question whether feeding the world
and maintaining biodiversity are even compatible
objectives (7–9). The deterioration of nature re-
sults from economic, technological, and demo-
graphic dynamics, yet unfortunately the scientific
community generally remains reticent to discuss
global population size and increase (Fig. 1).
This reticence may stem from common per-

ceptions of a history of overreach and even abuse

in population policies, and from common convic-
tions that human numbers cannot be influenced
other than through coercive “population control”
(10). We argue that research increasingly demon-
strates that continuing population growth plays
a substantial role in the destruction of biodiversity,
and that this role deserves more exploration in
scientific circles. P olicies for slowing and eventually
reversing the size of the global population, within
a framework of human rights, are a feasible path-
way to reducing humanity’ s impact, increasing
human welfare, and protecting biodiversity.

Ne g l e c t f o r t h e p o p u l a t i o n f a c t o r

The 1990s and 2000s saw a desertion of concerns
about population in scientific, policy, and public
arenas (11–13). A number of factors converged to
downplay ecological and socioeconomic issues
related to population growth. A globally declining
fertility rate promoted a widespread perception
that the population problemwas on the way to
solving itself (14). A dditionally, the combination
of an aging population and low fertility rates in
some developed nations has generated concerns
that a shrinking workforce might adversely affect
public finances and standardsof living (15). A nother
contributing factor to neglecting the population
questionwas the emergence of climate change as a
major challenge,which shifted attention toward the
problemofoverconsumption indevelopedcountries.
The absence of a dominant scientific opinion

on the question of a sustainable human population
has also contributed to the silence enveloping
population matters (16, 17). Lack of agreement
about the scale (or even the existence) of risk that
population growth presents can be traced to the
history of the issue since at least the early 1970s.
A t the time, some environmental scientists pre-
dicted massive famines in the near future due
to “the population explosion” outstripping food

Crist et al., Science 356, 260–264 (2017) 21 A pril 2017 1 of 5
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ABSTRACT
Most cropland in the United States is characterized by large monocultures, whose
productivity ismaintained through a strong reliance on costly tillage, external fertilizers,
and pesticides (Schipanski et al., 2016). Despite this, farmers have developed a regen-
erative model of farm production that promotes soil health and biodiversity, while
producing nutrient-dense farm products profitably. Little work has focused on the
relative costs and benefits of novel regenerative farming operations, which necessitates
studying in situ, farmer-defined best management practices. Here, we evaluate the
relative effects of regenerative and conventional corn production systems on pest
management services, soil conservation, and farmer profitability and productivity
throughout the Northern Plains of the United States. Regenerative farming systems
provided greater ecosystem services and profitability for farmers than an input-
intensive model of corn production. Pests were 10-fold more abundant in insecticide-
treated corn fields than on insecticide-free regenerative farms, indicating that farmers
who proactively design pest-resilient food systems outperform farmers that react to
pests chemically. Regenerative fields had 29% lower grain production but 78% higher
profits over traditional corn production systems. Profit was positively correlated with
the particulate organic matter of the soil, not yield. These results provide the basis for
dialogue on ecologically based farming systems that could be used to simultaneously
produce food while conserving our natural resource base: two factors that are pitted
against one another in simplified food production systems. To attain this requires a
systems-level shift on the farm; simply applying individual regenerative practices within
the current production model will not likely produce the documented results.

Subjects Agricultural Science, Biodiversity, Ecology, Entomology, Soil Science
Keywords Agroecology, Biodiversity, Conservation agriculture, Corn, Pest management, Yield,
Profit, Soil organic matter

INTRODUCTION
Development of synthetic fertilizers, hybrid crops, genetically modified crops, and policies
that decouple farmer decisions from market demands all helped create a modern food
production system which reduces the diversity of foods that are produced (Fausti &
Lundgren, 2015; Pretty, 1995). This simplification of our food system contributes to
climate change (Carlsson-Kanyama & Gonzalez, 2009), rising pollution (Beman et al., 2011;
Morrissey et al., 2015), biodiversity loss (Butler, Vickery & Norris, 2007; Landis et al., 2008),
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Does organic farming enhance biodiversity in Mediterranean vineyards? A
case study with bats and arachnids
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A B S T R A C T

The effectiveness of organic farming for promoting biodiversity has been widely documented, yet most studies
have been undertaken in temperate agroecosystems with a focus on birds, insects and plants. Despite the
Mediterranean basin being a biodiversity hotspot for conservation priorities, the potential benefits of organic
farming for biodiversity there has received little attention. Here, we assessed the effect of farming system,
landscape characteristics and habitat structure on biodiversity in Mediterranean vineyards using two taxa with
different functional traits (in terms of mobility, dispersal ability and home range siz e): bats and arachnids. We
also tested the “ intermediate landscape-complexity ” hypothesis, which predicts that local conservation measures
have greatest success in landscapes of intermediate complexity. Our study design involved pairs of matched
organic and conventional vineyard plots in the south of France situated along a landscape complexity gradient.
Abundance of arachnids were higher in organic vineyards, although arachnid species richness was positively
associated with the amount of ground vegetation cover. Organic farming was ineffective on its own to enhance
bat activity and species richness regardless of the landscape context. Rather, our results suggested that landscape
features were more important for bats than vineyard management, with significantly higher bat activity re-
corded on vineyard plots located at close proximity to hedgerows and rivers. When designing conservation
strategies in Mediterranean farmlands, we strongly recommend the implementation of a multi-scale approach to
assure benefits for a wide range of species.

1. Introduction

Over the last 30 years, policies of the European U nion (EU ) have
progressively evolved to try halting the dramatic loss of biodiversity
that was associated to agricultural expansion and intensification (Henle
et al., 2008; Pe’er et al., 2014). While the EU – with its Common
Agricultural Policy (CAP) – has encouraged intensive and productive
farming to ensure food security, problems of declining biodiversity
were first addressed by the EU in 1985 by providing several measures
for environmental protection to member states, and then during the
1992 CAP reform by developing and promoting Agri-Environmental
Schemes (AESs) (Kleijn and Sutherland, 2003). This incentive system
aims to counteract the negative effects of intensive agriculture by
providing financial compensation to farmers that adopt en-
vironmentally-friendly farming approaches. AESs have become a key
EU policy which aim to enhance biodiversity and ecosystem services in
farmland (Whittingham, 2011) and represent the most expensive con-
servation programme implemented in Europe (Batá ry et al., 2015): the
EU will have allocated nearly 23 billion euros to AESs between 2014

and 2020 (European Parliament, 2016).
Support for conversion to organic farming is one of the main agri-

environment schemes proposed to farmers. In 2015, farmlands under
organic management represented 6.2% of utilised agricultural area in
Europe (EU -28), comprising 11.1 million hectares, compared with 9.2
million hectares in 2010 (Eurostat, 2016). Due to the wildlife-friendly
management implemented in organic farming (e.g., non-use of syn-
thetic chemical pesticides and input fertiliz ers, low pressure on land-
use) and its positive influence on landscape heterogeneity and com-
plexity (Norton et al., 2009), organic farming would seem to be fa-
vourable for a range of taxa (Hole et al., 2005). However, several stu-
dies emphasiz e that the effects of organic farming on biodiversity are
species-specific (Fuller et al., 2005) and most importantly, are depen-
dent on the scale considered (G abriel et al., 2010) and the landscape
context (Batá ry et al., 2011; Bengtsson et al., 2005; Tuck et al., 2014).
Regarding the latter, the “ intermediate landscape-complexity ” hy-
pothesis has been proposed to explain this pattern (Tscharntke et al.,
2005; Tscharntke et al., 2012; Concepció n et al., 2008). It stipulates
that the effectiveness of organic farming would be higher in landscapes
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A B S T R A C T

Organic farming may be more beneficial to biodiversity than nonorganic farming but the comparison is often
confounded by regional within-farm and landscape differences. We compared breeding bird species composition
and abundance on 10 farm pairs of each type matched at the site level for land cover in the prairie parklands of
Saskatchewan, Canada in 1990. Land cover was measured around bird point counts at two extents; ‘site’ (6.3 ha
area) and ‘field’ (16.3 ha area). We pooled species into functional groups; linear mixed models showed no
significant differences between farm types for species richness but that all birds, migratory birds using crops and
aerial insectivores were more abundant on organic farms. A permutational multivariate analysis of variance
demonstrated that farm type did not have a significant overall effect on compositional similarity but that
pairwise differences existed between about half of the farm pairs (the direction of differences in beta diversity
was not consistent between organic and nonorganic farms according to tests for the homogeneity of multivariate
dispersions). Farm-pair differences were more pronounced for all birds and for migratory bird species using
crops, migratory birds consuming grains and ground feeders, but not grassland birds. nMDS ordinations
suggested that there was more variation in species composition and abundance on organic farms than
nonorganic ones but the difference was not significant. Distance-based redundancy analysis (dbRDA) was used
to examine the main drivers of bird species composition and abundance and to see which extent was most
important; land cover at the field extent was more important than land cover at the site extent or the farming
practices measured. The most important field-extent land cover was the amount of native grassland, woodland
(including shelterbelts) and wetlands. After controlling for significant field-extent land cover, seed treatment,
herbicide use, and number of passes were significant. At the site extent, greater non-crop heterogeneity had a
significantly positive effect on abundance and species richness of several groups (e.g., grassland birds, migratory
granivores, ground feeders, ground nesters) but a negative effect on richness of woodland birds and abundance
of aerial insectivores. Relationships with crop heterogeneity were mostly negative and non-significant. Overall
land cover heterogeneity at the site level was positively related to the richness of grassland birds. In contrast at
the field extent, non-crop heterogeneity did not have any significant effects on the richness and abundance of
any functional group. Crop heterogeneity had a significantly negative effect on aerial insectivore richness and
abundance. In the early 1990s, differences in birds between organic and nonorganic farms in Saskatchewan were
evident but subtle and variable among farms, and apparently most related to land cover-bird assemblage
interactions/relationships.

1. Introduction

One way to examine the relative effects of farming practices and
land cover on biodiversity is to compare species composition and
abundance between farms deploying different management regimes or
agri-environment schemes (AESs), such as organic farming, and those
that do not. According to reviews (Hole et al., 2005) and meta-analyses
(Bengtsson et al., 2005; Tuck et al., 2014), organic farming enhanced

biodiversity relative to nonorganic farming in the majority of studies
from Europe, North America and New Zealand. Additional, indirect, but
compelling evidence for the benefits of organic farming comes from
Denmark, where organic farming composes a substantial component
(35%) of the farmed landscape and few farmland birds are in decline
(Fox, 2004). Here we ask whether organic farming could similarly
benefit birds in the Canadian prairies, where grassland species have
shown significant, long-term declines in abundance over the last 40
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As a major contributor to agricultural greenhouse gas (GHG)
emissions, it has been suggested that reducing animal agriculture
or consumption of animal-derived foods may reduce GHGs and
enhance food security. Because the total removal of animals
provides the extreme boundary to potential mitigation options
and requires the fewest assumptions to model, the yearly nutritional
and GHG impacts of eliminating animals from US agriculture were
quantified. Animal-derived foods currently provide energy (24% of
total), protein (48%), essential fatty acids (23–100%), and essential
amino acids (34–67%) available for human consumption in the
United States. The US livestock industry employs 1.6 × 106 people
and accounts for $31.8 billion in exports. Livestock recycle more than
43.2 × 109 kg of human-inedible food and fiber processing byprod-
ucts, converting them into human-edible food, pet food, industrial
products, and 4 × 109 kg of N fertilizer. Although modeled plants-
only agriculture produced 23% more food, it met fewer of the US
population’s requirements for essential nutrients. When nutritional
adequacy was evaluated by using least-cost diets produced from
foods available, more nutrient deficiencies, a greater excess of en-
ergy, and a need to consume a greater amount of food solids were
encountered in plants-only diets. In the simulated system with no
animals, estimated agricultural GHG decreased (28%), but did not
fully counterbalance the animal contribution of GHG (49% in this
model). This assessment suggests that removing animals from US
agriculture would reduce agricultural GHG emissions, but would also
create a food supply incapable of supporting the US population’s
nutritional requirements.

livestock | food | greenhouse gases | agriculture | food security

Human society exists within an integrated ecological system
that includes animal- and plant-based agriculture (Fig. 1).

US agriculture provides raw materials used for food, fiber, bio-
fuels, and myriad components of nonfood products used do-
mestically and sold internationally. As with any ecological
system, changes made in one facet must be evaluated for the
direct effects of the change and for collateral impact. A report by
the Food and Agriculture Organization (FAO) of the United
Nations designated livestock as a major worldwide contributor to
greenhouse gas (GHG) emissions that affect global warming (1).
More recently, the 2015 Dietary Guidelines Advisory Committee
claimed that plant-based diets would promote health and im-
prove long-term sustainability of the US food supply (2). Implicit
in such reports is the idea that modification or elimination of
animal agriculture would offer benefits to society with minimal
and acceptable deleterious effects (3, 4). Testing for the outcomes
of benefits and adverse effects with livestock removal is compli-
cated by the number, accuracy, and complexity of assumptions
that need to be made in representing changes in food production
systems. The scenario that requires the fewest assumptions is the
elimination of animal agriculture, which also represents the
boundary of the potential impact of other intermediate measures
(e.g., partial livestock removal, reduced red meat consumption).
Given the challenge of providing adequate nutrition for a

growing global population, addressing the question of why we
feed animals to feed human society is of principal interest.

Specific to animal agriculture is the inherently energetically in-
efficient conversion of feed to usable products. Because animals
(and humans) obey the laws of thermodynamics, energy that is
converted to heat through metabolic processes is lost and not
retained in tissues (5, 6). Acceptability of such inefficiencies
depends upon the resources used in this conversion and the
value of the resulting products. Livestock, particularly ruminants,
consume substantial amounts of byproducts from food, biofuel,
and fiber production that are not edible by humans, and they
make use of untillable pasture and grazing lands that are not
suitable to produce crops for human consumption (7, 8). When
compared on a human-edible nutrient input to human-edible
nutrient output basis, animal and plant foods can have similar
efficiencies (9). Animals also provide more than food. A multi-
tude of animal-derived products are used in adhesives, ceramics,
cosmetics, fertilizer, germicides, glues, candies, refining sugar,
textiles, upholstery, photographic films, ointments, paper, heart
valves, and other products (10). Given these additional contri-
butions, assessment of agricultural systems must consider that
animals and crops affect more than GHG. Specifically, the im-
pact of changes to US agriculture needs to be considered in the
context of the overall effect on meeting the short- and long-term
needs of human society. Evaluation of the most extreme alter-
native, an agricultural system that is solely plant-based, can il-
luminate the strengths and detriments of animal agriculture in
our system. The objective of this study was to compare the cur-
rent contribution of animals to the US food supply and agri-
cultural GHG by comparing current food production to a

Significance

US agriculture was modeled to determine impacts of removing
farmed animals on food supply adequacy and greenhouse gas
(GHG) emissions. The modeled system without animals in-
creased total food production (23%), altered foods available
for domestic consumption, and decreased agricultural US GHGs
(28%), but only reduced total US GHG by 2.6 percentage units.
Compared with systems with animals, diets formulated for the
US population in the plants-only systems had greater excess of
dietary energy and resulted in a greater number of deficiencies
in essential nutrients. The results give insights into why deci-
sions on modifications to agricultural systems must be made
based on a description of direct and indirect effects of change
and on a dietary, rather than an individual nutrient, basis.
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Feature Review
Diversifying Food Systems in
the Pursuit of Sustainable
Food Production and Healthy
Diets
Sangam L. Dwivedi,1 Edith T. Lammerts van Bueren,2,3

Salvatore Ceccarelli,4 Stefania Grando,1 Hari D. Upadhyaya,1

and Rodomiro Ortiz5,*

Increasing demand for nutritious, safe, and healthy food because of a growing
population, and the pledge to maintain biodiversity and other resources, pose a
major challenge to agriculture that is already threatened by a changing climate.
Diverse and healthy diets, largely based on plant-derived food, may reduce
diet-related illnesses. Investments in plant sciences will be necessary to design
diverse cropping systems balancing productivity, sustainability, and nutritional
quality. Cultivar diversity and nutritional quality are crucial. We call for better
cooperation between food and medical scientists, food sector industries,
breeders, and farmers to develop diversified and nutritious cultivars that reduce
soil degradation and dependence on external inputs, such as fertilizers and
pesticides, and to increase adaptation to climate change and resistance to
emerging pests.

The Importance of Seed Biology for Food Security
Current global issues under debate include the decline of biodiversity (see Glossary), climate
change and greenhouse gas emissions (GHGEs), hunger and malnutrition, and poverty and
water scarcity. Diet related-diseases such as diabetes and those associated with being
overweight and obese are additional global problems. We review here and lay open how
all these issues are related to different aspects of seed production (i.e., yield, quality, genetic
features, and trade). The delivery of agricultural innovations such as bred-seeds also requires
long-term funding for plant sciences (Box 1 ).

Diet ! Gene Interaction and Human Health
The microbiota in the gut play an essential role in human health. The evidence to date suggests
that the gut microbiota is involved in malnutrition and obesity, and dietary intervention impacts
on gut microbial diversity and human health [1 –3].

The increase in the prevalence and progression of chronic (non-communicable) diseases
associated with the modern human diet, relative to that of hunter-gatherers [4], is the conse-
quence of a complex interplay between genetic and environmental factors, of which diet plays
an important role. The average effects of diet are masked by individual genetic predispositions,
and genetic variants showing robust associations with differences in dietary patterns are
present in diverse ethnic groups. For example, individuals carrying SIRT6 rs107251CT/TT

Trends
Intensive industrial agriculture does not
appear to be sustainable and does not
contribute to a healthy human diet.

Reduced consumption of livestock
products and increased use of plant
products are central to reducing food
carbon footprints and healthy eating.

Fundamental to better health is under-
standing gene–nutrient interactions in
growth and development and in dis-
ease prevention; genomics and phe-
nomics may assist selecting for
nutritionally enhanced, resource use-
efficient, and stress-resilient cultivars.

A paradigm shift is occurring from the
current production/productivity goals
to developing nutritionally enhanced
and resource use-efficient crops.

There is growing notion that not all
healthy diets are sustainable and not
all sustainable diets are healthy, thus
an integral system approach will be
necessary to produce sufficient, safe,
and nutritionally enhanced food.

1International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT),
Patancheru 502324, India
2Louis Bolk Institute, Hoofdstraat 24,
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3Wageningen University and
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T emporal trends in arthropod abundances
after the transition to organic farming in
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Abstract

Organic farming aims to reduce the effect on the ecosystem and enhance biodiversity in

agricultural areas, but the long-term effectiveness of its application is unclear. Assessments

have rarely included various taxonomic groups with different ecological and economic roles.

In paddy fields with different numbers of years elapsed since the transition from conven-

tional to organic farming, we investigated changes in the abundance of insect pests, gener-

alist predators, and species of conservation concern. The abundance of various arthropods

exhibited diverse trends with respect to years elapsed since the transition to organic farm-

ing. Larval lepidopterans, Tetragnatha spiders, and some planthoppers and stink bugs

showed non-linear increases over time, eventually reaching saturation, such as the abun-

dance increasing for several years and then becoming stable after 10 years. This pattern

can be explained by the effects of residual pesticides, the lag time of soil mineralization, and

dispersal limitation. A damselfly (Ischnura asiatica) did not show a particular trend over time,

probably due to its rapid immigration from source habitats. Unexpectedly, both planthoppers

and some leafhoppers exhibited gradual decreases over time. As their abundances were

negatively related to the abundance of Tetragnatha spiders, increased predation by natural

enemies might gradually decrease these insect populations. These results suggest that the

consideration of time-dependent responses of organisms is essential for the evaluation of

the costs and benefits of organic farming, and such evaluations could provide a basis for

guidelines regarding the length of time for organic farming to restore biodiversity or the eco-

nomic subsidy needed to compensate for pest damage.

Introduction

A gricultural landscapes are characterized by high spatial heterogeneity and intermittent
human disturbances, and they have been maintained by traditional management for over 2000
years [ 1,2] . D uring this period, many organisms are believed to have adapted to the variable
environments, resulting in rich biodiversity in the human-altered landscapes. However, recent
modernization or intensification of farmland management has led to the severe decline of
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H I G H L I G H T S

ï Challenges for smart intensification of
marginal land are manifold

ï Tools for precise agriculture will aid to
detect pollutant hotspots and poor soils

ï Crop rotation and adapted crop choice
will yield biomass

ï Amendments will sequester carbon and
release fertilizer when needed

ï Potentials of marginal soils can be
unlocked and lead to ecological and eco-
nomical success
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The rapid increase of theworld population constantly demandsmore food production fromagricultural soils. This
causes conflicts, since at the same time strong interest arises on novel bio-based products from agriculture, and
new perspectives for rural landscapes with their valuable ecosystem services. Agriculture is in transition to fulfill
these demands. In many countries, conventional farming, influenced by post-war food requirements, has largely
been transformed into integrated and sustainable farming. However, since it is estimated that agricultural pro-
duction systems will have to produce food for a global population that might amount to 9.1 billion by 2050
and over 10 billion by the end of the century, wewill require an even smarter use of the available land, including
fallow and derelict sites. One of the biggest challenges is to reverse non-sustainable management and land deg-
radation. Innovative technologies and principles have to be applied to characterize marginal lands, explore op-
tions for remediation and re-establish productivity. With view to the heterogeneity of agricultural lands, it is
more than logical to apply specific crop management and production practices according to soil conditions.
Cross-fertilizing with conservation agriculture, such a novel approach will provide (1) increased resource use ef-
ficiency by producing more with less (ensuring food security), (2) improved product quality, (3) ameliorated
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Que dit la recherche sur la transition alimentaire et 
les changements de pratiques agricoles ?
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Mod u lati ng  p lant g r ow th ñ metab oli sm 
c oor d i nati on f or  su stai nab le ag r i c u ltu r e
S h a n  Li 1, 2,  Y o n g h a n g  Ti a n 1,  K u n  W u 1,  Y a f e n g  Y e 1,  J i a n p i n g  Y u 1,  J i a n q i n g  Z h a n g 1,  Q i a n  Li u 1,  Me n g y u n  H u 3,  H u i  Li 3,  Y i p i n g  To n g 1,  
Ni c h o l a s  P .  H a r b e r d 4  &  X i a n g d o n g  F u 1, 2*

Enh anc i ng  g lob al f ood  sec u r i ty  b y  i nc r easi ng  th e p r od u c ti v i ty  of  g r een r ev olu ti on v ar i eti es of  c er eals r i sk s i nc r easi ng  th e 
c ollater al env i r onmental d amag e p r od u c ed  b y  i nor g ani c  ni tr og en f er ti li z er s. I mp r ov ements i n th e ef f i c i enc y  of  ni tr og en 
u se of  c r op s ar e th er ef or e essenti al;  h ow ev er , th ey  r eq u i r e an i n- d ep th  u nd er stand i ng  of  th e c o- r eg u lator y  mec h ani sms 
th at i nteg r ate g r ow th , ni tr og en assi mi lati on and  c ar b on f i x ati on. H er e w e sh ow  th at th e b alanc ed  op p osi ng  ac ti v i ti es and  
p h y si c al i nter ac ti ons of  th e r i c e G RO WT H - REG U L AT I N G  F AC T O R 4  ( G RF 4 )  tr ansc r i p ti on f ac tor  and  th e g r ow th  i nh i b i tor  
D EL L A c onf er  h omeostati c  c o- r eg u lati on of  g r ow th  and  th e metab oli sm of  c ar b on and  ni tr og en. G RF 4  p r omotes and  
i nteg r ates ni tr og en assi mi lati on, c ar b on f i x ati on and  g r ow th , w h er eas D EL L A i nh i b i ts th ese p r oc esses. As a c onseq u enc e, 
th e ac c u mu lati on of  D EL L A th at i s c h ar ac ter i sti c  of  g r een r ev olu ti on v ar i eti es c onf er s not only  y i eld - enh anc i ng  d w ar f i sm, 
b u t also r ed u c es th e ef f i c i enc y  of  ni tr og en u se. H ow ev er , th e ni tr og en- u se ef f i c i enc y  of  g r een r ev olu ti on v ar i eti es and  
g r ai n y i eld  ar e i nc r eased  b y  ti p p i ng  th e G RF 4 ñ D EL L A b alance tow ar d s i nc r eased  G RF 4  ab u nd ance.  Mod u lati on of  p lant 
g r ow th  and  metab oli c  c o- r eg u lati on th u s enab les nov el b r eed i ng  str ateg i es f or  f u tu r e su stai nab le f ood  sec u r i ty  and  a 
new  g r een r ev olu ti on.

The green revolution of the 196 0s boosted crop yields, and was partly 
driven by widespread adoption of semi-dwarf green revolution varieties 
of cereals (GRV s)1–4. GRV  semi-dwarfism is due to the accumulation 
of growth-repressing DEL L A proteins (DEL L As) conferred by mutant 
alleles at the Rht (wheat)5,6  and SD1 (rice)7,8 loci. In normal plants, 
gibberellin (GA) promotes growth by stimulating the destruction of 
DEL L As9,10. Mutant wheat GRV  DEL L As5 are resistant to GA-stimulated 
destruction, whereas the rice GRV  mutant sd1 allele reduces bioactive 
GA abundance11,12, thus increasing accumulation of the DEL L A protein 
SL R1 (Fig. 1a, b). The conferred semi-dwarfism causes GRV  resistance 
to yield-reducing ‘ lodging’ (flattening of plants by wind and rain)4.

GRV  lodging resistance is enhanced by relative insensitivity to nitro-
gen. For example, the nitrogen-induced increase in Nanjing6  (NJ 6 ) 
plant height is reduced in NJ 6 -sd1 (Fig. 1c), and the Rht-B1b GRV  allele 
confers similar properties on wheat (Fig. 1d). Although DEL L A accu-
mulation inhibits GRV  growth nitrogen response, nitrogen allocation 
to grain continues, thus combining enhanced harvestable yield with 
reduced lodging risk from increased nitrogen supply1,4,5,7,8. These prop-
erties drove the rapid spread of GRV  cultivation over the past 50 years3, 
and also ensured retention of semi-dwarfing alleles in current elite 
varieties5,6 ,12. However, GRV s are associated with reduced nitrogen-use 
efficiency (NUE)13. Accordingly, mutant sd1 and Rht alleles inhibit 
nitrogen uptake. For example, ammonium ( ) is the majority nitro-
gen source for anaerobic paddy-field rice roots14. Although NJ 6   
uptake is regulated by nitrogen (the uptake rate is reduced by increasing 
nitrogen supply), sd1 reduces the underlying NJ 6 -sd1 uptake rate, and 
also interferes with its nitrogen-responsive regulation (Fig. 1e). 
Similarly, with nitrate ( ) being the majority nitrogen source in 
aerobic soils15, the mutant Rht-B1b allele affects both underlying and 
nitrogen-regulated  uptake in wheat (Fig. 1f). Thus, DEL L A 
accumulation confers combined semi-dwarfism, reduced growth nitro-
gen response and reduced nitrogen uptake to GRV s. In consequence, 
achievement of high GRV  yield requires environmentally damaging 

nitrogen fertilizer inputs16 . Development of new GRV s that combine 
high yields with reduced nitrogen supply is thus an urgent goal for 
global sustainable agriculture2,17. We therefore analysed GRV  growth–
metabolism integration, reasoning that our discoveries might in turn 
enable development of new GRV s with improved NUE.

G RF 4  p r omotes r i c e G RV  ammoni u m u p tak e
We found approximately threefold variation in the  uptake rates 
of 36  sd1-containing indica rice varieties and the SD1-containing NJ 6  
control (Fig. 2a), then crossed NM73 (having the highest rate; Fig. 2a) 
with NJ 6  (recurrent parent) to generate a BC1F2 population. 
Q uantitative trait locus (Q TL ) analysis of  uptake rates revealed 
two logarithm of odds (L O D)-score peaks (quantitative trait loci NGR1 
and NGR2 (qNGR1 and qNGR2), Fig. 2b; Supplementary Table 1). 
Although the NM73 qngr1 allele coincides in map position with sd17,8, 
the molecular identity of the NM73 qngr2 allele, which was associated 
with increased  uptake rates, was unknown. Positional mapping 
localized qngr2 to GRF418–20 (Extended Data Fig. 1a), suggesting a pre-
viously unknown function in  uptake regulation. Because a NM73 
(GRF4ngr2) allele heterozygote has a higher rate than a NJ 6  (GRF4NGR2) 
allele homozygote (Extended Data Fig. 1b), GRF4ngr2 semi-dominantly 
increases  uptakes. An NJ 6 -GRF4ngr2 isogenic line accordingly 
exhibited increased  uptake rates (versus NJ 6 ; Fig. 2c), and 
increased GRF4 mRNA and GRF4 protein abundances (Fig. 2d, 
Extended Data Fig. 1c). Furthermore, RNA interference targeting GRF4 
reduced the high  uptake rate of NJ 6 -GRF4ngr2, whereas trans-
genic expression of GRF4ngr2 mRNA from its native promoter increased 

 uptake (Fig. 2c, Extended Data Fig. 1c).O verexpression of either 
GRF4NGR2 or GRF4ngr2 mRNA from the constitutive rice Actin1 pro-
moter conferred increased  uptake rates to NJ 6  (Fig. 2c, 
Extended Data Fig. 1c). Thus, GRF4ngr2 is equivalent to qngr2, confers 
an increased  uptake rate to NM73 and counteracts the repres-
sive effects of sd1-mediated SL R1 accumulation.
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O p ti ons f or  k eep i ng  th e f ood  sy stem 
w i th i n env i r onmental li mi ts
Ma r c o  S p r i n g m a n n 1, 2*,  Mi c h a e l  C l a r k 3,  D a n i e l  Ma s o n - D í C r o z 4 , 5,  K e i t h  W i e b e 4 ,  Be n j a m i n  Le o n  Bo d i r s k y 6,  Lu i s  La s s a l e t t a 7 ,   
W i m  d e  Vr i e s 8,  S o n j a  J .  Ve r m e u l e n 9 , 10,  Ma r i o  H e r r e r o 5,  K i m b e r l y  M.  C a r l s o n 11,  Ma l i n  J o n e l l 12,  Ma x  Tr o e l l 12, 13,   
F a b r i c e  D e C l e r c k 14 , 15,  Li n e  J .  G o r d o n 12,  Ra m i  Z u r a y k 16,  P e t e r  S c a r b o r o u g h 2,  Mi k e  Ra y n e r 2,  Br e n t  Lo k e n 12, 14 ,  J e s s  F a n z o 17 , 18,   
H .  C h a r l e s  J .  G o d f r a y 1, 19 ,  D a v i d  Ti l m a n 20, 21,  J o h a n  Ro c k s t r ˆ m 6, 12 &  W a l t e r  W i l l e t t 22

T h e f ood  sy stem i s a maj or  d r i v er  of  c li mate c h ang e, c h ang es i n land  u se, d ep leti on of  f r esh w ater  r esou r c es, and  p ollu ti on 
of  aq u ati c  and  ter r estr i al ec osy stems th r ou g h  ex c essi v e ni tr og en and  p h osp h or u s i np u ts. H er e w e sh ow  th at b etw een 
2 0 1 0  and  2 0 5 0 , as a r esu lt of  ex p ec ted  c h ang es i n p op u lati on and  i nc ome lev els, th e env i r onmental ef f ec ts of  th e f ood  
sy stem c ou ld  i nc r ease b y  5 0 ñ 9 0 %  i n th e ab senc e of  tec h nolog i c al c h ang es and  d ed i c ated  mi ti g ati on measu r es, r eac h i ng  
lev els th at ar e b ey ond  th e p lanetar y  b ou nd ar i es th at d ef i ne a saf e op er ati ng  sp ac e f or  h u mani ty . We analy se sev er al 
op ti ons f or  r ed u c i ng  th e env i r onmental ef f ec ts of  th e f ood  sy stem, i nc lu d i ng  d i etar y  c h ang es tow ar d s h ealth i er , mor e 
p lant- b ased  d i ets, i mp r ov ements i n tec h nolog i es and  manag ement, and  r ed u c ti ons i n f ood  loss and  w aste. We f i nd  th at 
no si ng le measu r e i s enou g h  to k eep  th ese ef f ec ts w i th i n all p lanetar y  b ou nd ar i es si mu ltaneou sly , and  th at a sy ner g i sti c  
c omb i nati on of  measu r es w i ll b e need ed  to su f f i c i ently  mi ti g ate th e p r oj ec ted  i nc r ease i n env i r onmental p r essu r es.

The global food system is a major driver of climate change1,2, land-use 
change and biodiversity loss3,4, depletion of freshwater resources5,6 , and 
pollution of aquatic and terrestrial ecosystems through nitrogen and 
phosphorus run-off from fertilizer and manure application7–9. It has 
contributed to the crossing of several of the proposed ‘ planetary bound-
aries’ that attempt to define a safe operating space for humanity on a 
stable Earth system10–12, in particular those concerning climate change, 
biosphere integrity, and biogeochemical flows related to nitrogen and 
phosphorous cycles. If socioeconomic changes towards Western con-
sumption patterns continue, the environmental pressures of the food 
system are likely to intensify13–16 , and humanity might soon approach 
the planetary boundaries for global freshwater use, change in land use, 
and ocean acidification11,12,17. Beyond those boundaries, ecosystems 
could be at risk of being destabilized and losing the regulation functions 
on which populations depend11,12.

Here we analyse the option space available for the food system to 
reduce its environmental impacts and stay within the planetary bound-
aries related to food production. We build on existing analyses that 
have advanced the planetary-boundary framework in terms of systemic 
threats to large-scale ecosystems11,12,18–20, discussed the role of agricul-
ture with respect to those pressures10,21, and analysed the impacts on 
individual environmental domains22,23, including selected measures 
to alleviate those impacts22–24. The planetary-boundary framework 
is not without criticism, particularly because of the heterogeneity of 
the different boundaries and their underlying scientific bases, includ-
ing the difficulty of defining global ecosystem thresholds for local 

environmental impacts25–27. Despite these limitations, we consider 
the planetary-boundary framework to be useful for framing, in broad 
terms, the planetary option space that preserves the sustainability of 
key ecosystems. We acknowledge the ongoing debate by quantifying the 
planetary boundaries of the food system in terms of broad ranges that 
reflect methodological uncertainties (see Methods), and by reporting 
the environmental impacts in absolute terms (for example, emissions 
in tonnes of carbon dioxide equivalents), which allows for comparisons 
to other measures of environmental sustainability.

We advance the present state of knowledge by constructing and 
calibrating a global food-systems model with country-level detail that 
resolves the major food-related environmental impacts and includes 
a comprehensive treatment of measures for reducing these impacts 
(see Methods). The regional detail of the model accounts for different 
production methods and environmental impacts that are linked by 
imports and exports of primary, intermediate and final products. We 
use the food-system model and estimates of present and future food 
demand to quantify food-related environmental impacts at the country 
and crop level in 2010 and 2050 for five environmental domains and the 
related planetary boundaries: greenhouse-gas (GHG) emission related 
to climate change; cropland use related to land-system change; fresh-
water use of surface and groundwater; and nitrogen and phosphorus 
application related to biogeochemical flows.

To characterize pathways towards a food system with lower envi-
ronmental impacts that stays within planetary boundaries, we connect 
a region-specific analysis of the food system to a detailed analysis of 
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St Lucia, Brisbane, Australia. 6Potsdam Institute f or Climate Impact Research, Potsdam, G ermany. 7 CE IG RAM/Agricultural Production, Universidad Politécnica de Madrid, Madrid, Spain. 
8 E nvironmental Systems Analysis G roup, W ageningen University, W ageningen, The Netherlands. 9 W W F International, G land, Sw itz erland. 10H of f mann Centre f or Sustainable Resource E conomy, 
Chatham H ouse, London, UK . 11Department of  Natural Resources and E nvironmental Management, University of  H aw ai’ i at Manoa, H onolulu, H I, USA. 12Stock holm Resilience Centre, Stock holm 
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measures of change, including reductions in food loss and waste, tech-
nological and management-related improvements, and dietary changes 
towards healthier, more plant-based diets (Extended Data Table 1). The 
scenarios regarding food loss and waste align with and exceed commit-
ments made as part of the United Nations’ Sustainable Development 
Goals28–30. The scenarios concerning technological change account for 
future improvements in agricultural yields and fertilizer application, 
increases in feed efficiency, and changes in management practices31–34. 
Finally, the scenarios around dietary change include changes towards 
dietary guidelines and more plant-based dietary patterns that are in 
line with present evidence on healthy eating35–37.

In our baseline trajectory, we account for different socioeconomic 
pathways of population and income growth33, and project future 
demand for environmental resources in the absence of technological 
changes and dedicated mitigation measures. Although some of the 
measures of change considered here can be expected to be implemented 
by 2050, their level of ambition is uncertain and implementation will 
not happen automatically. We therefore analyse each measure of change 
explicitly and differentiate between two degrees of implementation: 
medium and high ambition. Measures of medium ambition are in line 
with stated intentions (for example, reducing food loss and waste by 
half), and measures of high ambition go beyond expectations but can 
be considered attainable with large-scale adoption of existing best prac-
tices (for example, reducing food loss and waste by 75% ).

Env i r onmental i mp ac ts of  th e f ood  sy stem
O ur analysis indicates that current and projected levels of agricul-
tural production, in the absence of targeted mitigation measures, will 
greatly affect the Earth’s environment. We estimate that, in 2010, the 
food system emitted roughly the equivalent of 5.2 billion tonnes of 
carbon dioxide in GHG emissions in the form of methane and nitrous 
oxide; the food system also occupied 12.6  million km2 of cropland, used  

1,810 km3 of freshwater resources from surface and groundwater  
(bluewater), and applied 104 teragrams of nitrogen (TgN) and  
18 teragrams of phosphorus (TgP) in the form of fertilizers (see 
Methods, ‘ Data availability’). O ur estimates are comparable to  
previous estimates of food-related GHG emissions1,38 of 4.6 –5.8  
billion tonnes of carbon dioxide equivalents, global cropland use39 
of 12.2–17.1 million km2 in 2000, bluewater use5,20 in 2000 of 
1,700–2,270 km3, and nitrogen40 and phosphorus40,41 application  
in 2010 of 104 TgN and 15.8–18.8 TgP.

Food production and consumption are projected to change between 
2010 and 2050 (Extended Data Table 2) as a result of expected socioec-
onomic developments (Supplementary Table 1). Those developments 
include the growth of the global population by about a third (with a 
range of 23–45% , from 6 .9 billion in 2010 to 8.5–10 billion in 2050) and 
a tripling of global income (with a range of 2.6 –4.2, from US$ 6 8 trillion 
in 2010 to US$ 180–290 trillion in 2050)33. Because of these changes, 
we predict the environmental pressures of the food system to increase 
by 50–92%  for each indicator in the absence of technological change 
and other mitigation measures (Fig. 1). The greatest increases along 
this baseline pathway are projected for GHG emissions (87% , range 
80–92% ), then for the demand for cropland use (6 7% , range 6 6 –6 8% ), 
bluewater use (6 5% , range 6 4–6 5% ), phosphorus application (54% , 
range 51–55% ) and nitrogen application (51% , range 50–52% ).

Specific food groups vary in their environmental impacts (Fig. 1). 
The production of animal products generates the majority of food- 
related GHG emissions (72–78%  of total agricultural emissions), which is 
due to low feed-conversion efficiencies, enteric fermentation in ruminants,  
and manure-related emissions42; the feed-related impacts of animal 
products also contribute to bluewater use (around 10% ) and pressures 
on cropland, as well as nitrogen and phosphorus application (20–25%  
each). By comparison, staple crops have generally lower environmental 
footprints (impacts per kg of product) than animal products (Extended 
Data Table 3), in particular for GHG emissions, but they can have high 
total impacts because of their higher production volumes (Extended 
Data Table 2). According to our estimates, staple crops grown for human 
consumption are responsible for a third to a half (30–50% ) of cropland 
use, bluewater use, and nitrogen and phosphorus application. The pro-
jected population growth between 2010 and 2050 contributes to a general 
increase in the impacts of each food group, and the projected income 
growth changes the relative contribution of each, with a shift towards 
a larger proportion of impacts from animal products (7–16 %  increase 
across environmental domains) and fruits and vegetables (2–28%  
increase), and a smaller proportion from staple crops (7–19%  reduction).

C h ang es i n f ood  manag ement, tec h nolog y  and  d i ets
Reducing food loss and waste is one measure for reducing food demand 
and the associated environmental impacts. At present it is estimated 
that more than a third of all food that is produced is lost before it 
reaches the market, or is wasted by households28. For our analysis, we 
evaluated the impacts of reducing food loss and waste to one half— a 
value in line with pledges made as part of the Sustainable Development 
Goals29— and we also considered a reduction in food loss and waste by 
75% , which is probably close to the maximum theoretically avoidable 
value30. We estimate that halving food loss and waste would reduce 
environmental pressures by 6 –16 %  compared with the baseline pro-
jection for 2050, and that reducing food loss and waste by 75%  would 
reduce environmental pressures by 9–24%  (Fig. 2). Relatively more sta-
ple crops and fruits and vegetables are wasted than animal products28,  
which explains why the impacts of changes in food loss and waste are 
smaller for the livestock-dominated domains, such as GHG emissions, 
than for the staple-crop-dominated ones, such as cropland and blue-
water use and nitrogen and phosphorus application.

Technological changes increase the efficiency of production and 
reduce the environmental impact per unit of food produced. We ana-
lysed the most commonly considered technological advances and 
changes in management practices with respect to their environmen-
tal impacts (Extended Data Table 1). The measures include: increases 
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F ig. 1 |  P resent ( 2010)  and projected ( 2050)  environmental pressures 
on five environmental domains divided by food group. Environmental 
pressures are allocated to the final food product, accounting for the use 
and impacts of primary products in the production of vegetable oils and 
refined sugar, and for feed requirements in animal products. Impacts are 
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referred to in the ‘ Data availability’ statement (see Methods).
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in agricultural yields, which reduce the demand for additional crop-
land32,33; rebalancing of fertilizer application between overapplying  
and underapplying regions32, as well as increasing nitrogen-use  
efficiency34,43 and phosphorus recycling7, which reduce demand for 
additional nitrogen and phosphorus inputs; improvements in water 
management that increase basin efficiency, storage capacity, and 
better utilization of rainwater33; and agricultural mitigation options, 
including changes in irrigation, cropping and fertilization that reduce 
methane and nitrous oxide emissions from rice and other crops, and 
changes in manure management, feed conversion and feed additives 
that reduce enteric fermentation in livestock31. We estimate that imple-
menting these measures could reduce the environmental pressures of 
the food system by 3–30%  compared with the 2050 baseline projec-
tion in medium-ambition scenarios, and by 11–54%  in high-ambition  
scenarios (Fig. 2). In each case, the higher-end estimates are for the 
staple-crop-dominated environmental indicators (cropland and 
bluewater use, and nitrogen and phosphorus application), for which 
general improvements in water management, agricultural yields,  
phosphorus-recycling rates and nitrogen-use efficiencies are particularly  
effective. The lower-end estimates are for GHG emissions, for which the 
contribution from livestock-related emissions is, to a large extent, an 
inherent characteristic of the animals and therefore cannot be reduced 
more substantially through existing mitigation options31,44 (Extended 
Data Table 4).

Dietary changes towards healthier diets can reduce the environ-
mental impacts of the food system when environmentally intensive 
foods, in particular animal products, are replaced by less intensive food 
types15,16 . For our analysis, we analysed dietary changes towards diets 
in line with global dietary guidelines for the consumption of red meat, 
sugar, fruits and vegetables, and total energy intake35,36 ; as well as to 
more plant-based (flexitarian) diets that more comprehensively reflect 
the current evidence on healthy eating37,45 by including lower amounts 
of red and other meats and greater amounts of fruits, vegetables, nuts 

and legumes (Extended Data Tables 1 and 5). We estimate that, com-
pared with the baseline projection for 2050, dietary changes towards 
healthier diets could reduce GHG emissions and other environmental 
impacts by 29%  and 5–9% , respectively, for the dietary-guidelines sce-
nario, and by 56 %  and 6 –22% , respectively, for the more plant-based 
diet scenario (Fig. 2). The changes are in line with the dietary compo-
sition of the diets and the environmental footprints of each food group 
(Fig. 1, Extended Data Table 1 and Supplementary Table 2). Changes in 
meat consumption dominate the impacts on GHG emissions, while for 
the other domains the environmental pressures associated with greater 
consumption of fruits, vegetables, nuts and legumes are more important 
but outweighed by the environmental benefits associated with lower 
consumption of meat, staple crops and sugar, and a generally lower 
energy intake in line with healthy body weights and recommended 
levels of physical activity35 (Extended Data Table 6 ).

To understand how the combined implementation of some or all of 
the discussed measures could influence the environmental pressures 
of the food system, we constructed an environmental option space by 
combining all measures of medium ambition and all measures of high 
ambition. O ur analysis indicates that much of the increase in environ-
mental pressures that is expected to occur by 2050 could be mitigated if 
measures were combined (Fig. 2). Combining all measures of medium 
ambition could reduce environmental pressures by around 25–45%  
compared with the baseline projection for 2050, resulting in total 
environmental impacts that are within 15%  above and below present 
impacts. Combining all measures of high ambition could deliver reduc-
tions of 30–6 0% , resulting in environmental impacts that are 20–55%  
less than the current ones. In line with the differentiated impacts of the 
different measures of change, dietary change contributes the most to 
the reductions in GHG emissions, and technological and management- 
related changes contribute the most to reductions in the other environ-
mental impacts, while reductions in food loss and waste contribute up 
to a third to the overall reductions (Extended Data Fig. 1).
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F ig. 2 |  Impacts of reductions in food loss and waste, technological 
change, and dietary changes on global environmental pressures in 
2050. These projections of environmental pressures in 2050 are baseline 
projections without dedicated mitigation measures for a middle-of-
the-road development pathway, and are expressed as percentages of 
present impacts (see Fig. 1). The different measures of change and their 
combination are depicted as reductions from the baseline projections 
for the different environmental domains (for example, the ‘ diets’ bar that 
ends at 90%  of present impacts of GHG emissions indicates that ambitious 
dietary changes (flexitarian) can reduce the projected increase of GHG 
emissions from 187%  of present impacts to 90% , which represents a 
reduction of 52%  or 97 percentage points; and dietary changes of medium 
ambition (guidelines), which in the figure end at the split line of the 
‘ diets’ bar, can reduce GHG emissions from 187%  of present impacts to 
133% , which represents a reduction of 29%  or 54 percentage points). 

The loss and waste scenarios include reducing food loss and waste by 
half (waste/ 2) and by 75%  (waste/ 4). The technology scenarios include 
medium-ambition technological changes up to 2050 (tech) and more 
ambitious technological changes (tech + ). The diet scenarios include diets 
aligned with global dietary guidelines (guidelines), and more plant-based 
flexitarian diets (flexitarian) that are reflective of present evidence on 
healthy eating. The scenario combinations include all measures of medium 
ambition (comb(med): waste/ 2, tech, guidelines) and all measures of high 
ambition (comb(high): waste/ 4, tech + , flexitarian), the latter including 
an optimistic socioeconomic development pathway with higher income 
and lower population growth. The diamonds indicate mean planetary-
boundary values (boundary), each associated with uncertainty intervals 
highlighted by colour (light green, below the mean value; light orange, 
between minimum and maximum values; light red, above maximum 
values).
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in agricultural yields, which reduce the demand for additional crop-
land32,33; rebalancing of fertilizer application between overapplying  
and underapplying regions32, as well as increasing nitrogen-use  
efficiency34,43 and phosphorus recycling7, which reduce demand for 
additional nitrogen and phosphorus inputs; improvements in water 
management that increase basin efficiency, storage capacity, and 
better utilization of rainwater33; and agricultural mitigation options, 
including changes in irrigation, cropping and fertilization that reduce 
methane and nitrous oxide emissions from rice and other crops, and 
changes in manure management, feed conversion and feed additives 
that reduce enteric fermentation in livestock31. We estimate that imple-
menting these measures could reduce the environmental pressures of 
the food system by 3–30%  compared with the 2050 baseline projec-
tion in medium-ambition scenarios, and by 11–54%  in high-ambition  
scenarios (Fig. 2). In each case, the higher-end estimates are for the 
staple-crop-dominated environmental indicators (cropland and 
bluewater use, and nitrogen and phosphorus application), for which 
general improvements in water management, agricultural yields,  
phosphorus-recycling rates and nitrogen-use efficiencies are particularly  
effective. The lower-end estimates are for GHG emissions, for which the 
contribution from livestock-related emissions is, to a large extent, an 
inherent characteristic of the animals and therefore cannot be reduced 
more substantially through existing mitigation options31,44 (Extended 
Data Table 4).

Dietary changes towards healthier diets can reduce the environ-
mental impacts of the food system when environmentally intensive 
foods, in particular animal products, are replaced by less intensive food 
types15,16 . For our analysis, we analysed dietary changes towards diets 
in line with global dietary guidelines for the consumption of red meat, 
sugar, fruits and vegetables, and total energy intake35,36 ; as well as to 
more plant-based (flexitarian) diets that more comprehensively reflect 
the current evidence on healthy eating37,45 by including lower amounts 
of red and other meats and greater amounts of fruits, vegetables, nuts 

and legumes (Extended Data Tables 1 and 5). We estimate that, com-
pared with the baseline projection for 2050, dietary changes towards 
healthier diets could reduce GHG emissions and other environmental 
impacts by 29%  and 5–9% , respectively, for the dietary-guidelines sce-
nario, and by 56 %  and 6 –22% , respectively, for the more plant-based 
diet scenario (Fig. 2). The changes are in line with the dietary compo-
sition of the diets and the environmental footprints of each food group 
(Fig. 1, Extended Data Table 1 and Supplementary Table 2). Changes in 
meat consumption dominate the impacts on GHG emissions, while for 
the other domains the environmental pressures associated with greater 
consumption of fruits, vegetables, nuts and legumes are more important 
but outweighed by the environmental benefits associated with lower 
consumption of meat, staple crops and sugar, and a generally lower 
energy intake in line with healthy body weights and recommended 
levels of physical activity35 (Extended Data Table 6 ).

To understand how the combined implementation of some or all of 
the discussed measures could influence the environmental pressures 
of the food system, we constructed an environmental option space by 
combining all measures of medium ambition and all measures of high 
ambition. O ur analysis indicates that much of the increase in environ-
mental pressures that is expected to occur by 2050 could be mitigated if 
measures were combined (Fig. 2). Combining all measures of medium 
ambition could reduce environmental pressures by around 25–45%  
compared with the baseline projection for 2050, resulting in total 
environmental impacts that are within 15%  above and below present 
impacts. Combining all measures of high ambition could deliver reduc-
tions of 30–6 0% , resulting in environmental impacts that are 20–55%  
less than the current ones. In line with the differentiated impacts of the 
different measures of change, dietary change contributes the most to 
the reductions in GHG emissions, and technological and management- 
related changes contribute the most to reductions in the other environ-
mental impacts, while reductions in food loss and waste contribute up 
to a third to the overall reductions (Extended Data Fig. 1).
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F ig. 2 |  Impacts of reductions in food loss and waste, technological 
change, and dietary changes on global environmental pressures in 
2050. These projections of environmental pressures in 2050 are baseline 
projections without dedicated mitigation measures for a middle-of-
the-road development pathway, and are expressed as percentages of 
present impacts (see Fig. 1). The different measures of change and their 
combination are depicted as reductions from the baseline projections 
for the different environmental domains (for example, the ‘ diets’ bar that 
ends at 90%  of present impacts of GHG emissions indicates that ambitious 
dietary changes (flexitarian) can reduce the projected increase of GHG 
emissions from 187%  of present impacts to 90% , which represents a 
reduction of 52%  or 97 percentage points; and dietary changes of medium 
ambition (guidelines), which in the figure end at the split line of the 
‘ diets’ bar, can reduce GHG emissions from 187%  of present impacts to 
133% , which represents a reduction of 29%  or 54 percentage points). 

The loss and waste scenarios include reducing food loss and waste by 
half (waste/ 2) and by 75%  (waste/ 4). The technology scenarios include 
medium-ambition technological changes up to 2050 (tech) and more 
ambitious technological changes (tech + ). The diet scenarios include diets 
aligned with global dietary guidelines (guidelines), and more plant-based 
flexitarian diets (flexitarian) that are reflective of present evidence on 
healthy eating. The scenario combinations include all measures of medium 
ambition (comb(med): waste/ 2, tech, guidelines) and all measures of high 
ambition (comb(high): waste/ 4, tech + , flexitarian), the latter including 
an optimistic socioeconomic development pathway with higher income 
and lower population growth. The diamonds indicate mean planetary-
boundary values (boundary), each associated with uncertainty intervals 
highlighted by colour (light green, below the mean value; light orange, 
between minimum and maximum values; light red, above maximum 
values).
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measures of change, including reductions in food loss and waste, tech-
nological and management-related improvements, and dietary changes 
towards healthier, more plant-based diets (Extended Data Table 1). The 
scenarios regarding food loss and waste align with and exceed commit-
ments made as part of the United Nations’ Sustainable Development 
Goals28–30. The scenarios concerning technological change account for 
future improvements in agricultural yields and fertilizer application, 
increases in feed efficiency, and changes in management practices31–34. 
Finally, the scenarios around dietary change include changes towards 
dietary guidelines and more plant-based dietary patterns that are in 
line with present evidence on healthy eating35–37.

In our baseline trajectory, we account for different socioeconomic 
pathways of population and income growth33, and project future 
demand for environmental resources in the absence of technological 
changes and dedicated mitigation measures. Although some of the 
measures of change considered here can be expected to be implemented 
by 2050, their level of ambition is uncertain and implementation will 
not happen automatically. We therefore analyse each measure of change 
explicitly and differentiate between two degrees of implementation: 
medium and high ambition. Measures of medium ambition are in line 
with stated intentions (for example, reducing food loss and waste by 
half), and measures of high ambition go beyond expectations but can 
be considered attainable with large-scale adoption of existing best prac-
tices (for example, reducing food loss and waste by 75% ).

Env i r onmental i mp ac ts of  th e f ood  sy stem
O ur analysis indicates that current and projected levels of agricul-
tural production, in the absence of targeted mitigation measures, will 
greatly affect the Earth’s environment. We estimate that, in 2010, the 
food system emitted roughly the equivalent of 5.2 billion tonnes of 
carbon dioxide in GHG emissions in the form of methane and nitrous 
oxide; the food system also occupied 12.6  million km2 of cropland, used  

1,810 km3 of freshwater resources from surface and groundwater  
(bluewater), and applied 104 teragrams of nitrogen (TgN) and  
18 teragrams of phosphorus (TgP) in the form of fertilizers (see 
Methods, ‘ Data availability’). O ur estimates are comparable to  
previous estimates of food-related GHG emissions1,38 of 4.6 –5.8  
billion tonnes of carbon dioxide equivalents, global cropland use39 
of 12.2–17.1 million km2 in 2000, bluewater use5,20 in 2000 of 
1,700–2,270 km3, and nitrogen40 and phosphorus40,41 application  
in 2010 of 104 TgN and 15.8–18.8 TgP.

Food production and consumption are projected to change between 
2010 and 2050 (Extended Data Table 2) as a result of expected socioec-
onomic developments (Supplementary Table 1). Those developments 
include the growth of the global population by about a third (with a 
range of 23–45% , from 6 .9 billion in 2010 to 8.5–10 billion in 2050) and 
a tripling of global income (with a range of 2.6 –4.2, from US$ 6 8 trillion 
in 2010 to US$ 180–290 trillion in 2050)33. Because of these changes, 
we predict the environmental pressures of the food system to increase 
by 50–92%  for each indicator in the absence of technological change 
and other mitigation measures (Fig. 1). The greatest increases along 
this baseline pathway are projected for GHG emissions (87% , range 
80–92% ), then for the demand for cropland use (6 7% , range 6 6 –6 8% ), 
bluewater use (6 5% , range 6 4–6 5% ), phosphorus application (54% , 
range 51–55% ) and nitrogen application (51% , range 50–52% ).

Specific food groups vary in their environmental impacts (Fig. 1). 
The production of animal products generates the majority of food- 
related GHG emissions (72–78%  of total agricultural emissions), which is 
due to low feed-conversion efficiencies, enteric fermentation in ruminants,  
and manure-related emissions42; the feed-related impacts of animal 
products also contribute to bluewater use (around 10% ) and pressures 
on cropland, as well as nitrogen and phosphorus application (20–25%  
each). By comparison, staple crops have generally lower environmental 
footprints (impacts per kg of product) than animal products (Extended 
Data Table 3), in particular for GHG emissions, but they can have high 
total impacts because of their higher production volumes (Extended 
Data Table 2). According to our estimates, staple crops grown for human 
consumption are responsible for a third to a half (30–50% ) of cropland 
use, bluewater use, and nitrogen and phosphorus application. The pro-
jected population growth between 2010 and 2050 contributes to a general 
increase in the impacts of each food group, and the projected income 
growth changes the relative contribution of each, with a shift towards 
a larger proportion of impacts from animal products (7–16 %  increase 
across environmental domains) and fruits and vegetables (2–28%  
increase), and a smaller proportion from staple crops (7–19%  reduction).

C h ang es i n f ood  manag ement, tec h nolog y  and  d i ets
Reducing food loss and waste is one measure for reducing food demand 
and the associated environmental impacts. At present it is estimated 
that more than a third of all food that is produced is lost before it 
reaches the market, or is wasted by households28. For our analysis, we 
evaluated the impacts of reducing food loss and waste to one half— a 
value in line with pledges made as part of the Sustainable Development 
Goals29— and we also considered a reduction in food loss and waste by 
75% , which is probably close to the maximum theoretically avoidable 
value30. We estimate that halving food loss and waste would reduce 
environmental pressures by 6 –16 %  compared with the baseline pro-
jection for 2050, and that reducing food loss and waste by 75%  would 
reduce environmental pressures by 9–24%  (Fig. 2). Relatively more sta-
ple crops and fruits and vegetables are wasted than animal products28,  
which explains why the impacts of changes in food loss and waste are 
smaller for the livestock-dominated domains, such as GHG emissions, 
than for the staple-crop-dominated ones, such as cropland and blue-
water use and nitrogen and phosphorus application.

Technological changes increase the efficiency of production and 
reduce the environmental impact per unit of food produced. We ana-
lysed the most commonly considered technological advances and 
changes in management practices with respect to their environmen-
tal impacts (Extended Data Table 1). The measures include: increases 
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F ig. 1 |  P resent ( 2010)  and projected ( 2050)  environmental pressures 
on five environmental domains divided by food group. Environmental 
pressures are allocated to the final food product, accounting for the use 
and impacts of primary products in the production of vegetable oils and 
refined sugar, and for feed requirements in animal products. Impacts are 
shown as percentages of present impacts, given a baseline projection to 
2050 without dedicated mitigation measures for a middle-of-the-road 
socioeconomic development pathway (SSP2). Absolute impacts for all 
socioeconomic pathways are provided in the main text and the data 
referred to in the ‘ Data availability’ statement (see Methods).
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Que dit la recherche sur la transition alimentaire et 
les changements de pratiques agricoles ?
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REV I E W

D ietary fat: F rom foe to friend?
D a v i d S . L u d w i g 1 , 2*, W a l t e r C . W i l l e t t 2, 3, J e ff S . V ol e k 4 , M a r i a n L . N e u h ou s e r 5

F or decades, dietary advice was based on the premise that high intakes of fat cause
obesity, diabetes, heart disease, and possibly cancer. R ecently, evidence for the adverse
metabolic effects of processed carbohydrate has led to a resurgence in interest in
lower-carbohydrate and ketogenic diets with high fat content. H owever, some argue
that the relative q uantity of dietary fat and carbohydrate has little relevance to health and
that focus should instead be placed on which particular fat or carbohydrate sources are
consumed. T his review, by nutrition scientists with widely varying perspectives,
summariz es existing evidence to identify areas of broad consensus amid ongoing
controversy regarding macronutrients and chronic disease.

A
report by the U.S. Senate Select Commit-
tee onNutrition andHumanNeeds in 1977
called on A mericans to reduce consump-
tion of total and saturated fat, increase car-
bohydrate intake, and lower calorie intake,

among other dietary goals (1). This report, by
electedmembers of Congress with little scientific
training, waswritten against a backdrop of grow-
ing public concern about diet-related chronic dis-
ease, precipitated in part by attention surrounding
P resident Eisenhower’ s heart attack in 1955.
Even then, the recommendations were hotly

debated. The A mericanMedical A ssociation stated
that “The evidence for assuming benefits to be
derived from the adoption of such universal die-
tary goals as set forth in the report is not con-
clusive … [with] potential for harmful effects.”
Indeed, the lack of scientific consensus was re-
flected in the voluminous, 869-page “Supplemental
V iews” published contemporaneously by the com-
mittee. Nonetheless, reduction in fat consumption
soon became a central principle of dietary guide-
lines from the U.S. government and virtually all
nutrition- and health-related professional organi-
zations. [Note that modern approaches to the
study of diet-related chronic diseases were at
that time in their infancy; previously, nutritional
science was focused on individual nutrients for
the prevention of deficiency diseases (2).]
The Surgeon General ’ s R eport on Nutrition

and Health in 1988 identified reduction of fat
consumption as the “primary dietary priority,”
with sugar consumption only a secondary con-
cern for children at risk for dental caries (3). The
1992 Food Guide P yramid of the U.S. Department
of A griculture advised eating 6 to 11 daily servings
of starchy foods such as bread, cereal, rice, and

pasta while limiting all fats and oils. To facil-
itate this goal, the U.S. Healthy P eople 2000
report of the Department of Health and Human
Services called on the food industry to market
thousands of new “processed food products that
are reduced in fat and saturated fat” (4). This
intensive focus on reducing dietary fat was driv-
en by a prevailing belief that carbohydrates—all
carbohydrates, including highly processed grains
and sugar—were innocuous and possibly protec-
tive against weight gain, cancer, and cardiovas-
cular disease through multiple mechanisms (5).
A s a result, the proportion of fat in the U.S.

diet decreased from about 42% in the 1970s to
about 34% of total calories today (somewhat
greater than the stated goal of < 30% ) and the
proportion of dietary carbohydrates increased
substantially (6). During this time, rates of obesity
and diabetes increased greatly, contributing to
the first nationwide decrease in life expectancy
since the flu pandemic 100 years ago (7). These
trends could be causally connected or unrelated.
If causal, how could some traditional socie-

ties, such as that of O kinawa, enjoy relative free-
dom from chronic disease and long lifespan
when they consume a low-fat diet (8)? InMexico,
Brazil, and China, rates of obesity and diet-related
chronic diseases have also increased without sim-
ilar government dietary guidance to individuals
and food manufacturers. Moreover, many other
aspects of the A merican diet changed in the past
40 years, including increased portion sizes, greater
consumption of foods away fromhome, andmore
extreme food processing. A t the same time, labor-
saving technology and the digital age have led to
declines in occupational and recreational physical
activity, and budget shortfalls in schools have led
to curtailments inphysical education classes, recess
time, and after-school recreation opportunities.
Despite a lack of clear evidence specifically

relating fat consumption (as a proportion of
total energy intake) to the epidemics of diet-
related disease—and a lack of high-quality,
long-term trials focused on macronutrients in
general—the pendulum has recently swung in the
opposite direction, with rising consumer popu-
larity of low-carbohydrate, high-fat diets. A mong
the current top-10 best-selling weight loss books
on A mazon.com, four promote a ketogenic diet

with energy intake derived mainly from fat. In
support of higher fat intake, severalmeta-analyses
found slightly greaterweight loss onhigh-fat rather
than low-fat diets (9, 10), and preliminary data
suggest the potential for excellent control of dia-
betes through carbohydrate restriction (11, 12).
But versions of low-carbohydrate, high-fat diets
have been around at least as early as the 1800s,
with no clear evidence of superiority for long-term
obesity treatment at present. A nd regardless of
body weight, high intakes of fat—especially from
redmeat and dairy products—might increase risk
for heart disease or cancer.
P erhaps both high-carbohydrate, low-fat and

low-carbohydrate, high-fat diets have benefit for
different populations or for different clinical out-
comes, and the critical issue is to identify the op-
timal macronutrient ratio for an individual. O r
perhaps the focus onmacronutrient quantity has
been a distraction, and qualitative aspects (the
particular sources of fat or carbohydrate) and
overall eating patterns are more important.
To explore these issues, we have joined to-

gether as scientists with a diversity of expertise,
perspectives, and prior research focus. O ur aim is
not to assemble a premature consensus among
the like-minded, but rather to identify areas of
general agreement anddelineate a research agenda
to address long-standing controversies.

Th e c a s e f o r a l o w - f a t ,
h i g h - c a r b o h y d r a t e d i e t
P h y sio lo g ic m ec h anism s

A mongmany societies worldwide, carbohydrate
is the primary source of energy, providing 50% or
more of daily energy, with lesser amounts from
both fat and more expensive and scarce protein.
P opulation-level or ecological studies comparing
global chronic disease rates show that less devel-
oped countries have lower rates of cardiovascular
disease, obesity, and cancer than more Wester-
nized countries. When individuals move from
countries with low chronic disease rates to Wester-
nized countries, their incidence of chronic diseases
approaches that of their new country within one
to two generations. This rapid shift in chronic
disease rates spurred thinking that environmental
exposures, suchas adoptionof ahigher-fatWestern
diet, may be causally related to disease risk pat-
terns. [A low-fat diet typically contains < 30% en-
ergy as fat, and a very-low-fat diet ≤20% , versus
32 to 36% in the United States (6).]
Humans ingest complex food mixtures that

include macronutrients (fat, carbohydrate, and
protein) and alcohol as energy sources. Macro-
nutrients have highly regulated yet integrated
metabolic interactions. O ne consideration for
judging optimal macronutrient intake is the
relative efficiency of substrate oxidation and inter-
conversion. Humans preferentially oxidize carbo-
hydrate over fat, a process that helps to maintain
blood glucose within homeostatically controlled
ranges. Further, carbohydrate consumption acutely
increases carbohydrate oxidation,with only a quan-
titatively small increase in de novo lipogenesis
under typical conditions (13–16). Humans have
limited storage capacity for carbohydrate but also
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REV I E W

D ietary fat: F rom foe to friend?
D a v i d S . L u d w i g 1 , 2*, W a l t e r C . W i l l e t t 2, 3, J e ff S . V ol e k 4 , M a r i a n L . N e u h ou s e r 5

F or decades, dietary advice was based on the premise that high intakes of fat cause
obesity, diabetes, heart disease, and possibly cancer. R ecently, evidence for the adverse
metabolic effects of processed carbohydrate has led to a resurgence in interest in
lower-carbohydrate and ketogenic diets with high fat content. H owever, some argue
that the relative q uantity of dietary fat and carbohydrate has little relevance to health and
that focus should instead be placed on which particular fat or carbohydrate sources are
consumed. T his review, by nutrition scientists with widely varying perspectives,
summariz es existing evidence to identify areas of broad consensus amid ongoing
controversy regarding macronutrients and chronic disease.

A
report by the U.S. Senate Select Commit-
tee onNutrition andHumanNeeds in 1977
called on A mericans to reduce consump-
tion of total and saturated fat, increase car-
bohydrate intake, and lower calorie intake,

among other dietary goals (1). This report, by
electedmembers of Congress with little scientific
training, waswritten against a backdrop of grow-
ing public concern about diet-related chronic dis-
ease, precipitated in part by attention surrounding
P resident Eisenhower’ s heart attack in 1955.
Even then, the recommendations were hotly

debated. The A mericanMedical A ssociation stated
that “The evidence for assuming benefits to be
derived from the adoption of such universal die-
tary goals as set forth in the report is not con-
clusive … [with] potential for harmful effects.”
Indeed, the lack of scientific consensus was re-
flected in the voluminous, 869-page “Supplemental
V iews” published contemporaneously by the com-
mittee. Nonetheless, reduction in fat consumption
soon became a central principle of dietary guide-
lines from the U.S. government and virtually all
nutrition- and health-related professional organi-
zations. [Note that modern approaches to the
study of diet-related chronic diseases were at
that time in their infancy; previously, nutritional
science was focused on individual nutrients for
the prevention of deficiency diseases (2).]
The Surgeon General ’ s R eport on Nutrition

and Health in 1988 identified reduction of fat
consumption as the “primary dietary priority,”
with sugar consumption only a secondary con-
cern for children at risk for dental caries (3). The
1992 Food Guide P yramid of the U.S. Department
of A griculture advised eating 6 to 11 daily servings
of starchy foods such as bread, cereal, rice, and

pasta while limiting all fats and oils. To facil-
itate this goal, the U.S. Healthy P eople 2000
report of the Department of Health and Human
Services called on the food industry to market
thousands of new “processed food products that
are reduced in fat and saturated fat” (4). This
intensive focus on reducing dietary fat was driv-
en by a prevailing belief that carbohydrates—all
carbohydrates, including highly processed grains
and sugar—were innocuous and possibly protec-
tive against weight gain, cancer, and cardiovas-
cular disease through multiple mechanisms (5).
A s a result, the proportion of fat in the U.S.

diet decreased from about 42% in the 1970s to
about 34% of total calories today (somewhat
greater than the stated goal of < 30% ) and the
proportion of dietary carbohydrates increased
substantially (6). During this time, rates of obesity
and diabetes increased greatly, contributing to
the first nationwide decrease in life expectancy
since the flu pandemic 100 years ago (7). These
trends could be causally connected or unrelated.
If causal, how could some traditional socie-

ties, such as that of O kinawa, enjoy relative free-
dom from chronic disease and long lifespan
when they consume a low-fat diet (8)? InMexico,
Brazil, and China, rates of obesity and diet-related
chronic diseases have also increased without sim-
ilar government dietary guidance to individuals
and food manufacturers. Moreover, many other
aspects of the A merican diet changed in the past
40 years, including increased portion sizes, greater
consumption of foods away fromhome, andmore
extreme food processing. A t the same time, labor-
saving technology and the digital age have led to
declines in occupational and recreational physical
activity, and budget shortfalls in schools have led
to curtailments inphysical education classes, recess
time, and after-school recreation opportunities.
Despite a lack of clear evidence specifically

relating fat consumption (as a proportion of
total energy intake) to the epidemics of diet-
related disease—and a lack of high-quality,
long-term trials focused on macronutrients in
general—the pendulum has recently swung in the
opposite direction, with rising consumer popu-
larity of low-carbohydrate, high-fat diets. A mong
the current top-10 best-selling weight loss books
on A mazon.com, four promote a ketogenic diet

with energy intake derived mainly from fat. In
support of higher fat intake, severalmeta-analyses
found slightly greaterweight loss onhigh-fat rather
than low-fat diets (9, 10), and preliminary data
suggest the potential for excellent control of dia-
betes through carbohydrate restriction (11, 12).
But versions of low-carbohydrate, high-fat diets
have been around at least as early as the 1800s,
with no clear evidence of superiority for long-term
obesity treatment at present. A nd regardless of
body weight, high intakes of fat—especially from
redmeat and dairy products—might increase risk
for heart disease or cancer.
P erhaps both high-carbohydrate, low-fat and

low-carbohydrate, high-fat diets have benefit for
different populations or for different clinical out-
comes, and the critical issue is to identify the op-
timal macronutrient ratio for an individual. O r
perhaps the focus onmacronutrient quantity has
been a distraction, and qualitative aspects (the
particular sources of fat or carbohydrate) and
overall eating patterns are more important.
To explore these issues, we have joined to-

gether as scientists with a diversity of expertise,
perspectives, and prior research focus. O ur aim is
not to assemble a premature consensus among
the like-minded, but rather to identify areas of
general agreement anddelineate a research agenda
to address long-standing controversies.

Th e c a s e f o r a l o w - f a t ,
h i g h - c a r b o h y d r a t e d i e t
P h y sio lo g ic m ec h anism s

A mongmany societies worldwide, carbohydrate
is the primary source of energy, providing 50% or
more of daily energy, with lesser amounts from
both fat and more expensive and scarce protein.
P opulation-level or ecological studies comparing
global chronic disease rates show that less devel-
oped countries have lower rates of cardiovascular
disease, obesity, and cancer than more Wester-
nized countries. When individuals move from
countries with low chronic disease rates to Wester-
nized countries, their incidence of chronic diseases
approaches that of their new country within one
to two generations. This rapid shift in chronic
disease rates spurred thinking that environmental
exposures, suchas adoptionof ahigher-fatWestern
diet, may be causally related to disease risk pat-
terns. [A low-fat diet typically contains < 30% en-
ergy as fat, and a very-low-fat diet ≤20% , versus
32 to 36% in the United States (6).]
Humans ingest complex food mixtures that

include macronutrients (fat, carbohydrate, and
protein) and alcohol as energy sources. Macro-
nutrients have highly regulated yet integrated
metabolic interactions. O ne consideration for
judging optimal macronutrient intake is the
relative efficiency of substrate oxidation and inter-
conversion. Humans preferentially oxidize carbo-
hydrate over fat, a process that helps to maintain
blood glucose within homeostatically controlled
ranges. Further, carbohydrate consumption acutely
increases carbohydrate oxidation,with only a quan-
titatively small increase in de novo lipogenesis
under typical conditions (13–16). Humans have
limited storage capacity for carbohydrate but also
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have extensive adipose stores, thus favoring fat
deposition with excess fat intake (17, 18). Fat is
also highly palatable and may have a weak effect
on satiation, potentially leading to passive over-
consumption (18). This excess intake, if not coupled
with increased energy expenditure, results inweight
gain. This effect may be enhanced because, by
weight, fat provides more than twice as much
energy (9 kcal/ g) as carbohydrate or protein
(4 kcal/ g). Conversely, diets rich in whole grains,
which are low in fat and have a relatively low
glycemic load, promote satiety and reduce over-
consumption, possibly by increasing concentra-
tions of glucagon-like peptide–1 after eating (19).
O f 29 diets with varying macronutrient com-
position tested inmice, only high-fat diets, but not
high-carbohydrate diets, led to overconsumption
and weight gain (20). O f particular interest, the
high-fat diets increased expression of three sero-
tonin receptors and both dopamine and opioid
signaling pathways, components of the reward
system in the hypothalamus.
Fat and specific fatty acids also have adverse

metabolic effects independent of calorie content.
High-fat diets up-regulate inflammatory media-
tors including tumor necrosis factor–a (TNF-a ),
interleukins (IL-1b , IL-6) (21), complement (22),
and Toll-like receptors (23) in human and animal
studies. In contrast, lower-fat diets reduce amounts
of these and other inflammatory cyto-
kines, as well as activity of the tran-
scription factor NF-k B (24). P almitic and
stearic acids (abundant in animal foods)
influence the structure and function of
mitochondrial membranes, such that an
increase in these saturated fatty acids
leads to impaired membrane function
(25). High-fat diets may also promote
unfavorable epigenetic profiles. For ex-
ample, excess saturated fat changes
DNA methylation patterns in adipose
tissue (26) and skeletal muscle, and
alters histone acetylation (27, 28). When
acetyl–coenzyme A concentrations are
high, such as under conditions of low
glucose, histone acetylation increases
according to in vitro human and animal
studies (28).
High-fat diets also stimulate hepatic

bile acid synthesis, which, after conver-
sion into secondary bile acids in the
colon,maypromote tumorigenesis (29–31).
A mong A fricans consuming a diet high
in minimally processed carbohydrates,
gut microbial communities were domi-
nated by butyrate-producing bacteria,
whereas genetically similar A frican A mer-
icans consuming a high-fat diet had a
less healthful gut microbiome with high
secondary bile acid production (31). Fat-
stimulated production of bile acids was
also unfavorably associated with in-
flammation and proliferation in colonic
biopsy samples (29–31). Conversely, high-
carbohydrate diets containing whole
grains and other high-fiber foods provide
the preferred fuel for colonic bacteria,

with less secondary bile acid production and
greater production of butyrate and other short-
chain fatty acids that lower inflammation, decrease
cellular proliferation, and enhance expression
of genes with antineoplastic properties. Low-fat
diets may also decrease serum estradiol and in-
crease sex hormone–binding globulin (32, 33)
and may reduce other breast cancer risk factors
such as mammographic density (34), although
the persistence of these effects remains unclear.
Taken together, thesemultiple physiologicmech-

anisms suggest that higher dietary fat may be
harmful for health. However, it is critically im-
portant to consider carbohydrate quality when
fat intake is lowered. R efined grains provide negli-
gible nutrition and their high glycemic load causes
unhealthful spikes in postprandial glucose and
insulin, promoting hunger, inflammation, insulin
resistance, and dyslipidemia. However, with a
lower-fat diet containing high-fiber, low-glycemic
carbohydrates such as minimally processed grains,
legumes, and nonstarchy fruits and vegetables,
these measures improve.Whole plant foods are
also rich sources of micronutrients, antioxidants,
and phytochemicals with beneficial health effects.

O b esity and diab etes

Low-fat diets may favorably influence body weight
and adiposity. In the Women’ s Health Initiative

Dietary Modification Trial (WHI-DM), the low-
fat intervention (20% energy as fat, as part of
a healthy eating pattern) was associated with
significant, small reductions in body weight,
total fat mass, and percent body fat as measured
by dual x-ray absorptiometry (35). A nother ran-
domized controlled trial (R CT) in postmenopausal
women tested a lower-fat, higher-carbohydrate
diet (20% and 65% energy, respectively), a lower-
carbohydrate, higher-fat diet (45% and 35% ener-
gy, respectively), and a walnut-rich higher-fat,
lower-carbohydrate diet (18% , 35% , and 45%
energy, respectively) for weight loss. A ll three
diets led to weight loss at 12 months, with slightly
higher weight loss in the lower-fat diet group
(33). A meta-analysis of dietary intervention trials
showed that low-fat dietswere effective forweight
loss under ad libitum conditions (36); however,
this was published prior to recent carbohydrate-
restricted diet studies.
A lthough obesity has a dominant role in the

development of diabetes, clinical trial evidence
suggests benefit for low-fat eating patterns in risk
reduction and diseasemanagement. TheDiabetes
P revention P rogram (DP P ) was an R CT of 3234
adults at risk for diabetes (37). DP P ’ s primary goal
was to compare the effect of at least 7% reduc-
tion in body weight achieved by following a low-
calorie, low-fat diet and increasing physical

activity, with that of the drug metformin
or a placebo. R ates of diabetes incidence
were reduced by 58% in the lifestyle inter-
vention group and by 31% in those taking
metformin, although the effects of dietary
composition cannot be fully disentangled
from weight loss and other factors. Nu-
merous other trials and observational
studies support the use of high-fiber whole
grains and fiber supplements for diabetes
prevention and control. A recent meta-
analysis found that fiber, typically con-
sumed in greater amounts in low-fat,
high-carbohydrate diets, improved mea-
sures of glycemia and weight (38).

Car dio vasc ular disease

The effects of dietarymacronutrient com-
position on cardiovascular disease (CV D)
risk have been a subject of debate for
more than 40 years. Ecological studies
and controlled feeding trials supported
associations of higher-fat diets with CV D
or its biomarkers of risk. However, defin-
itive trials have not been conducted that
explicitly test this “diet-heart hypothesis.”
WHI-DM was not designed to test CV D
endpoints; even so, participants in the
low-fat group had significantly lower low-
density lipoprotein (LDL) cholesterol and
metabolic syndrome scores and no un-
favorable changes to high-density lipo-
protein (HDL) cholesterol or triglycerides
relative to those of controls (39). A lthough
the overall results of WHI-DM were neg-
ative for CV D, follow-up showed that
women without baseline hypertension
had a 30% reduced CV D risk, whereas
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Bo x 1 . Cu r r e n t c o n t r o v e r s i e s .

1 . Do diets with various carbohydrate-to-fat proportions
affect body composition (ratio of fat to lean tissue)
independently of energy intake? Do they affect energy
expenditure independently of body weight?

2 . Do ketogenic diets provide metabolic benefits beyond
those of moderate carbohydrate restriction? C an they
help with prevention or treatment of cardiometabolic disease?

3 . W hat are the optimal amounts of specific fatty acids
(saturated, monounsaturated, polyunsaturated) in the
context of a very-low-carbohydrate diet?

4 . W hat is the relative importance for cardiovascular disease
of the amounts of LDL cholesterol, H DL cholesterol,
and triglycerides in the blood, or of lipoprotein particle size,
for persons on diets with distinct fat-to-carbohydrate ratios?
Are other biomarkers of eq uivalent or greater importance?

5 . W hat are the effects of dietary fat amount and q uality
across the lifespan on risk of neurodegenerative, pulmo-
nary, and other diseases that have not been well studied?

6 . W hat are the long-term efficacies of diets with different
carbohydrate-to-fat proportions in chronic disease pre-
vention and treatment under optimal intervention conditions
(designed to maximize dietary compliance)?

7 . W hat behavioral and environmental interventions can
maximize long-term dietary compliance?

8 . W hat individual genetic and phenotypic factors predict
long-term beneficial outcomes on diets with various fat-to-
carbohydrate compositions? C an this knowledge inform per-
sonalized nutrition, with translation to prevention and treatment?

9 . H ow does variation in the carbohydrate-to-fat ratio and in
sources of dietary fat affect the affordability and
environmental sustainability of diets?

on D
ecem

ber 6, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

and triglycerides in the blood, or of lipoprotein particle size,
t fat-to-carbohydrate ratios?

Are other biomarkers of eq uivalent or greater importance?

W hat are the effects of dietary fat amount and q uality
across the lifespan on risk of neurodegenerative, pulmo-
nary, and other diseases that have not been well studied?

W hat are the long-term efficacies of diets with different
carbohydrate-to-fat proportions in chronic disease pre-
vention and treatment under optimal intervention conditions

W hat behavioral and environmental interventions can

W hat individual genetic and phenotypic factors predict
long-term beneficial outcomes on diets with various fat-to-
carbohydrate compositions? C an this knowledge inform per-
sonalized nutrition, with translation to prevention and treatment?

H ow does variation in the carbohydrate-to-fat ratio and in

especially for the brain, resulting in greater
satiety during weight loss; potential effects on
energy expenditure remain a subject of inves-
tigation (63).
Metabolic syndrome—including central adi-

posity, high circulating concentrations of trigly-
cerides, low levels of HDL cholesterol, high blood
pressure, glucose intolerance, fatty liver, and
chronic inflammation—comprises a constellation
of clinical risk factors associated with insulin
resistance that predispose to diabetes and CV D.
R eduction in dietary carbohydrate may improve
these markers more effectively than do low-fat
diets (54–56, 64). In an 8-week trial of patients
with type 2 diabetes in Italy, a diet high in total
(42% of energy) and monounsaturated (MUFA )
fat decreased liver fat significantlymore than did
a low-fat (28% of energy), high-fiber diet (65). In
a 2-year trial conducted at a worksite in Israel,
participants in the low-carbohydrate diet group
(fat approximately 40% of energy) lost more
weight and experienced greater improvements
in HDL cholesterol and triglycerides than did
those in the low-fat diet group (fat approximately
30% of energy) (66). With restriction of carbohy-
drate to ketogenic levels (< 50 g/ day), individ-
uals with metabolic syndrome lost more
weight, total fat, and abdominal fat than
did those consuming a low-fat (24% of
energy), calorie-restricted diet (56). The
ketogenic diet also significantly decreased
serum triglycerides, increased HDL cho-
lesterol concentration, lowered inflamma-
torymarkers, and reduced concentrations
of circulating saturated fatty acids (50),
consistent with metabolic benefits seen
in other studies (67).
Carbohydrate restriction in general,

and specifically a ketogenic diet, may
provide exceptional benefits in the set-
ting of diabetes, essentially a disease of
carbohydrate intolerance. Historically,
ketogenic diets were the treatment of
choice for diabetes, but the discovery
of insulin in the early 1920s allowed for
control of acute symptoms on higher-
carbohydrate diets. By the 1980s, low-
fat diets with up to 60% energy from
carbohydrate had become the standard
of care, although current recommenda-
tions emphasize individualizing macro-
nutrient composition. However, despite
modern insulin analogs and glucosemon-
itoring technologies, management of dia-
betes remains suboptimal. In a recent
survey, 316 childrenandadultswith type 1
diabetes following a low-carbohydrate,
high-fat diet for a mean of > 2 years re-
ported exceptional glycemic control, low
rates of complications, and excellent
metabolic health markers (12). A mong
262 participants with type 2 diabetes
assigned to a ketogenic diet with inten-
sive telemedicine support, 83% completed
the 1-year intervention; in this group,
weight was reduced by 12% , hemoglobin
A 1c (HbA 1c, a measure of long-term

average glucose concentration) was reduced by
1.3% , and a majority had HbA 1c levels of < 6.5%
(i.e., below the diagnostic threshold for diabe-
tes) while taking no medications other than
metformin (11).
Low-carbohydrate diets are typically (but not

necessarily) high in saturated fat. A s discussed
below, saturated fat is directly associated with
cardiovascular and total mortality in the gen-
eral population (although this relation has been
a subject of controversy, related in part to the
nature of the substituted calories) (68, 69). How-
ever, with the higher rates of fatty acid oxidation
and decreased de novo lipogenesis on a ketogenic
diet, blood concentrations of saturated fatty acids
and palmitoleic acid (a marker of de novo lipo-
genesis) may decrease (50, 55, 56), suggesting a
lower risk of diabetes and CV D. Furthermore,
any effects of increased LDL cholesterol (a risk
marker for CV D that occurs in about half of
individuals on a ketogenic diet) need to be con-
sidered together with improvements in trigly-
cerides, HDL cholesterol, inflammatorymarkers,
and other features of metabolic syndrome. How-
ever, there are no long-term studies tracking CV D
outcomes.

Canc er
Certain cancer cells rely on glycolysis for energy
metabolism. By decreasing glucose flux into tumor
cells, a ketogenic diet could target the defective
mitochondrial oxidative phosphorylation spe-
cific to some cancers. Carbohydrate restriction
might also help to prevent or treat cancer by low-
ering oxidative stress, inflammation, and cellular
signaling involving anabolic hormones such as
insulin (which is thought tomediate in part the
association between obesity and cancer risk)
(70, 71). P reclinical data involving variousmodels
appear promising, including the use of a ketogenic
diet to enhance the effectiveness of phosphoino-
sitide 3-kinase (P I3K ) inhibitors in cancer treat-
ment (72). However, clinical reports are largely
limited to small case series, with no high-quality
R CTs.

Clinic al tr anslatio n

Moderately low-carbohydrate diets entail rela-
tively simple changes in diet, focused primarily
on substituting high-fat foods for processed car-
bohydrates while allowing several daily servings
of whole fruits, legumes, andminimally processed
grains. A ketogenic diet may include various

nutrient-dense whole foods such as non-
starchy vegetables, nuts, eggs, cheese, but-
ter/ cream, fish,meats, oils, and select fruits.
P roper formulation of a ketogenic diet
entails restrictionof carbohydrate, adequate
but not high intake of protein, and suf-
ficient sodium to offset the natriuretic
effect of ketosis and reduced insulinemia.
R ecent data amongmotivated patients sug-
gest the possibility of good compliance
and improved quality of life through 1 year
(11), although safety has not been fully as-
sessed in long-term trials.

Th e c a s e f o r d i e t a r y f a t q u a l i t y

A t one time, dietary fat, primarily trigly-
cerides, was considered simply a source
of energy. However, the fatty acids in
triglycerides can vary in chain length,
number and position of double bonds,
and whether the double bonds are in cis
or trans configuration. These features
profoundly affect the biological function
of fatty acids, and thus their effects on
heath, in complex, incompletely under-
stood ways.
The position of double bonds, described

by the number of carbons from the non-
carboxyl end of the fatty acid to the first
double bond, has particular importance.
Two families of polyunsaturated fatty
acids (P UFA s), the N-3 andN-6 fatty acids,
are essential because they cannot be syn-
thesized by humans. Both are critical com-
ponents of every human cell membrane
andare precursors of eicosanoidhormones
that mediate inflammation, thrombosis,
immunity, and insulin resistance. A n in-
crease inN-3 fatty acid intake alters expres-
sionofmore than6000genes, underscoring
this biological complexity (73).
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B o x 2 . P o i n t s o f c o n s e n s u s .

1 . W ith a focus on nutrient q uality, good health and low
chronic disease risk can be achieved for many people on
diets with a broad range of carbohydrate-to-fat ratios.

2 . Replacement of saturated fat with naturally occurring
unsaturated fats provides health benefits for the general
population. Industrially produced trans fats are harmful and
shouldbe eliminated.Themetabolismof saturated fatmaydiffer
on carbohydrate-restricted diets, an issue that req uires study.

3 . Replacement of highly processed carbohydrates (includ-
ing refined grains, potato products, and free sugars) with
unprocessed carbohydrates (nonstarchy vegetables, whole
fruits, legumes, and whole or minimally processed grains)
provides health benefits.

4 . B iological factors appear to influence responses to diets
of differing macronutrient composition. People with rela-
tively normal insulin sensitivity and b cell function may do
well on diets with a wide range of carbohydrate-to-fat
ratios; those with insulin resistance, hypersecretion of
insulin, or glucose intolerance may benefit from a lower-
carbohydrate, higher-fat diet.

5 . A ketogenic diet may confer particular metabolic benefits
for some people with abnormal carbohydrate metabolism,
a possibility that req uires long-term study.

6 . W ell-formulated low-carbohydrate, high-fat diets do
not req uire high intakes of protein or animal products.
Reduced carbohydrate consumption can be achieved by
substituting grains, starchy vegetables, and sugars with
nonhydrogenated plant oils, nuts, seeds, avocado, and
other high-fat plant foods.

7 . There is broad agreement regarding the fundamental
components of a healthful diet that can serve to inform
policy, clinical management, and individual dietary choice.
Nonetheless, important q uestions relevant to the epidemics
of diet-related chronic disease remain. G reater investment in
nutrition research should assume a high priority.
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those with baseline hypertension or prior CV D
had no benefit or increased CV D risk; these
findings suggest that a low-fat diet might have a
greater effect on prevention than treatment (40).
In a meta-analysis of R CTs, addition of at

least 3 g of oat b -glucan per day reduced total
and LDL cholesterol without unfavorable ef-
fects on triglycerides or HDL cholesterol (41),
highlighting the benefits of a low-fat, grain-
based diet. In another meta-analysis of examined
R CTs, low-fat diets lowered LDL cholesterol, a
major CV D risk factor, whereas low-carbohydrate
diets lowered triglycerides (42).

Canc er

Cancer includesmore than 100 disease types and
subtypes, precluding a comprehensive assess-
ment of potential diet effects here, but several
major trials provide useful evidence. In the low-
fat diet arm ofWHI-DM, there was no significant
effect on total breast cancer incidence, but estro-
gen receptor–positive, progesterone receptor–
negative cancers were significantly reduced by
36% over a mean of 8.1 years of follow-up (32).
A mong women who had higher baseline fat
intake (> 36.8% of energy), overall risk of breast
cancer was significantly reduced by 22% over
a median of 11.5 years. For these women, total
and breast cancer deaths were reduced by 22%
and 14% , respectively. However, a low-fat, high-
carbohydrate intervention conducted in high-
risk women had no significant effect on incidence
of invasive breast cancer in another study with
a mean 10-year follow-up (43). Breast cancer
patients in the Women’ s Intervention Nutrition
Study randomly assigned to the low-fat diet group
had a statistically significant 24% reduced risk of
cancer relapse relative to controls over a median
of 5 years (44). In another randomized trial among
breast cancer patients with very low risk of re-
currence, a low-fat, plant-based diet had no effect
on recurrence or mortality (45).

Specific types of fats may influence prostate
cancer risk, possibly as a result of effects on cell
signaling and other cancer-related pathways. In
the P rostate Cancer P revention Trial and the
Selenium and V itamin E Cancer P revention Trial,
higher blood measures of omega-3 (N-3) fatty
acids, particularly docosahexaenoic acid (DHA ),
were associatedwith increased risks of both total
and high-grade prostate cancer (46, 47). These
findings are consistent with a study in which
prostate cancer patients were randomly assigned
to flaxseed supplements [a rich source of the N-3
fat a -linolenic acid (A LA )] or placebo (48). The
supplement led to increased tumor proliferation
and higher prostate-specific antigen (P SA ) at
prostatectomy.However, the clinical implications
remainunknown; research is needed to determine
whether specific fatty acids should be reduced
in people at risk for specific cancers.

Th e c a s e f o r a l o w - c a r b o h y d r a t e ,
h i g h - f a t d i e t

Carbohydrate-restricted diets vary in macro-
nutrient composition, but the defining feature
is that contributions to total energy are reduced
for carbohydrate and increased for fat (≥40% of
energy) relative to conventional diets. Emerging
evidence suggests that a ketogenic diet—a special
type of low-carbohydrate diet with fat typically
≥70% of energy—may have unique therapeutic
effects beyond those of less restrictive regimens.

P h y sio lo g ic al m ec h anism

Conventional lifestyle recommendations and
existing drug treatments have failed to stem the
twin epidemics of obesity and type 2 diabetes.
Nearly three-fourths of U.S. adults are overweight
or obese, and half have prediabetes or diabetes,
despite a 40-year focus on reducing dietary fat.
Themost salient change inmacronutrient intake
over this period has been a marked increase in
processed starches and added sugars, which sug-

gests that they may have a role in the public
health crisis of diet-related chronic disease (49).
A s dietary carbohydrate is replaced by fat,

postprandial spikes in the blood concentrations
of glucose and insulin decrease, glucagon secre-
tion increases, andmetabolism shifts to a greater
reliance on fat oxidation (Fig. 1). Thesemetabolic
and hormonal responses are associated with at-
tenuated oxidative stress and inflammatory re-
sponses after eating (50, 51), reduced hormone
resistance [to insulin, leptin, fibroblast growth
factor–21 (FGF-21), and thyroxine] (52, 53), and
improvements in many features of metabolic
syndrome (54–56)—effects that increase through-
out the range of carbohydrate restriction. A d-
ditional mechanisms arise as carbohydrate is
restricted to a point that results in nutritional
ketosis, in which serum concentrations of b -
hydroxybutyrate increase from < 0.1 mM to 0.5 to
5mM. This normal physiological state differs from
diabetic ketoacidosis, in which b -hydroxybutyrate
concentrations exceed 10 mM. K etones, an al-
ternative fuel used by the brain (57) and heart,
affect metabolic efficiency and a panoply of
signaling functions, producing beneficial changes
in gene expression, inflammation, oxidative stress,
and possibly health span (58, 59).
From a pathophysiological perspective, low-

carbohydrate, high-fat diets may directly target
underlying metabolic dysfunction in insulin re-
sistance and type 2 diabetes, characterized by
defects in the body ’ s ability to oxidize ingested
carbohydrate. With insulin resistance, dietary car-
bohydrate is diverted at increased rates into hepat-
ic de novo lipogenesis, resulting in increased
hepatic triglyceride synthesis and abnormal con-
centrations of lipids in the blood (60). From a
historical perspective, some aboriginal hunting
and fishing cultures (e.g., Inuit of the A rctic and
First Nations groups in Canada) survived for
millennia with little available dietary carbohy-
drate. In fact,mild ketosis was the “normal”meta-
bolic state for many cultures before the advent
of agriculture (i.e., for all but the last 1% or less
of the existence of humans as a species). When
these ethnic groups underwent a transition from
their low-carbohydrate and high-fat traditional
diets, the prevalence of obesity and type 2 diabetes
increased markedly, although changes in other
lifestyle factors may have also had a role.

O b esity , ty p e 2 diab etes, and
c ar dio vasc ular disease

The most recent systematic reviews and meta-
analyses have concluded that carbohydrate-
restricted diets tend to outperform low-fat diets
for short- to medium-term weight loss, espe-
cially in trials that involved a ketogenic diet
(9, 10, 54, 61). Whereas individuals with insulin
sensitivity seem to respond similarly to low-fat
or low-carbohydrate diets, those with insulin
resistance, glucose intolerance, or insulin hy-
persecretion may lose more weight on a low-
carbohydrate, high-fat diet (62, 63). The lower
insulin concentrations and accelerated rates
of adipose tissue lipolysis and ketogenesis may
provide more stable metabolic fuel availability,
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Fi g . 1 . P l e i o t r o p i c e f f e c t s o f l o w - c a r b o h y d r a t e , h i g h - f a t d i e t s . K etogenic diets (aq ua) may
enhance these effects and act through additional mechanisms. Abbreviations: b OH B , b -hydroxybutyrate;
H DAC , histone deacetylase; NAD+ , nicotinamide adenine dinucleotide; mTOR, mechanistic target
of rapamycin.
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Through its important role in the formation of particulate matter, 
atmospheric ammonia affects air quality and has implications 
for human health and life expectancy1,2. Excess ammonia in the 
environment also contributes to the acidification and eutrophication 
of ecosystems3–5 and to climate change6. Anthropogenic emissions 
dominate natural ones and mostly originate from agricultural, 
domestic and industrial activities7. However, the total ammonia 
budget and the attribution of emissions to specific sources remain 
highly uncertain across different spatial scales7–9. Here we identify, 
categorize and quantify the world’s ammonia emission hotspots 
using a high-resolution map of atmospheric ammonia obtained 
from almost a decade of daily IASI satellite observations. We report 
248 hotspots with diameters smaller than 50 kilometres, which we 
associate with either a single point source or a cluster of agricultural 
and industrial point sources—with the exception of one hotspot, 
which can be traced back to a natural source. The state-of-the-art  
EDGAR emission inventory10 mostly agrees with  satellite-
derived emission fluxes within a factor of three for larger regions. 
However, it does not adequately represent the majority of point 
sources that we identified and underestimates the emissions of 
two-thirds of them by at least one order of magnitude. Industrial 
emitters in particular are often found to be displaced or missing. 
Our results suggest that it is necessary to completely revisit the 
emission inventories of anthropogenic ammonia sources and to 
account for the rapid evolution of such sources over time. This 
will lead to better health and environmental impact assessments of 
atmospheric ammonia and the implementation of suitable nitrogen 
management strategies.

Considerable effort goes into establishing spatially and temporally 
resolved ammonia (NH3) bottom-up emission inventories, as these 
are critical drivers of models that are used to assess NH3 distributions 
and impacts on the environment. Bottom-up inventories are built from 
activity data coupled with estimated emission factors. The correctness 
of these input data is their Achilles’ heel, as activity data can be absent 
or outdated and estimated emission factors are based on specific case 
studies and may not be representative of either local or global con-
ditions11,12. When they are available, global measured atmospheric 
distributions of trace gas concentrations allow us to retrieve source 
emissions. In the past few years, satellite sounders have offered (bi)
daily global NH3 measurements13–17, which have a huge potential to 
improve our knowledge of the NH3 emission budget18. The first global 
distributions13 and inverse modelling efforts19 have confirmed the  
correctness of the location of the large source regions in the inventories, 
but have also revealed likely underestimates in the magnitude of their  
emissions, especially in the Northern Hemisphere. A regional study20 
has highlighted the advantage of averaging data to reveal smaller, 
localized NH3 point sources, for which there is a single discernible 
source of pollution. Here we capitalize on nine years of IASI (Infrared 
Atmospheric Sounding Interferometer) measurements to produce 
a global distribution of NH3 at hyperfine resolution to identify, 

categorize and quantify the world’s main NH3 emission hotspots, down to  
the point source, and to benchmark the state-of-the-art emission  
inventory EDGAR (Emissions Database for Global Atmospheric 
Research) v4.3.110.

Using an oversampling approach that exploits the variable spatial 
extent and coverage of the satellite pixels (Methods), a nine-year global 
average of daily cloud-free IASI observations was obtained. The global 
map is shown in Fig. 1a, along with three zooms over South and North 
America (Fig. 1b), Europe, northern Africa and Middle East (Fig. 1c), 
and Asia (Fig. 1d). We note that the global map shown in Fig. 1a differs 
from the first reported global distribution obtained from one year of 
IASI measurements13 in several aspects (in addition to the different 
periods considered for averaging) owing to major improvements in 
the retrieval algorithm, which takes into account the variable meas-
urement sensitivity between regions15,21. We analysed the map and 
isolated and identified 248 hotspot locations (Methods; Extended 
Data Figs. 1, 4; Supplementary Information). These consist of areas 
of limited geographical extent (<50 km) that exhibit a large local NH3 
enhancement and typically contain one or more closely located point 
sources. Hotspots were included in the list only if they could be identi-
fied unambiguously on the basis of satellite data alone (Methods). 178 
regions with enhanced NH3 columns, but with no clear, well-defined 
hotspots, were also inventoried (Extended Data Fig. 1; Supplementary 
Information). These source regions correspond to, for example, crop 
fields, biomass-burning areas, mixed sources, larger hotspots or several  
neighbouring ones. The largest regions are the Indo-Gangetic Plain, 
North China Plain and the biomass-burning-dominated West Africa 
and Amazonia. Regions dominated by biomass burning were mostly 
excluded from this study because identification of hotspots in such 
regions is very difficult and because we compare our results with a 
static-emission inventory that does not include emissions from fires 
(Methods). The hotspots were further analysed to determine the  
predominant emitter.

By combining information from visible imagery, publicly available 
inventories22,23 and online sources (Methods), the identified hotspots 
could be classified in three classes: agricultural, industrial and natural.  
Illustrative examples are shown in Fig. 2 and detailed figures are  
provided in the Supplementary Information.

The 83 hotspots in the agricultural class were consistently found 
to be associated with intensive animal farming, either in the form 
of open feedlots or within enclosed housings, as identified by aerial 
photographs. For instance, the localized NH3 maximum found over 
Eckley-Yuma (Colorado, USA; Fig. 2a) can be seen to coincide spatially 
with two large cattle feedlots. These are situated in a large agricultural 
region dominated by centre-pivot-irrigated fields, but with much lower 
average NH3 concentrations. Bakersfield and Tulare (California, USA) 
and Torreón (Mexico) are other examples of feedlot-dominated hot-
spots within a much larger intensive-agriculture region. Milford (Utah, 
USA), which is located in an otherwise remote mountainous area, is the 
home of massive pig farms, with associated open waste pits (Fig. 2b). 

1Université libre de Bruxelles (ULB), Service de Chimie Quantique et Photophysique, Atmospheric Spectroscopy, Brussels, Belgium. 2LATMOS/IPSL, UPMC Université Paris-06, Sorbonne 
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Through its important role in the formation of particulate matter, 
atmospheric ammonia affects air quality and has implications 
for human health and life expectancy1,2. Excess ammonia in the 
environment also contributes to the acidification and eutrophication 
of ecosystems3–5 and to climate change6. Anthropogenic emissions 
dominate natural ones and mostly originate from agricultural, 
domestic and industrial activities7. However, the total ammonia 
budget and the attribution of emissions to specific sources remain 
highly uncertain across different spatial scales7–9. Here we identify, 
categorize and quantify the world’s ammonia emission hotspots 
using a high-resolution map of atmospheric ammonia obtained 
from almost a decade of daily IASI satellite observations. We report 
248 hotspots with diameters smaller than 50 kilometres, which we 
associate with either a single point source or a cluster of agricultural 
and industrial point sources—with the exception of one hotspot, 
which can be traced back to a natural source. The state-of-the-art  
EDGAR emission inventory10 mostly agrees with  satellite-
derived emission fluxes within a factor of three for larger regions. 
However, it does not adequately represent the majority of point 
sources that we identified and underestimates the emissions of 
two-thirds of them by at least one order of magnitude. Industrial 
emitters in particular are often found to be displaced or missing. 
Our results suggest that it is necessary to completely revisit the 
emission inventories of anthropogenic ammonia sources and to 
account for the rapid evolution of such sources over time. This 
will lead to better health and environmental impact assessments of 
atmospheric ammonia and the implementation of suitable nitrogen 
management strategies.

Considerable effort goes into establishing spatially and temporally 
resolved ammonia (NH3) bottom-up emission inventories, as these 
are critical drivers of models that are used to assess NH3 distributions 
and impacts on the environment. Bottom-up inventories are built from 
activity data coupled with estimated emission factors. The correctness 
of these input data is their Achilles’ heel, as activity data can be absent 
or outdated and estimated emission factors are based on specific case 
studies and may not be representative of either local or global con-
ditions11,12. When they are available, global measured atmospheric 
distributions of trace gas concentrations allow us to retrieve source 
emissions. In the past few years, satellite sounders have offered (bi)
daily global NH3 measurements13–17, which have a huge potential to 
improve our knowledge of the NH3 emission budget18. The first global 
distributions13 and inverse modelling efforts19 have confirmed the  
correctness of the location of the large source regions in the inventories, 
but have also revealed likely underestimates in the magnitude of their  
emissions, especially in the Northern Hemisphere. A regional study20 
has highlighted the advantage of averaging data to reveal smaller, 
localized NH3 point sources, for which there is a single discernible 
source of pollution. Here we capitalize on nine years of IASI (Infrared 
Atmospheric Sounding Interferometer) measurements to produce 
a global distribution of NH3 at hyperfine resolution to identify, 

categorize and quantify the world’s main NH3 emission hotspots, down to  
the point source, and to benchmark the state-of-the-art emission  
inventory EDGAR (Emissions Database for Global Atmospheric 
Research) v4.3.110.

Using an oversampling approach that exploits the variable spatial 
extent and coverage of the satellite pixels (Methods), a nine-year global 
average of daily cloud-free IASI observations was obtained. The global 
map is shown in Fig. 1a, along with three zooms over South and North 
America (Fig. 1b), Europe, northern Africa and Middle East (Fig. 1c), 
and Asia (Fig. 1d). We note that the global map shown in Fig. 1a differs 
from the first reported global distribution obtained from one year of 
IASI measurements13 in several aspects (in addition to the different 
periods considered for averaging) owing to major improvements in 
the retrieval algorithm, which takes into account the variable meas-
urement sensitivity between regions15,21. We analysed the map and 
isolated and identified 248 hotspot locations (Methods; Extended 
Data Figs. 1, 4; Supplementary Information). These consist of areas 
of limited geographical extent (<50 km) that exhibit a large local NH3 
enhancement and typically contain one or more closely located point 
sources. Hotspots were included in the list only if they could be identi-
fied unambiguously on the basis of satellite data alone (Methods). 178 
regions with enhanced NH3 columns, but with no clear, well-defined 
hotspots, were also inventoried (Extended Data Fig. 1; Supplementary 
Information). These source regions correspond to, for example, crop 
fields, biomass-burning areas, mixed sources, larger hotspots or several  
neighbouring ones. The largest regions are the Indo-Gangetic Plain, 
North China Plain and the biomass-burning-dominated West Africa 
and Amazonia. Regions dominated by biomass burning were mostly 
excluded from this study because identification of hotspots in such 
regions is very difficult and because we compare our results with a 
static-emission inventory that does not include emissions from fires 
(Methods). The hotspots were further analysed to determine the  
predominant emitter.

By combining information from visible imagery, publicly available 
inventories22,23 and online sources (Methods), the identified hotspots 
could be classified in three classes: agricultural, industrial and natural.  
Illustrative examples are shown in Fig. 2 and detailed figures are  
provided in the Supplementary Information.

The 83 hotspots in the agricultural class were consistently found 
to be associated with intensive animal farming, either in the form 
of open feedlots or within enclosed housings, as identified by aerial 
photographs. For instance, the localized NH3 maximum found over 
Eckley-Yuma (Colorado, USA; Fig. 2a) can be seen to coincide spatially 
with two large cattle feedlots. These are situated in a large agricultural 
region dominated by centre-pivot-irrigated fields, but with much lower 
average NH3 concentrations. Bakersfield and Tulare (California, USA) 
and Torreón (Mexico) are other examples of feedlot-dominated hot-
spots within a much larger intensive-agriculture region. Milford (Utah, 
USA), which is located in an otherwise remote mountainous area, is the 
home of massive pig farms, with associated open waste pits (Fig. 2b). 
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NH3 emissions associated with poultry housings were also identified, 
for example, in the Alto L aran district (Peru; Fig. 2c) or in Basmakci 
(Turkey), a centre of egg production24

.
The second class (158 hotspots in total), that of industrial emitters, 

was in majority traced back to plants producing NH3-based fertilizer, 
for which over 130 sites were found. Well-isolated examples include 
the plants in Marvdasht (Iran; Fig. 2d), Pingsongxiang (Shanxi, China), 
Cherkasy (Ukraine), Sur Industrial Estate (O man) and Beech Island 
(South Carolina, USA). Fertilizer plants are often found to be geograph-
ically close to their (agricultural) distribution market, such as the plants 
in the Ferghana V alley (Uzbekistan) and in the Nile Delta (Talkha and 
Abu Q ir, Egypt). These industrial point sources clearly emerge in the 
nine-year IASI average, despite the already large background concen-
trations. Many fertilizer plants are also found near coal-related indus-
tries (coal mining, thermal power plants, coke production and other 
chemical coal industries). Secunda (South Africa) is an archetype of 
such a hotspot. In China, such examples are abundant; for instance, the 
large industry park in Shizuishan (Ningxia; Fig. 2e) or the intense hot-
spot over Z ezhou-Gaoping (Shanxi). For these sites, fertilizer produc-
tion is only part of the total industrial source. O ther fainter industrial 
hotspots were found over nickel–cobalt mines (Moa and Nicaro, Cuba; 
Fig. 2f), soda-ash plants (Stuparei, Romania; Fig. 2g) and a complex 
of geothermal power plants (The Geysers, California, USA; Fig. 2h).

The third class includes natural emitters. Natural emissions from 
oceans, non-agricultural soils and plants represent a substantial part 
of the total atmospheric NH3 budget7. However, these sources are  
generally too diffuse to appear as hotspots in the satellite data. O f all the 
hotspots that were identified, only the one near L ake Natron (Tanzania) 
is likely to have a natural origin. This hotspot occurs over Natron’s 
main mudflat and may be related to the decay of algae. It is, however, 

unclear why NH3 emissions are larger at L ake Natron than at other soda 
lakes with similar regularly exposed mudflats. O ther known natural  
point sources include seal and seabird colonies and volcanoes25–27. 
Bird colonies are found in coastal areas and especially at high latitudes. 
In these areas, satellites are generally less effective as a detection and 
monitoring tool because of high turbulent mixing (which does not 
allow NH3 to build up), high cloud cover and low thermal contrast 
(Methods). Enhanced NH3 columns near some volcanoes were found 
to be associated with fires.

To assess the importance of the different point sources quantita-
tively, the nine-year-averaged emission fluxes were calculated for all 
hotspots and source regions using an inverse modelling approach 
(Methods). We compared these with the bottom-up emission inventory 
EDGAR (excluding biomass-burning regions, as detailed in Methods, 
Supplementary Information and Fig. 1). To test the validity of our 
approach, flux estimates from the identified source regions were first 
compared with EDGAR and are presented in Fig. 3 (diamonds). For 
78%  of the source regions, the fluxes agree within a factor of 3 (89%  
within a factor of 5) and, importantly, when all regions are considered, 
no major bias is observed.

For the flux calculations of the hotspots, background concentra-
tions were removed to isolate the contribution of the point sources 
within (Methods). The flux comparisons are presented in Fig. 3, for 
agricultural (circles) and industrial (triangles) sources. It is immediately 
clear that emissions from almost all identified hotspots are underes-
timated in EDGAR, irrespective of their class. O f the 241 industrial 
and agricultural hotspots, only 7%  agree within a factor of 2 and only 
one-third within one order of magnitude. 77 hotspots have a nearby 
local maximum in the inventory and can therefore be considered to be 
known, albeit with a flux rate that is too low. Representative examples 

F ig. 1 |  IASI nine-year oversampled average, hotspots and source 
regions. a, Nine-year global IASI average NH3 distribution (in molecules 
per square centimetre). b–d, Z oom-ins over South and North America (b), 
Europe, northern Africa and the Middle East (c) and Asia (d). Hotspots 

are indicated with black circles; their size quantifies the satellite-based 
emission fluxes (in kilograms per second). Source regions are delineated 
in white. The largest average NH3 column is found over the Indus V alley 
(Pakistan) with a value of 1.1 × 1017 molecules cm−2.
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According to the tenth-century Arabic 
geographer Al-Masudi, travellers 
through the mountains between 

Samarkand and China had to pass through 
a valley where the smoke was so dense that 
the Sun’s rays could not penetrate. Al-Masudi 
recorded1 how paid porters would “ use sticks 
to drive the passengers on their journey;  for 
any stoppage or rest would be fatal to the trav-
eller, in consequence of the irritation which 
the ammoniacal vapours of this valley pro-
duce on the brain, and on account of the heat” . 
His graphic account describes the earliest 
known industrial source of ammonia emis-
sions, and has fresh significance in light of a 
study reported on page 99 by Van Damme and 
colleagues2. The authors have mapped atmos-
pheric ammonia levels with unprecedented 
precision around the globe, and have quan-
tified emissions from this ancient source for 
the first time — along with those from a host 
of previously uncharacterized industrial and 
agricultural hotspots.

In the valley mentioned by Al-Masudi, locals 
were exploiting the spontaneous natural com-
bustion of surface coal seams. They used stone 
huts to collect ammonium chloride and other 
ammonium salts3,4 carried by the fumes, with 
the remaining emissions contributing to air 
pollution. Although this oldest of ammonium 
industries is no longer in business, Van Damme 
et al. identify two sites, at Abakan in Russia 
and J haria in India (Fig. 1), that are emitting 
ammonia from burning coal mines. Their dem-
onstration that global satellite observations can 
now detect such ammonia sources represents a 
historic moment for science.

Al-Masudi’s example makes it clear why 
we should care about ammonia. Emitted 
ammonia reacts rapidly with other air pollut-
ants, and thereby helps to form fine particu-
late matter that shortens the human lifespan 
through respiratory and coronary diseases5. 
More over, gaseous ammonia and ammonium 
compounds formed from it in the atmosphere 
are deposited into ecosystems, damaging sen-
sitive habitats — especially those naturally 
adapted to need clean air. Ammonia emissions 
from agricultural sources also reduce the effi-
ciency with which nitrogen is used though the 
food-production chain, which has knock-on 

consequences that increase greenhouse-gas 
emissions and contribute to water pollution6. 

Van Damme et al. carried out a high-
spatial-resolution analysis based on nine years 
of data derived from the Infrared Atmospheric 
Sounding Interferometer (IASI) — an instru-
ment that takes twice-daily measurements 
of atmospheric ammonia levels — on the 
Metop-A meteorological satellite. This allowed 
the researchers to estimate ammonia emissions 
from 248 hotspots (defined by the authors as 
areas with diameters of less than 50 kilometres) 
and a further 178 regional sources (which have 
no clearly defined hotspot).

This is not the first report of ammonia 
distribution mapped from satellite observa-
tions. Earlier publications used IASI data7 or 
measurements from other infrared-observing 
platforms8,9 to produce global maps and char-
acterize source regions. What sets Van Damme 
and colleagues’ analysis apart is the com-
prehensiveness and diversity of quantified 
ammonia sources. The study shows how sat-
ellite technology is coming of age as it starts to 
fulfil multiple scientific and policy-assessment 
objectives. 

For example, the authors used a method 
called oversampling to produce a much more 
precise global map than was previously availa-
ble. The IASI instrument scans the entire globe 

daily, and records observations at each obser-
vation point at 09: 30 and 21: 30 hours (local 
time), but always at slightly different posi-
tions. By averaging the nine-year record, the 
researchers were able to derive fine-scale maps 
with a resolution of 0.01°  × 0.01° , from which 
they identified hundreds of ammonia sources. 
They also used a simple ‘ inversion’ method to 
estimate the emissions produced from all of 
the sources. The authors complemented these 
approaches by using aerial photo graphs and 
other independently obtained data to help 
them characterize the nature of the hotspots.

Most of the hotspots were found to be asso-
ciated with intensive livestock farming and 
industrial activities. Van Damme et al. also 
discovered a previously unknown natural 
source — Lake Natron in Tanzania, where dry-
ing mudflats are found to release substantial 
amounts of ammonia to the atmosphere. 

O ne of the authors’ key findings is that many 
of the industrial sources are missing from 
‘ bottom-up’ inventories of ammonia emis-
sions (which combine data on the intensity of 
ammonia-emitting activities with estimated 
quantities called emission factors). This shows 
that satellite technology can now be used as 
an auditing tool for the national reporting of 
ammonia emissions. Some countries might 
not report emissions from specific sources 
because, for example, national regulations do 
not require polluting activities to be registered. 
The use of standard emission factors in bot-
tom-up inventories might also lead to errors in 
national reporting, emphasizing the need for 
independent verification methods.

As with any emerging technology, some 
limitations of satellite monitoring remain to be 
overcome. The largest of these are the require-
ment for the atmosphere to be cloud-free when 
measurements are made, and the need for a 
sizeable temperature difference between land or 
sea surface and the atmosphere — which limits 
the zones at which measurements can usefully 
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Figure 1 | Burning coalfields at Jharia, India.
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According to the tenth-century Arabic 
geographer Al-Masudi, travellers 
through the mountains between 

Samarkand and China had to pass through 
a valley where the smoke was so dense that 
the Sun’s rays could not penetrate. Al-Masudi 
recorded1 how paid porters would “ use sticks 
to drive the passengers on their journey;  for 
any stoppage or rest would be fatal to the trav-
eller, in consequence of the irritation which 
the ammoniacal vapours of this valley pro-
duce on the brain, and on account of the heat” . 
His graphic account describes the earliest 
known industrial source of ammonia emis-
sions, and has fresh significance in light of a 
study reported on page 99 by Van Damme and 
colleagues2. The authors have mapped atmos-
pheric ammonia levels with unprecedented 
precision around the globe, and have quan-
tified emissions from this ancient source for 
the first time — along with those from a host 
of previously uncharacterized industrial and 
agricultural hotspots.

In the valley mentioned by Al-Masudi, locals 
were exploiting the spontaneous natural com-
bustion of surface coal seams. They used stone 
huts to collect ammonium chloride and other 
ammonium salts3,4 carried by the fumes, with 
the remaining emissions contributing to air 
pollution. Although this oldest of ammonium 
industries is no longer in business, Van Damme 
et al. identify two sites, at Abakan in Russia 
and J haria in India (Fig. 1), that are emitting 
ammonia from burning coal mines. Their dem-
onstration that global satellite observations can 
now detect such ammonia sources represents a 
historic moment for science.

Al-Masudi’s example makes it clear why 
we should care about ammonia. Emitted 
ammonia reacts rapidly with other air pollut-
ants, and thereby helps to form fine particu-
late matter that shortens the human lifespan 
through respiratory and coronary diseases5. 
More over, gaseous ammonia and ammonium 
compounds formed from it in the atmosphere 
are deposited into ecosystems, damaging sen-
sitive habitats — especially those naturally 
adapted to need clean air. Ammonia emissions 
from agricultural sources also reduce the effi-
ciency with which nitrogen is used though the 
food-production chain, which has knock-on 

consequences that increase greenhouse-gas 
emissions and contribute to water pollution6. 

Van Damme et al. carried out a high-
spatial-resolution analysis based on nine years 
of data derived from the Infrared Atmospheric 
Sounding Interferometer (IASI) — an instru-
ment that takes twice-daily measurements 
of atmospheric ammonia levels — on the 
Metop-A meteorological satellite. This allowed 
the researchers to estimate ammonia emissions 
from 248 hotspots (defined by the authors as 
areas with diameters of less than 50 kilometres) 
and a further 178 regional sources (which have 
no clearly defined hotspot).

This is not the first report of ammonia 
distribution mapped from satellite observa-
tions. Earlier publications used IASI data7 or 
measurements from other infrared-observing 
platforms8,9 to produce global maps and char-
acterize source regions. What sets Van Damme 
and colleagues’ analysis apart is the com-
prehensiveness and diversity of quantified 
ammonia sources. The study shows how sat-
ellite technology is coming of age as it starts to 
fulfil multiple scientific and policy-assessment 
objectives. 

For example, the authors used a method 
called oversampling to produce a much more 
precise global map than was previously availa-
ble. The IASI instrument scans the entire globe 

daily, and records observations at each obser-
vation point at 09: 30 and 21: 30 hours (local 
time), but always at slightly different posi-
tions. By averaging the nine-year record, the 
researchers were able to derive fine-scale maps 
with a resolution of 0.01°  × 0.01° , from which 
they identified hundreds of ammonia sources. 
They also used a simple ‘ inversion’ method to 
estimate the emissions produced from all of 
the sources. The authors complemented these 
approaches by using aerial photo graphs and 
other independently obtained data to help 
them characterize the nature of the hotspots.

Most of the hotspots were found to be asso-
ciated with intensive livestock farming and 
industrial activities. Van Damme et al. also 
discovered a previously unknown natural 
source — Lake Natron in Tanzania, where dry-
ing mudflats are found to release substantial 
amounts of ammonia to the atmosphere. 

O ne of the authors’ key findings is that many 
of the industrial sources are missing from 
‘ bottom-up’ inventories of ammonia emis-
sions (which combine data on the intensity of 
ammonia-emitting activities with estimated 
quantities called emission factors). This shows 
that satellite technology can now be used as 
an auditing tool for the national reporting of 
ammonia emissions. Some countries might 
not report emissions from specific sources 
because, for example, national regulations do 
not require polluting activities to be registered. 
The use of standard emission factors in bot-
tom-up inventories might also lead to errors in 
national reporting, emphasizing the need for 
independent verification methods.

As with any emerging technology, some 
limitations of satellite monitoring remain to be 
overcome. The largest of these are the require-
ment for the atmosphere to be cloud-free when 
measurements are made, and the need for a 
sizeable temperature difference between land or 
sea surface and the atmosphere — which limits 
the zones at which measurements can usefully 
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Figure 1 | Burning coalfields at Jharia, India.
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According to the tenth-century Arabic 
geographer Al-Masudi, travellers 
through the mountains between 

Samarkand and China had to pass through 
a valley where the smoke was so dense that 
the Sun’s rays could not penetrate. Al-Masudi 
recorded1 how paid porters would “ use sticks 
to drive the passengers on their journey;  for 
any stoppage or rest would be fatal to the trav-
eller, in consequence of the irritation which 
the ammoniacal vapours of this valley pro-
duce on the brain, and on account of the heat” . 
His graphic account describes the earliest 
known industrial source of ammonia emis-
sions, and has fresh significance in light of a 
study reported on page 99 by Van Damme and 
colleagues2. The authors have mapped atmos-
pheric ammonia levels with unprecedented 
precision around the globe, and have quan-
tified emissions from this ancient source for 
the first time — along with those from a host 
of previously uncharacterized industrial and 
agricultural hotspots.

In the valley mentioned by Al-Masudi, locals 
were exploiting the spontaneous natural com-
bustion of surface coal seams. They used stone 
huts to collect ammonium chloride and other 
ammonium salts3,4 carried by the fumes, with 
the remaining emissions contributing to air 
pollution. Although this oldest of ammonium 
industries is no longer in business, Van Damme 
et al. identify two sites, at Abakan in Russia 
and J haria in India (Fig. 1), that are emitting 
ammonia from burning coal mines. Their dem-
onstration that global satellite observations can 
now detect such ammonia sources represents a 
historic moment for science.

Al-Masudi’s example makes it clear why 
we should care about ammonia. Emitted 
ammonia reacts rapidly with other air pollut-
ants, and thereby helps to form fine particu-
late matter that shortens the human lifespan 
through respiratory and coronary diseases5. 
More over, gaseous ammonia and ammonium 
compounds formed from it in the atmosphere 
are deposited into ecosystems, damaging sen-
sitive habitats — especially those naturally 
adapted to need clean air. Ammonia emissions 
from agricultural sources also reduce the effi-
ciency with which nitrogen is used though the 
food-production chain, which has knock-on 

consequences that increase greenhouse-gas 
emissions and contribute to water pollution6. 

Van Damme et al. carried out a high-
spatial-resolution analysis based on nine years 
of data derived from the Infrared Atmospheric 
Sounding Interferometer (IASI) — an instru-
ment that takes twice-daily measurements 
of atmospheric ammonia levels — on the 
Metop-A meteorological satellite. This allowed 
the researchers to estimate ammonia emissions 
from 248 hotspots (defined by the authors as 
areas with diameters of less than 50 kilometres) 
and a further 178 regional sources (which have 
no clearly defined hotspot).

This is not the first report of ammonia 
distribution mapped from satellite observa-
tions. Earlier publications used IASI data7 or 
measurements from other infrared-observing 
platforms8,9 to produce global maps and char-
acterize source regions. What sets Van Damme 
and colleagues’ analysis apart is the com-
prehensiveness and diversity of quantified 
ammonia sources. The study shows how sat-
ellite technology is coming of age as it starts to 
fulfil multiple scientific and policy-assessment 
objectives. 

For example, the authors used a method 
called oversampling to produce a much more 
precise global map than was previously availa-
ble. The IASI instrument scans the entire globe 

daily, and records observations at each obser-
vation point at 09: 30 and 21: 30 hours (local 
time), but always at slightly different posi-
tions. By averaging the nine-year record, the 
researchers were able to derive fine-scale maps 
with a resolution of 0.01°  × 0.01° , from which 
they identified hundreds of ammonia sources. 
They also used a simple ‘ inversion’ method to 
estimate the emissions produced from all of 
the sources. The authors complemented these 
approaches by using aerial photo graphs and 
other independently obtained data to help 
them characterize the nature of the hotspots.

Most of the hotspots were found to be asso-
ciated with intensive livestock farming and 
industrial activities. Van Damme et al. also 
discovered a previously unknown natural 
source — Lake Natron in Tanzania, where dry-
ing mudflats are found to release substantial 
amounts of ammonia to the atmosphere. 

O ne of the authors’ key findings is that many 
of the industrial sources are missing from 
‘ bottom-up’ inventories of ammonia emis-
sions (which combine data on the intensity of 
ammonia-emitting activities with estimated 
quantities called emission factors). This shows 
that satellite technology can now be used as 
an auditing tool for the national reporting of 
ammonia emissions. Some countries might 
not report emissions from specific sources 
because, for example, national regulations do 
not require polluting activities to be registered. 
The use of standard emission factors in bot-
tom-up inventories might also lead to errors in 
national reporting, emphasizing the need for 
independent verification methods.

As with any emerging technology, some 
limitations of satellite monitoring remain to be 
overcome. The largest of these are the require-
ment for the atmosphere to be cloud-free when 
measurements are made, and the need for a 
sizeable temperature difference between land or 
sea surface and the atmosphere — which limits 
the zones at which measurements can usefully 
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Figure 1 | Burning coalfields at Jharia, India.
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Que dit la recherche sur la transition alimentaire et 
les changements de pratiques agricoles ?
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accountability (64). For example, the withdrawal
of the United States from the P aris A greement
at the 21st Conference of P arties (CO P 21) and
delays in regulation of emissions by other nations
galvanized a series of on-the-ground climate
actions from civil society, businesses, nonpro-
fits, and subnational government. The Global
A ction Climate Summit of 2018 instigated by
California governor J erry Brown illustrates a
new stage of this growing social movement.

Its Land and O cean Stewardship “30 × 30” chal-
lenge brings together more than 100 organ-
izations focused onmanaging forests, farmlands,
and oceans to provide 30% of the climate change
solution by 2030, rather than waiting on agree-
ments among nation states that continue to
fall short of the necessary carbon reduction
targets. The land management techniques
being developed locally to mitigate and adapt
to climate change are generally consistent with

the conservation of working lands approach
[e.g., (65)].
The benefits of local land conservation can

also be scaled up andmademore effective if they
are carried out within a landscape or regional
conservation program organized by a state or
nonprofit agency (58). Innovative social and
institutional arrangements for working lands
conservation may emerge, such as The Nature
Conservancy’ s BirdR eturns program inCalifornia.
Through a reverse auction, the program finds and
pays farmers willing to alter water management
to create “pop-up”wetlands to provide habitats
for shorebirds during their northward migra-
tion, selecting sites that optimize the conserva-
tion benefits relative to payments (15).

M a n a g e m e n t t e c h n i q u e s f o r c o n s e r v i n g
w o r k i n g l a n d s
Cultivated lands

Cultivated lands make up 12% of the terrestrial
ice-free surface (66) and comprise row and forage
crops, seeded pastures, vineyards and orchards,
mixed crop and livestock systems, and tree crops
and plantations (Fig. 3B). Cultivated lands are
often highly simplified ecologically; thus, they
rely extensively on chemical fertilizers and pes-
ticides to replace ecosystem services formerly
generated within or around agroecosystems (31),
often creating negative consequences for the
environment and human health (Fig. 2A ) (21),
including continued large-scale forest conver-
sion in some areas of the biodiverse tropics (62).
Instead, diversified farming systems using ag-
roecological management practices operate by
fostering biophysical conditions and ecolog-
ical interactions favorable to crop production
(31, 67, 68), producing amore balanced (sustain-
able) distribution of ecosystem services (Fig. 2B).
Evidence also suggests that they minimize many
of the negative environmental consequences as-
sociated with simplified farming (31) (Fig. 5). Fur-
ther, these techniques can maintain crop yields
andprofitability; createnewmarket opportunities;
enhance food security, nutrition, and livelihoods;
and contribute substantially to the global food
supply, particularly under a changing climate
(table S2). Because they rely on relatively low-
cost, low-technology, knowledge-basedmethods
(69), agroecological diversification techniques can
be made accessible to the majority of farmers.
[Small-scale farms with < 5 ha make up 94% of
farms worldwide (40) and produce more than
half of world food crops (70).] These farming
methods use open-pollinated seed varieties that
can be saved and cultivars that are locally adapted;
thus, they are less dependent on purchased seeds
and other inputs that can lead to poverty traps
(71). Multiple grassroots organizations and social
movements support learning, sharing, and adapta-
tion of agroecological knowledge and seeds
through farmer-to-farmer networks under par-
ticipatory governance (64). Diversified, agroeco-
logical practices are therefore farming methods
that are highly compatible with working lands
conservation, although potentially more ap-
plicable to certain farming systems. Large-scale
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Fi g . 4 . Th e G ER Co r r i d o r I n i t i a t i v e , Au s t r a l i a . The light green outline represents the plan to protect
and restore more than 3 ,6 0 0 km2 as a climate corridor. The numbered, dark green shapes denote
regional alliances of conservation and natural resource management organizations, including
Landcare communities (B ox 2 ). In the photo, members of the Molonglo C atchment G roup Landcare
community conduct restoration.

B o x 3 . Ca r n i v o r e c o n s e r v a t i o n i n s h a r e d l a n d s c a p e s .

Maintaining populations of large carnivores ranks among the greatest of conservation
challenges. These area-demanding species req uire larger territories than most protected areas
possess, potentially necessitating costly translocations to ensure gene flow and maintain
populations. F urther, these species conflict with people in surrounding matrices through
predation on livestock or, occasionally, maiming or killing of humans. Nonetheless, in Europe,
most large carnivore populations are stable or expanding. One-third of the area of mainland
Europe hosts at least one permanent population of its four large carnivore species, persisting
alongside moderate human densities and largely outside of protected areas. The success of
carnivore conservation in Europe is attributed to well-enforced, coordinated legislative protection,
improvements in habitat and ungulate prey base, and rural depopulation. Importantly, ranchers
have found ways to live with carnivores by using carnivore-proofed electric fences and re-
invigorating traditional livestock-guarding practices using shepherds and dogs (1 4 ). Similarly, in a
cultivated region in India, large carnivore species (the leopard and striped hyena) persist with
few conflicts despite high human densities (3 0 0 people/ km2 ) and the lack of wild prey (1 0 6 ),
suggesting the potential that exists for carnivore conservation in shared landscapes.
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CONSERV ATI ON

L andscapes that w ork for b iodiv ersity
and people
C . K r e m e n * a n d A . M . M e r e n l e n d e r

H ow can we manage farmlands, forests, and rangelands to respond to the triple challenge
of the Anthropocene—biodiversity loss, climate change, and unsustainable land use?
When managed by using biodiversity-based techniq ues such as agroforestry, silvopasture,
diversified farming, and ecosystem-based forest management, these socioeconomic systems
can help maintain biodiversity and provide habitat connectivity, thereby complementing
protected areas and providing greater resilience to climate change. S imultaneously, the
use of these management techniq ues can improve yields and profitability more sustainably,
enhancing livelihoods and food security. T his approach to “working lands conservation” can
create landscapes that work for nature and people. H owever, many socioeconomic challenges
impede the uptake of biodiversity-based land management practices. Although improving
voluntary incentives, market instruments, environmental regulations, and governance is
essential to support working lands conservation, it is community action, social movements,
and broad coalitions among citiz ens, businesses, nonprofits, and government agencies that
have the power to transform how we manage land and protect the environment.

B
iodiversity, the product of 3.8 billion years
of evolution, is under siege. Not only are
both marine and terrestrial species expe-
riencing accelerated rates of local andglobal
extinction (1–3), but even common species

are declining (2, 4, 5). This alarming situation
has prompted a strong call for increasing the
number (6, 7) and effectiveness (8) of protected
areas, the principal method for combatting spe-
cies loss. Though suchprotections are essential, we
cannot rely on protected areas alone to preserve
species. A s protected areas become increasingly
isolated because of habitat loss and degradation,
much research has revealed that they will lose spe-
cies over time (9). Further,many critical threats to
species do not respect protected-area boundaries
(10), including climate change, which both exac-
erbates species losses (11) and threatens to alter
the biomes of many currently protected regions
entirely (12).
More hopefully, recent studies show that some

human-dominated landscapes can supportmuch
more biodiversity than previously recognized
(13–17), suggesting a complementary path for-
ward. Specifically, when these areas, generally
referred to as the “matrix,” represent a high-
quality mosaic of land uses, they can play a crit-
ical role in sustaining biodiversity, both in situ
and by promoting species dispersal among pro-
tected areas and remnant habitats and along
migratory routes (Fig. 1) (15, 18, 19). O f course,
human survival also depends on the long-term
capacity of this matrix of “working lands,” in-

cluding rangelands, forests, and farms, to pro-
duce food, water, fiber, fuel, and forest products.
A ll too often, however, these goods are produced
at severe environmental cost, including habitat
degradation, toxic contamination, and depletion
of water quantity and quality, leading to ecologi-
cal collapse, local extinctions, and the creation of
unproductive wastelands (20, 21). We argue that,
instead, working lands can be used to support
high levels of biodiversity while satisfying human
needs in a sustainable way. Because rangelands,
forests, and cultivated lands collectively occupy
~ 80% of terrestrial area (21), the potential for con-
servation in such lands is enormous.
Critical ecosystem functions and services are

provided by a suite of diverse organisms, from
microbes to mammals, and thus maintenance
of these organisms is necessary for long-term
and sustainable productivity of working lands
(22, 23). Hence, managing the matrix to main-
tain biodiversity is not only necessary for species
conservation but also essential for sustainable pro-
duction. Biodiversity-based production systems,
including agroecological farming or ecosystem-
based forest management, are often perceived as

unproductive, an incorrect viewpoint that im-
pedes the public investment needed to develop
and promote these methods. Here, we describe
managing the matrix jointly and sustainably for
biodiversity and people through “working lands
conservation” and askwhat strategies can be used
to strengthen and scale up this approach as
rapidly as possible to help combat the triple
A nthropocene threats of biodiversity loss, cli-
mate change, and unsustainable land use.

W o r k i n g l a n d s c o n s e r v a t i o n d e f i n e d

A lthough the term “working lands conservation”
is already used in policy statements and in guid-
ance for conservation programs [e.g., (24)], the
concept has yet to be formally defined and risks
being misapplied. We define it at the landscape
scale (Box 1).
To avoid mass extinction and ecosystem col-

lapse, we must integrate biodiversity conserva-
tion into the landscapes we use and not simply
relegate nature to a limited number of protected
areas that are doomed if left as isolated habitat
islands within biological deserts. Working lands
can provide food, breeding sites, and shelter for
a myriad of species while maintaining abiotic
conditions, including temperature, light, wind,
water, fire, and other disturbance processes,
within required ranges. They can facilitate func-
tional connectivity—that is, themovement of orga-
nisms across the landscape and among habitat
patches that promotes population persistence by
allowing for gene flow, recolonization, and adap-
tation to climate and other global changes (25, 26).
To support humanity sustainably, a working

landscape must be productive and maintain the
ecosystem services, such as pollination, pest
control, and nutrient cycling, that underlie that
production. Maintaining these services requires
supporting the underlying populations of service-
providingorganisms.Within each service, a greater
diversity of service providers often enhances the
level and/ or quality of services and reduces un-
certainty in service delivery (22), because different
species respond differentially to environmental
change (27, 28). Maintaining connectivity is also
important, both to support flows of ecosystem
service providers and/ ormaterials (e.g., pollination
requires animal vectors to move pollen between
flowers; water purification requires water to flow
through vegetation) (29) and to enhance meta-
community persistence of service-providing orga-
nisms to sustain ecosystem functions and services
over space and time (22, 30).

RESEARCH
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B o x 1 . De f i n i t i o n o f w o r k i n g l a n d s c o n s e r v a t i o n .

Definition: C onservation inworking landscapesmaintains biodiversity, provides goods and services
for humanity, and supports the abiotic conditions necessary for sustainability and resilience.

These socioecological systems both support biodiversity by providing critical resources and
rely on biodiversity (specifically, ecosystem service providers) for sustainable production of
food, water, fiber, fuel, and forest products. These landscapes also enhance connectivity to
promote the movement of organisms, natural processes, and ecosystem services.

W orking lands conservation emphasizes the critical role of managing the matrix for species
conservation to complement protected areas.
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benefits, target likely adopters, fit the sociocul-
tural context, foster enabling market and reg-
ulatory environments, and provide technical
assistancemay boost adoption (58). For example,
payments for conserving or restoring forests in
Costa R ica are based on area, whereas transaction
costs are the same regardless of size, disincen-
tivizing smaller landowners from participating
in the payments for ecosystem services scheme.
Encouraging smallholders to participate would
require adjusting the costs of participation so
that these landowners could also realize net gains
(53). A lthough numerous changes are required,
careful attention to the construction of these
programs could increase their success.
Further, several current trends favor working

lands conservation approaches. First, new policy
instruments [such as R EDD+ (R educing Emis-
sions from Deforestation and Forest Degrada-
tion)] operating across a range of scales, from
individual private landholdings to large-scale
community-based or government-funded initia-
tives, are being developed to incentivize conser-
vation onworking lands. Second, the number and
variety of institutions involved in working lands
conservation are increasing, and such institu-
tions include both public-private partnerships
and nongovernmental conservation organiza-
tions that formerly focused primarily on pro-
tected areas (36, 59, 60). Third, these institutions
can take advantage of recent increases in both
public and private “investments for conserva-
tion” (investments designed to cogenerate finan-
cial returns and conservation benefits) (60). Such
investments include projects in sustainable food
and fiber production, water quality and quantity
projects, and outright habitat conservation (in
the latter, financial returns are based on chang-
ing land values or carbon stocks). Fourth, out-
side of these investments, an increasing number
of companies have committed to greening their
supply chains by reducing the environmental
impacts at the source, processing, delivery, and
end-of-life management of the product (61). A l-
though supply chain greening requires much
better monitoring, accountability, and inclusion
of biodiversity conservation as an explicit goal
(61, 62), it could ultimately contribute to conser-
vation in working landscapes, particularly given
the vast economic power represented within cor-
porations (61). A final trend is the creation of
voluntary, community-driven programs (Box 2)
in which local communities participate in the
conservation of working landscapes to gain in-
creased access to information and expertise, build
interpersonal connections, and obtain both per-
sonal benefits and public recognition for practic-
ing sustainable methods (63).
We argue that this latter trend of community-

based actions and the innovations, networks,
and social movements that sometimes emerge
from thempresent themost exciting opportunity
to turn the tide against the triple A nthropocene
threat [see also (64)]. Communities seeking solu-
tions for socioecological resilience frequently rely
on working lands conservation approaches. For
example, Sustainable Solutions restores man-

grove forests in Sri Lanka and India through
youth-based community engagement to build
shoreline resilience to cycloneswhile enhancing
livelihoods from fisheries dependent on man-
grove ecosystems.

Further, local initiatives can link together to
form larger networks with the help of boundary
organizations to form socialmovements that can
advance environmental policies, improve sus-
tainable behaviors, and demand supply chain
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P r i v a t e

P u b l i c

Intensive agriculture
Conservation easement P rivate 

reserveM anagement incentives
Certification schemes

M itigation

P ayment f or ecosystem services

Community based natural resources management

Indigenous conserved areas

P rotected areas ( IU CN  Cat V , V I)

G overnment lands
G overnment 
plantation

P rotected areas 
( IU CN  Cat Iñ IV )

D e v e l o p m e n t

C u l t i v a t e d  l a n d s
L ocal diversification and landscape­ scale heterogeneity

Single­ species 
patures

R a n g e l a n d s  ( < 1 0 %  t r e e  c o v e r )

F o r e s t  l a n d s

C o n s e r v a t i o n

A

B

M ulti­ species 
pastures

R ow crop 
monoculture

Simple 
rotation

M onoculture tree plantations
( even­ aged) ( multi­ aged)

Silvo­ pastoral 
system

M ix ed 
crop/ livestock

Complex  
rotation/
intercrop

M anagement 
intensive 
grazing

R estored 
range

N omadic 
pastoralism

A grof orestry 
system

Home garden

N ative/ non­ native 
multi­ age f orests

R estored 
f orest

N ative f orest 
with E BM

Chemical intensification

Fi g . 3 . Ap p r o a c h e s f o r c o n s e r v a t i o n o f w o r k i n g l a n d s o c c u p y t h e s p a c e ( y e l l o w ) b e t w e e n h i g h l y
d e v e l o p e d ( b r o w n ) a n d h i g h l y c o n s e r v e d ( g r e e n ) l a n d u s e s . (A) An array of tools are available
for working lands conservation, for private, communal, or public lands (see table S2 for more detail and
examples). IUC N C at. International Union for C onservation of Nature and Natural Resources categories.
( B ) F orms of management for forage, crops, and tree products from cultivated lands (yellow),
rangelands (light green), and forests (dark green), arrayed roughly along a management gradient of
diversification (left to right) or chemical intensification (right to left). C ultivated lands include all
planted systems. Dashed lines indicate overlapping concepts. EB M, ecosystem-based management.

B o x 2 . Co m m u n i t y s t e w a r d s h i p : Th e c a s e o f L a n d c a r e Au s t r a l i a .

The Landcare movement is a well-documented community stewardship effort begun in the
mid-1 9 8 0 s to conserve biodiversity and sustain agriculture in Australia, resulting in more than
5 0 0 0 Landcare and C oastcare groups. More than 2 0 countries have since adopted the model.
In Australia, this model combines substantial government investment with landowner and
community engagement. F or example, Landcare groups across eastern Australia contribute to
the delivery of the G reat Eastern Ranges (G ER) Initiative (1 0 5 ), alongside public land management
authorities, conservation organizations, research institutions, and traditional owners groups.
The G ER is one of Australia’ s largest public-private partnerships to conserve biodiversity in the
face of climate change (F ig. 4 ) as part of Australia’ s National W ildlife C orridors Plan. Landcare
groups along the corridor undertake restoration and management activities, along with community
building and engagement. In the Q ueanbeyan Landcare group, 2 5 landholders signed up to
increase the foraging habitat for the glossy black cockatoo (C a l y p t o r h y n c h u s l a t h a m i ) through
the restoration of 1 0 ,0 0 0 she-oaks (A l l o c a s u a r i n a sp.) in production lands along three river
catchments.The social networks and learning spaces created are promising ways of encouraging
conservation commitment among land managers. H owever, far more landowners must become
engaged to restore connectivity at the scale desired.
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commercial farmers that have invested heavily in
themachinery associatedwith chemically intensive
agriculture may not readily switch to agroeco-
logical techniques (68, 72); however, the use of
some agroecological techniques can be compa-
tible with existing infrastructure and can lead
to reduced agrochemical use at similar or even
enhanced profits [e.g.,( 73)].
A concern is that the use of “wildlife-friendly”

agroecological practices will require more land
to be farmed to produce the same amount of
food, promoting deforestation and harming bio-
diversity (74). However, a number of diversified,
agroecological farming methods maintain or in-
crease yields (table S2) (32, 50, 73, 75–78). For
example, techniques such as intercropping, cover
cropping, and crop rotation may promote crop
yields through a variety of ecologicalmechanisms
(23), including complementarity of water and
nutrient use (e.g., different crops access differ-
ent soil layers for water and nutrient uptake),
facilitation of nutrient uptake [e.g., intercropped
faba bean acidifies the soil, mobilizing phospho-
rus that is taken up by rice (79)], reduction of
pests and diseases [e.g., pests and diseases spread
more slowly in spatially or temporally heteroge-
neous crop systems, and such systems also sup-
port predator populations that keep pests in
check (80, 81)], and enhancement of soil biota
and fertility (82). By improving soil structure and
stability, which then enhanceswater infiltration
and retention, these techniques also stabilize
yields against annual environmental fluctua-
tions and more catastrophic disturbances such
as droughts and hurricanes (32, 33).
Beyond providing resources and habitats for

agrobiodiversity, specific techniques such as agro-
forestry and the use of silvopasture, hedgerows,
flower strips, live fences, and riparian buffers
may also enhance the connectivity of landscapes
and promote the dispersal of various wildlife
species (16, 47, 83). A lthough these structural
features are known to increase the occurrence of
a wide variety of organisms within agricultural
landscapes (43, 84), how they affect the dispersal
potential of organisms within diversified agri-
cultural lands is poorly understood. Nonetheless,
ambitious, large-scale connectivity projects, such
as the Mesoamerican Biological Corridor project
(43), the silvopastoral and rotational grazing proj-
ect in the Santa Catarina A tlantic Forest (55),
various linkages in A ustralia (Box 2), and the res-
toration of the migratory pathway of the mon-
arch butterfly (Danaus plex ippus) in the U.S.
midwestern states (85), are underway for agricul-
tural lands. In the latter case, although a daunt-
ing amount of restoration would be required to
support the butterfly, it could simultaneously en-
hance soybeanpollination, improvewater quality,
protect other biodiversity, and increase agricul-
tural profitability (Fig. 5 and table S2) (86, 87).
A lthough entrenched policies and the extreme

concentration of agrifood industries favor indus-
trialized supply chains andmake transformation
to diversified, agroecological systems difficult
(68, 72), reasons for optimism exist. Global grass-
rootsmovements such as La V ia Campesina have

provided technical, social, and material support
to farmers for the spread of agroecology, con-
fronted industrial agribusiness, and fought to
influence national and global policies (64). A lter-
native agrifood systems and local and regional
initiatives that provide support for diversified,
agroecological systems are emerging (64, 69). In-
ternational initiatives supporting agroecology
include theUnitedNations R ight toFoodprogram,
which embraces it as a key element for enhancing
food security globally (88), and programs of the
Food and A griculture O rganization, which has
held global and regional conferences on agro-
ecology and included it in Farmer Field Schools
since 2014 (68).

R ang elands and f o r ests

Forests in the boreal, temperate, and tropical
regions make up ~ 30% of Earth’ s area (89),
whereas rangelands, which are defined as having
< 10% tree cover and include grasslands, desert

shrublands, savannawoodlands, alpinemeadows,
and areas of tundra grasses and shrubs, constitute
~ 44% (90). Grazed by wild and domestic animals,
they vary greatly in productivity. Both natural
forests and rangelands have been lost or degraded
over the past several hundred years by the in-
creased extent and intensity of human use, in-
cluding timber harvest, grazing, and conversion
to agriculture. Forests continue to be lost and
degraded at an alarming rate (62), although for-
est regrowth due to rural depopulation is also
occurring in some areas (20). A recent global
analysis of sources of tree cover losses showed
that industrial agriculture for commodity crops
is responsible for the permanent conversion of
5 million ha of forest per year (27% of losses, con-
centrated primarily in portions of Latin A merica
and Southeast A sia), whereas shifting agriculture
(primarily in A frica) and forestry (primarily in
North A merica and Europe) cause forest distur-
bance or degradation over an equivalent land
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M o n o c u l t u r e  c r o p : Ad d i n g  p r a i r i e  s t r i p s  ( 1 0 % ) :

8  i n c h e s / a c r e  r u n o ff
4  t o n s / a c r e  s e d i m e n t  l o s t
7  l b s / a c r e  p h o s p h o r u s  l o s t
3 5  l b s / a c r e  n i t r o g e n  l o s t

4 2 %  l e s s  r u n o ff
9 5 %  l e s s  s o i l  e x p o r t
8 9 %  l e s s  p h o s p h o r u s  e x p o r t
8 4 %  l e s s  n i t r o g e n  e x p o r t

Fi g . 5 . Di v e r s i f i c a t i o n p r a c t i c e s c a n i n c r e a s e b i o d i v e r s i t y . The integration of prairie strips into a
corn-soy rotation exemplifies how diversification within working lands can substantially increase plant,
pollinator, and bird species richness and abundance by two- to fourfold (as indicated by colors and
numbers of icons, respectively) while minimizing externalities and enhancing other ecosystem
services, such as pollination for the soy crop (table S2 ) (8 6 ).
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Que dit la recherche sur la transition alimentaire et 
les changements de pratiques agricoles ?



Vers une gestion du système terre pour limiter la 
perte de la biodiversité et des services ?

37

Comment gérer durablement le système terre ?

! Deux sous-questions :

" Quelle est la dynamique de l’occupation de la planète par l’Homme ? 
Les données satellitaires permettent d’analyser les changements d’utilisation des 
terres sur l’ensemble de la planète. Elles montrent que le système terrestre est 
aujourd’hui dominé par l’Homme qui agit directement sur les paysages sur de larges 
surfaces sur tous les continents. 77% des terres, hors l’Antarctique, et 87 % des 
océans ont été modifiés par l’Homme.

" Quelle surface de la planète faut-il protéger pour préserver la biodiversité ?
E. O. Wilson, dans son projet Half Earth, dit qu’il faut protéger 50 % de la planète ; un 
objectif qui ne semble pas irréaliste si on se tourne vers les aires où l’impact de 
l’Homme est le plus faible, mais qui abritent en fait une faible biodiversité. 
Baillie et Zhang (Science, 2018) rappellent que le 11ème objectif d’Aichi prévoit que 17%
des terres et des eaux continentales doivent être protégées d’ici 2020, ainsi que 10%
des aires marines et côtières, des chiffres qu’ils voudraient voir portés à 30% d’ici 
2030 avant d’atteindre les fameux 50% avancés par Wilson.
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particular areas in fragmented and 
otherwise-degraded ecosystems are more 
important than undisturbed ecosystems6,7. 
Fragmented areas might provide key ser-
vices, such as tourism revenue and benefits 
to human health, or be rich in threatened 
biodiversity. Yet numerous studies are start-
ing to reveal that Earth’s most intact eco-
systems have all sorts of functions that are 
becoming increasingly crucial2,8,9. 

Wilderness areas are now the only places 
that contain mixes of species at near-natural 
levels of abundance. They are also the only 
areas supporting the ecological processes 
that sustain biodiversity over evolution-
ary timescales10. As such, they are impor-
tant reservoirs of genetic information, and 
act as reference areas for efforts to re-wild 
degraded land and seascapes.

Various analyses reveal that wilderness 
areas provide increasingly important ref-
uges for species that are declining in land-
scapes dominated by people11. In the seas, 
they are the last regions that still contain 
viable populations of top predators, such as 
tuna, marlins and sharks9. 

Safeguarding intact ecosystems is also key 
to mitigating the effects of climate change, 
which are making the refuge function of 
wilderness areas especially important. A 
2009 study, for instance, showed that Car-
ibbean coral reefs that have low levels of 
pollution or fishing pressure recovered from 
coral bleaching up to four times faster than 
did reefs with high levels of both12. And a 
2012 global meta-analysis revealed that the 
impacts of climate change on ecological 
communities are more severe in fragmented 
landscapes13. 

Many wilderness areas are critical 
sinks for atmospheric carbon dioxide. 

For example, the boreal forest is the most 
intact ecosystem on the planet and holds 
one-third of the world’s terrestrial carbon. 
And intact forested ecosystems are able to 
store and sequester much more carbon than 
are degraded ones8. In the tropics, logging 
and burning now accounts for up to 40% 
of total above-ground carbon emissions14. 
In the ocean, seagrass meadows that are 
degraded (such as by sediment pollution) 
switch from being carbon sinks to major 
carbon sources15. 

Moreover, models based on geography, 
rainfall, degree of deforestation and so on 
are starting to reveal the degree to which 
wilderness areas regulate the climate and 
water cycles — locally, regionally and glob-
ally. Such areas also provide a buffer against 
extreme weather and geological events. Sim-
ulations of tsunamis, for instance, indicate 
that healthy coral reefs provide coastlines 
with at least twice as much protection as 
highly degraded ones16. 

Wilderness regions are home to some 
of the most politically and economically 
marginalized indigenous communities on 
Earth. These people (who number in the 
hundreds of millions) are reliant on intact 
marine and terrestrial ecosystems for 
resources such as food, water and fibre17. 
Many have established biological and cul-
tural connections with their environment 
over millennia. Securing the wilderness is 
central to reducing their poverty and mar-
ginalization — and to achieving numerous 
UN Sustainable Development Goals, from 
reducing inequality to improving human 
well-being. 

GLOBAL TARGETS
We believe that Earth’s remaining wilder-
ness can be protected only if its importance 
is recognized within international policy 
frameworks. 

Currently, some wilderness areas are 
protected under national legislation such 
as the 1964 US Wilderness Act, which 
protects 37,000 km2 of federal land. But in 
most nations, these areas are not formally 
defined, mapped or protected, and there 
is nothing to hold nations, private indus-
try, civil society or local communities to 
account for their long-term conservation. 
What is needed is the establishment of 
global targets within existing international 
frameworks — specifically, those aimed at 
conserving biodiversity, avoiding dangerous 
climate change and achieving sustainable 
development.

There are several ways to do this imme-
diately. The carbon sequestration and stor-
age capacities of wilderness areas could be 
formally documented, and the importance 
of conserving them written into the policy 
recommendations of the UN Framework 
Convention on Climate Change (UNFCCC). 
Such a move would enable nations to make 

the protection of wilderness areas an integral 
part of their strategy for reducing emissions. 

As an example, under the UNFCCC 
process for reducing emissions from defor-
estation and forest degradation (REDD+), 
landowners can be compensated if they 
refrain from clearing an area of tropical for-
est that they’d planned to develop. However, 
there are no incentives for nations, private 
industry or communities to protect crucial 
carbon sinks, even when no imminent devel-
opment is identified. This means that there 
is nothing to stop the slow erosion of these 
places from small-scale and often unplanned 
industrial activity. Similar policies are needed 
to protect other carbon-rich ecosystems, such 
as seagrass meadows, and temperate and 
boreal forests, especially in developed coun-
tries that do not currently receive financial 
support under the UNFCCC. 

Later this month, Egypt will host the 
14th gathering of the Conference of the 
Parties to the Convention on Biological 
Diversity (CBD). Signatory nations, intra-
governmental organizations such as the 
International Union for Conservation of 
Nature (IUCN), non-governmental organi-
zations and the scientific community will 
meet to work towards a strategic plan for 
the protection of biodiversity after 2020. 
We urge participants at the meeting to 

To map Earth’s remaining terrestrial 
wilderness, we used the best 
available data on eight indicators of 
human pressures at a resolution of 
1 square kilometre. These were: built 
environments, crop lands, pasture 
lands, population density, night-time 
lights, railways, major roadways and 
navigable waterways3,4. (Data were 
collected in 2009.) For our map of 
intact ocean ecosystems, we used 
2013 data on fishing, industrial 
shipping and fertilizer run-off, among 
16 other indicators2. 

We identified wilderness land or 
ocean areas as those that were free of 
human pressures, with a contiguous 
area of more than 10,000 km2 on land. 
J.E.M.W. et al.

W I L D  E A R T H
Mapping methods
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Terrestrial M arineREMAINING WILDERNESS:

A mazon
(B razil)

B oreal forest (C anada)

Desert (A ustralia)

O kavango Delta
(B otswana)

WHATí S LEFT?

THE HU MAN  F O O TP RIN T
7 7 %  of land (ex cluding A ntarctica) and 8 7 %  of the ocean has been modified by 
the direct effects of human activities.

Earth’s remaining wilderness areas are becoming increasingly important buffers against changing conditions 
in the A nthropocene. Y et they aren’t an ex plicit target in international policy frameworks.

A rctic tundra (A laska)

P r o t e c t  t h e  l a s t  o f  t h e  w i l dP r o t e c t  t h e  l a s t  o f  t h e  w i l d
G l o b a l  c o n s e r v a t i o n  p o l i c y  m u s t  s t o p  t h e  d i s a p p e a r a n c e  o f  Ea r t h í s  f e w  i n t a c t  

e c o s y s t e m s ,  w a r n  James E. M. Watson, James R. Allan a n d  c o l l e a g u e s .James E. M. Watson, James R. Allan a n d  c o l l e a g u e s .James E. M. Watson, James R. Allan
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Vers une gestion du système terre pour limiter la 
perte de la biodiversité et des services ?
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What should we expect?
If the protected areas were random with respect to species ranges, 
one would expect 13.3% of each species range to fall within them—
the same proportion as the terrestrial Earth as a whole. For the war-
bler, this would be 228,171 km2. Similarly, 51.9% of each species range 
should be in protected areas and wilderness. The corresponding ex-
pected value for the warbler is 888,468 km2.

To summarize these data for all species, we calculate the log10 of 
the size of each species’ geographical range. We grouped the results 
into half log10 bins, labeling each with the floor of the area size interval. 
For example, areas between 100,000 km2 (log10 = 5) and 316,228 km2 
(log10 = 5.5) are in the figures and tables as in the 100,000 km2 bin. 
We added 1 km2 to all areas.

Figure 2 summarizes the data for mammals, and tables S1 to S6 
contain the tabulated data for mammals, birds, and amphibians. In 
Fig. 2 (top), the black bars are the number of species against the bin 
of geographical range sizes. For all three taxa, the distributions of 
their range sizes are broadly lognormal but with a long tail of small 
values (4). The modes are range sizes between 100,000 and 316,228 km2 
for mammals, 1,000,000 and 3,162,278 km2 for birds, and 3162 and 
10,000 km2 for amphibians.

At the mid-left of Fig. 2 (and tables S1 and S2, third column), the 
gray bars plot the numbers of species that we would expect in these 
bins if protected areas encompassed 13.3% of each species range. At 
the bottom left, we do likewise for species in protected areas plus 
wilderness, where the proportion is 51.9%.

What we observe
In the example of this warbler, the total area of its range in protected 
areas, 121,723 km2, is less than one would expect, and the total area 
within both protected areas and wilderness, 181,864 km2, is substan-
tially less than the expected. At the right of Fig. 2 (in color), we show 
the actual distribution of the species in protected areas (mid-right) 

and in protected areas and wilderness (bottom right). To facilitate 
comparison to the expected distributions, we repeat those distribu-
tions at the right in light gray.

The salient features are the numbers of species that have <1 km2 
of their ranges outside of protected areas or protected areas plus 
wilderness. So, for example, the mid-right shows, in various colors, 
the 319 species (6%) of mammals having <1 km2 of their ranges 
within protected areas. This compares to the 36 species expected if 
ranges protected were at random, as shown in gray in the mid-left 
figure. The comparable numbers for birds are 314 (3%) compared 
to 51 expected, and those for amphibians are 1176 (18%) compared 
to 437 expected.

Across all three taxa, these fractions of species with essentially no 
protection are substantially higher than one would expect if pro-
tected areas were distributed randomly across species distributions 
(Fig. 2). Nonetheless, most species do have a portion of their ranges in 
protected areas. Only a small fraction of bird species lie completely 
outside of protected areas. There are much larger fractions of am-
phibian and mammal species (tables S1 to S6).

At the lower right of Fig. 2 (and tables S1 and S2, fourth column), 
we repeat these calculations for mammal species within protected 
plus wilderness. Some 165 species (3%) have <1 km2 of their ranges 
within protected plus wild areas, compared to 11 expected. The com-
parable figures for birds are 186 (2%) compared to 20 expected, and 
those for amphibians are 814 (13%) compared to 108 expected. Fi-
nally, Fig. 2 and tables S1 and S2 (columns 5 to 20) break down the 
distributions of ranges within protected areas (top right) and within 
protected plus wilderness areas (bottom right) by the original range 
size of the species involved.

Figure 3 summarizes a subset of these data in an alternative format. 
It shows the average fractions of ranges protected (blue circles), and 
in protected plus wild areas (green circles), as a function of the species 
original range size. For example, on average, about 40% of the ranges 

Fig. 1. Protected areas (green) plus the areas having the lowest human footprint index (≤3.3), which we call ì wildernessî  (buff), up to a combined extent that is 
as close to half of the Earthí s land surface as we could make it (51.9%) given the discrete nature of the index. In  t h e  Ve n n  d i a g r a m ,  p r o t e c t e d  a r e a s  a r e  c o m p o s e d  
m o s t l y  o f  w i l d e r n e s s  ( 6 5 % )  b u t  a l s o  i n c l u d e  s o m e  m o r e  h e a v i l y  a f f e c t e d  a r e a s  ( 3 5 % ) .
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E C O L O G Y

How to protect half of Earth to ensure it protects 
sufficient biodiversity
St uart L . Pimm1* , C linton N . J enkins2 , B inbin V . L i3

It is theoretically possible to protect large fractions of species in relatively small regions. For plants, 85% of species 
occur entirely within just over a third of the Earth’s land surface, carefully optimized to maximize the species cap-
tured. Well-known vertebrate taxa show similar patterns. Protecting half of Earth might not be necessary, but 
would it be sufficient given the current trends of protection? The predilection of national governments is to pro-
tect areas that are “wild,” that is, typically remote, cold, or arid. Unfortunately, those areas often hold relatively 
few species. Wild places likely afford the easier opportunities for the future expansion of protected areas, with the 
expansion into human-dominated landscapes the greater challenge. We identify regions that are not currently 
protected, but that are wild, and consider which of them hold substantial numbers of especially small-ranged 
vertebrate species. We assess how successful the strategy of protecting the wilder half of Earth might be in con-
serving biodiversity. It is far from sufficient. (Protecting large wild places for reasons other than biodiversity pro-
tection, such as carbon sequestration and other ecosystem services, might still have importance.) Unexpectedly, we 
also show that, despite the bias in establishing large protected areas in wild places to date, numerous small pro-
tected areas are in biodiverse places. They at least partially protect significant fractions of especially small-ranged 
species. So, while a preoccupation with protecting large areas for the sake of getting half of Earth might achieve 
little for biodiversity, there is more progress in protecting high-biodiversity areas than currently appreciated. 
Continuing to prioritize the right parts of Earth, not just the total area protected, is what matters for biodiversity.

I N T R O D U C T I O N
H uman impacts dominate Earth (1 ), eliminating many species from 
large areas of the land (2 ) and ocean (3 ) and driving the current rate 
of species extinction to 1000 times its natural rate (4). The principal 
solution for stemming biodiversity loss is the establishment of pro-
tected areas. On land, they have grown from a few million sq uare 
kilometers in the 1960s to > 20 million km2 today (5 – 7 )—between 
13 and 15% of the Earth’s land surface, depending on whether one 
considers ice-covered areas like Antarctica and how one defines 
“ protected.”  The C onvention on B iological D iversity’s Aichi Bi odi-
versity Targets include the protection of at least 17% of terrestrial 
areas, conserving them with ecologically representative and well- 
connected systems of protected areas, and halving the rate of current 
habitat loss (6 ). The G lobal Strategy for P lant C onservation hopes 
to protect 60% of plant species (8 ).

B eyond these near-term targets are aspirational ones such as 
Wilson’s “ H alf Earth”  (9 ) and D inerstein e t  a l . ’s considerations of 
what it would take to do that on an ecoregion-by-ecoregion basis ( 1 0 ). 
Wilson’s heuristic suggests that protecting half of Earth might protect 
85% of its species and be a “ safe limit”  for human impacts. These 
efforts expand on a tradition going back at least to Odum and Odum 
(1 1 ), the Wildlands P roj ect in the U nited States (1 2 ), and others who 
assert that much larger areas must be protected than at present.

H alf Earth aspirations are composed of two interrelated goals—
protecting 50% of the surface of the planet and 85% of its species. 
Now, there are important reasons to protect large, contiguous areas 
without a necessary focus on the numbers of species they contain. 

These areas likely retain their natural ecosystem processes and the 
services they provide humanity. For example, unconstrained Amazon 
deforestation might have catastrophic conseq uences to climate (1 3 ), 
somewhat separate from the issue of how many species might be 
lost. Some species—large predators are obvious examples—must roam 
over large areas for their populations to be viable, and even small- 
bodied species may thrive in large areas but suffer in small ones. 
H ere, we count all species as being eq ual and consider the fractions 
of species that protected areas encompass. We return to the caveats 
in this approach at this paper’s end. There, we will also consider why 
this species counting approach has practical utility.

We are concerned that simply protecting half of Earth without 
strict attention to the specific places protected and the species they 
contain will not achieve the larger aspirational goals and indeed 
might harm them. To address this concern, we must answer several 
q uestions.

1) Is it theoretically possible to protect large fractions of species 
in relatively small regions?  At least for plants, the answer is known 
to be yes;  85% of species occur entirely within j ust over a third of the 
land surface, if carefully optimized to maximize the species captured 
( 8 ). Well-known vertebrate taxa show similar patterns ( 1 4, 1 5 ). 
Simply, protecting half of Earth is not necessary to protect 85% of 
species, but would it be sufficient if protected areas were not “ care-
fully optimized” ?

2) H ow well has the existing network of protected areas captured 
biodiversity, particularly those species with small geographical ranges 
that suffer disproportionate threats of extinction?

The predilection of national governments is to protect areas that are 
“ wild,”  that is, typically remote, cold, or arid (1 6 , 1 7 ). U nfortunately, 
those areas often hold relatively few species. Wild places also afford 
the easier opportunities for the future expansion of protected areas. 
The expansion of protection into human-dominated landscapes will 
surely be the greater challenge. This leads to our final q uestion.
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3) Were we to expand protection to the wilder half of the Earth’s 
ice-free land, what fraction of species live in such places and so might 
contribute to the H alf Earth goals?

H ere, we identify what fractions of species ranges are already 
within protected areas. Furthermore, we consider what fractions are 
in wild regions that are not currently protected. Other things being 
eq ual, these places might afford the best chances for expanding the 
global network of protected areas and further increases in the frac-
tions of species protected. L ewis e t  a l .  (7 ) underscore the urgency of 
this. They show that extensive degazetting of protected areas over 
the past decade has offset much of the newly protected area and led 
to only modest increases in the total area protected. Our paper’s key 
obj ective is to assess how successful the strategy of protecting addi-
tional wild places might be in conserving biodiversity.

We will show that expanding protection to the wilder half of 
Earth is far from sufficient to protect biodiversity. U nexpectedly, we 
will also show that, despite the substantial bias in establishing pro-
tected areas in wild places to date, enough protected areas are in 
biodiverse places that they partially protect substantial fractions of 
species. So, while a preoccupation with protecting large areas for the 
sake of getting half of Earth might achieve relatively little for biodi-
versity, there is more progress in protecting high-biodiversity areas 
than currently appreciated. Q uality, not j ust size, matters.

D efining protected areas and wilderness
We start with Wilson’s definition of wilderness—“ regions with small 
human populations, and particularly indigenous ones.”  There are 
numerous efforts to define these places, including M cC loskey and 
Spalding ( 1 8 ) who estimated 37 million km2, H annah e t  a l .  ( 1 9 ) 
who estimated 36 million km2, Sanderson e t  a l .  (2 0 ) who estimated 
55 million km2, and Watson e t  a l .  (2 1 ) who estimated 28 million km2. 
These estimates typically exclude Antarctica, G reenland, and other 
areas of mostly rock and ice and differ because of their different 
assumptions as to what constitutes wilderness.

A first set of problems for wilderness is conceptual. These may 
remain insoluble, because there is no indisputable boundary between 
human-dominated and wilderness. The answer depends on the species 
of interest and the time span over which one poses the q uestion.

For example, one might define wilderness as only those places 
with a full complement of a region’s original species. If so, one would 
include only 3.4 million km2 of the ~ 10 million km2 of savannah 
Africa that has lions. That would exclude areas with low densities of 
people and several national parks (2 2 ). R eq uiring natural densities 
of savannah elephants as a criterion for wilderness would exclude 
many more national parks (2 3 ). Y et, large areas of savannah Africa 
have extensive areas with few people or livestock, and they afford 
substantial opportunities for conserving biodiversity.

For a second example, consider the difficulty in interpreting whether 
fires are the result of natural or human-planned ignitions. The q ues-
tion might be unanswerable, although fire data are global, freq uent, 
and spatially highly resolved (2 4). Fires have likely been a feature of 
Africa’s savannahs perhaps since human origins. Should one exclude 
extensively and freq uently burned areas of drylands, considering that 
a sufficiently low human density is within any practical definition of 
wilderness?  Indigenous people also burn huge swaths of Australia. 
Its initial use coincided with a massive loss of native species following 
human colonization 50,000 years ago (2 5 ), but how much was caused 
by direct burning?  The colonists also removed most large mammals in-
cluding herbivores, leading to marked changes in the vegetation (2 6 ).

A second set of problems in defining wilderness is that the data 
to define it vary substantially in q uality and reliability. Forest cover 
data are highly resolved spatially (2 7 ), but there is substantial dis-
agreement about what constitutes a forest ( 2 8 ). D istinguishing a 
naturally sparse forest from one where human actions have thinned 
the forest is not always possible. M oreover, remote sensing does not 
readily distinguish forests of tree plantations, such as rubber, teak, 
E u c a l y p t u s , pines, and oil palm from natural forests. D ata sets for 
other land covers have similar issues.

B oth human population data ( 2 9 ) and livestock data ( 3 0 ) are 
much less spatially resolved. They often show obvious differences at 
administrative boundaries, often essentially “ counties,”  that can cover 
large areas. This is especially true of livestock data, which assume 
constant densities within these areas. M oreover, we are most inter-
ested in areas with low human and livestock densities, because 
we might putatively consider these areas to be wilderness. A priori, 
we expect data in these sparsely populated areas to be less reli-
able than in higher-density areas. H ere, those high densities also 
associate with smaller and better-documented administrative 
areas.

R ecognizing these and many other caveats, a consensus on what 
constitutes wilderness is unlikely. We chose to go with the human 
footprint index because it is readily accessible and recent, and the 
rules that establish it are transparent (3 1 ). To select half of Earth, we 
started with the areas that are already protected (13.3% of the ice-free 
land) and then considered additional areas with the lowest human 
footprint to constitute close to 51.9% of the land surface. This was as 
close to half as we could get, given the discrete values of the human 
footprint index (Fig. 1). H ereafter, we call this 51.9% of the land 
“ protected plus wilderness.”

R ES U L T S
Figure 1 maps the distribution of areas that we deem to be wilder-
ness (human footprint index ≤ 3.3) or protected under various 
categories (see definition in M aterials and M ethods). A V enn dia-
gram summarizes their relationships. The figure j uxtaposes what 
has broadly been noted before—the distribution of protected areas 
is highly nonrandom with respect to different kinds of ecosystems 
(1 6 )—with explicit mapping of the areas with the least human foot-
print. P rotected areas are predominantly in wilderness—often cold, 
dry, or otherwise remote from centers of human population and im-
pact. Approximately 65% of the protected area has a human foot-
print of ≤3.3, and protected areas overall have a median human 
footprint of 1.3. We consider all protected areas, regardless of their 
footprint index value, as contributing toward H alf Earth.

We next consider how many species of birds, mammals, and 
amphibians that protected areas and wilderness encompass. These 
data consist of 5311 terrestrial mammal species, 10,079 terres-
trial bird species, and 6397 amphibian species. An example is 
the red-faced warbler, A b r o s c o p u s  a l b o g u l a r i s . Its total range is 
~ 1.7 million km2, and this includes ~ 6100 km2, 10,500 km2, 11 km2, 
24,000 km2, 200 km2, and 25,800 km2 of the six International U nion 
for C onservation of Nature (IU C N) protected area categories, re-
spectively, from most (I) to least (V I) restrictive, 9500 km2 with no 
IU C N category, plus 26,000 and 18,900 km2 of the two C hina 
nature reserve categories (national and local). Some 65,100 km2 of 
the range is in wilderness. The remainder is in areas with higher 
human impact.
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! L’apport de la modélisation :
" La solution pour un futur souhaitable est de préserver simultanément les 

services écosystémiques d’approvisionnement et de régulation en 
définissant un compromis équilibré entre la conservation de la nature et la 
conversion des terres pour l’agriculture. Augmenter le taux de terres naturelles 
de 0,3 à 0,4 aura un effet positif sur la quantité de nourriture par personne, en 
empêchant la surexploitation des terres et la décroissance de la production 
alimentaire 
(Cazalis, Loreau et Henderson, 2018). 
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A B S T R A C T

The ability of the human population to continue growing depends strongly on the ecosystem services
provided by nature. Nature, however, is becoming more and more degraded as the number of individu-
als increases, which could potentially threaten the future well-being of the human population. We use a
dynamic model to conceptualise links between the global proportion of natural habitats and human demog-
raphy, through four categories of ecosystem services (provisioning, regulating, cultural recreational and
informational) to investigate the common future of nature and humanity in terms of size and well-being.
Our model shows that there is generally a trade-off between the quality of life and human population size
and identifi es four short-term scenarios, corresponding to three long-term steady states of the model. First,
human population could experience declines if nature becomes too degraded and regulating services dimin-
ish; second the majority of the population could be in a famine state, where the population continues to
grow with minimal food provision. Between these scenarios, a desirable future scenario emerges from the
model. It occurs if humans convert enough land to feed all the population, while maintaining biodiversity
and ecosystem services. Finally, we fi nd a fourth scenario, which combines famine and a decline in the pop-
ulation because of an overexploitation of land leading to a decrease in food production. Human demography
is embedded in natural dynamics; the two factors should be considered together if we are to identify a
desirable future for both nature and humans.
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Two thousand years ago, approximately 300 million people lived
on Earth. After a millennium with no signifi cant variations, the human
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! L’apport de la modélisation :

" Henderson et Loreau (2018) : on ne pourra maintenir une population de 11 
milliards d’habitants, comme attendue à la fin du siècle, qu’en préservant des 
activités humaines intensives 5 milliards d’ha soit 38% des terres 
émergées de la planète. De ces 5 milliards d’ha, les Humains retireront des 
services d’approvisionnement et de régulation indispensables.
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How ecological feedbacks between human
population and land cover influence
sustainability
Kirsten Henderson*, Michel Loreau
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Abstract

It is estimated that the Earth’s biocapacity is unable to meet current demands, which begs

the question: is a sustainable future possible for both humans and the environment? The UN

projects a human population of approximately 11 billion by the end of the 21st century; requir-

ing additional agricultural land, greater demands for natural resources, and technological

advancements. We model human population over the next century, emphasizing feedbacks

between natural and agricultural resource availability and human demography. We argue

that an intensive agriculture approach to feeding the growing population is ill-conceived, with-

out considering biodiversity and ecosystem services (e.g., nutrient cycling, pollination, water

purification, pest control). The productivity of agricultural land and human population dynam-

ics are dependent on the area of natural land—generally, tipping at 5 billion ha of natural

land (approximately 40% of the Earth’s terrestrial area). Furthermore, our model shows that

an imprudent proactive approach (i.e., focusing on agriculture and ignoring ecosystem ser-

vices) limits the success of reactive measures (i.e., restoration) in the future, while the inabil-

ity to react to changes and recover natural systems leads to human population decline.

Author summary

There exist human population projections and models of agricultural expansion or land-
use change patterns. However, the ability to combine feedbacks and concepts of popula-
tion growth and land-use change into a simple dynamical model is a unique feature that
allows us to firstly generate realistic predictions using resource use and demographic data.
Second, evaluate alternative scenarios, predict collapse and highlight opportunities for
sustainability.

Introduction

The current human population size seems almost inconceivable when compared to the history
of humanity—about 2000 times greater than 10 000 BCE. The population grew at a relatively
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Cultural flies: Conformist social
learning in fruitflies predicts
long-lasting mate-choice traditions
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Despite theoretical justification for the evolution of animal culture, empirical evidence for it
beyond mammals and birds remains scant, and we still know little about the process of cultural
inheritance. In this study, we propose a mechanism-driven definition of animal culture and test
it in the fruitfly.We found that fruitflies have five cognitive capacities that enable them to transmit
mating preferences culturally across generations, potentially fostering persistent traditions (the
main marker of culture) in mating preference. A transmission chain experiment validates a model
of the emergence of local traditions, indicating that such social transmission may lead initially
neutral traits to become adaptive, hence strongly selecting for copying and conformity. Although
this situation was suggested decades ago, it previously had little empirical support.

R
esearchers increasingly acknowledge that
cultural traditions exist in nonhuman ani-
mals, including chimpanzees (1), orang-
utans (2), cetaceans (3), meerkats (4), and
birds (5). However, thus far, examples have

been limited to higher vertebrates. Exploration
of this question in other taxa requires a trans-
ferable definition of culture. The typical crite-
rion of culture is generally that transferred traits
must be socially acquired and spread to others
repeatedly (6).
Here, we propose a definition focusing on the

properties of social learning. Integrating with
previous studies, we define animal culture as
phenotypic variation that is inherited through
a form of social learning (i.e., learning from
others) (criterion 1) (1, 5–9). Cultural inheri-
tance will occur if social learning occurs across
age classes (minimally, from older to younger
individuals) (criterion 2) (9, 10), is maintained
over the long term to be copied (criterion 3)
(11), produces trait-based copying (criterion 4)
(12), and incorporates repair or reinforcement
mechanisms (13) [e.g., conformity (5, 14, 15)
or information digitalization (16)] (criterion 5).
Lastly, to connect this mechanistic definition
with classical definitions focusing on the sole

existence of behavioral variation across pop-
ulations, we tested whether the observed cog-
nitive properties can generate local traditions
spanning over generations (the most notable
marker of culture) (13, 17). Cultural inheritance
then makes cultural variation subject to selec-
tion and evolution.
We tested this multicriterion definition in

fruitflies, which are known to have the capac-
ity to socially learn sexual preferences from the
observation of copulating conspecifics (18–20).
To test criterion 1 of social learning, we used

the “speed-learning” design (Fig. 1) (20), testing
whether, after watching a single demonstrator
female choosing between two males of con-
trasting phenotypes, an observer female shows
a bias for the male of the phenotype she saw
being chosen during the demonstration. This
two-step protocol involves a demonstration in
a tube device (fig. S1) during which an observer
female separated by a glass partition can watch
a demonstrator female freely choosing between

one green and one pink male, immediately fol-
lowed by a mate-choice test during which the
observer female chooses to copulate with one of
twonewmales, one of each color. Thepartitionwas
transparent glass (informed females) or opaque
white paper (uninformed control females).
The social learning index quantifying the

learned bias toward the male of the color pre-
ferred during demonstrations (see S1.4 in the
supplementary materials) differed between in-
formed and uninformed replicates [general-
ized linear mixed model (GLMM), Wald c2 test;
n = 127; c21 = 5.115; P = 0.024] (Fig. 1B). Unin-
formed observer females chose in a way that
did not differ from random (binomial test;n=63;
P = 1). Informed females mated preferentially
with new males of the color they saw being
chosen during the demonstration (binomial
test; n = 64; P = 0.002) (Fig. 1B) whatever the
color chosen during the demonstration (GLMM,
Wald c2 test; n = 127; c21 = 0.0112; P = 0.916).
Thus, observer females learned to prefer the
male of the color that was favored during dem-
onstrations, exhibiting social learning and ful-
filling criterion 1.
To satisfy criterion 2 of transmission across

age classes, socially learned traits must be trans-
mitted vertically or simply from older to younger
individuals (9, 10). We replicated in tubes the
horizontal informed treatment of criterion 1 (in
which both females were 3 days old) as a pos-
itive horizontal control and compared it with an
across-age-class treatment in which demonstrator
females were 11 days older (i.e., of an age similar
to that of the flies’ parents) (Fig. 2).
Both treatments were biased in favor of the

male of the color that copulated during dem-
onstrations (binomial tests; n = 65, P = 0.025,
and n = 63, P = 0.011 for horizontal and across-
age-class treatments, respectively) (Fig. 2). We
found no difference between horizontal and
across-age-class trials (GLMM, Wald c2 test; n =
128; c21 = 0.0555; P = 0.814), showing that social
transmission was equally efficient in the two
contexts and thus fulfilling criterion 2.
To satisfy culture criterion 3, that of dura-

bility, learned preferences must be maintained
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Fi g . 1 . Cr i t e r i o n 1 o f s o c i a l l e a r n i n g . (A) A situation of mate-copying in which two females watch a
copulating green male while a pink male is rejected. (B ) Social learning index of informed versus
uninformed observer females. Positive social learning indices reveal preference for the male color
chosen during demonstrations, whereas zero reveals random choice. P values above bars, binomial
tests of departure from random choice; error bars, SEM. IL
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table S2). Nonetheless, experimental chains lasted
much longer than predicted by chance, as re-
vealed by Fig. 6A , in which the blue curve (rep-
resenting observed behavior) is significantly
higher than the red curve (representing behav-
ior predicted by chance alone). These signifi-
cant differences at each step accumulated so that
the observed number of chains that reached the
eighth step was 142 times as high as the number
predicted by chance (Fig. 6B; more details are in
S1.5). Thus, because of the effect of mate-copying,
transmission chains lasted far longer than ex-
pected on the basis of chance alone.
The transmission chain experiment indicates

that the social learning capacities in Drosophila
melanogaster have the potential of stabilizing a
preference for an arbitrary male phenotype at
the scale of a population. However, for practical
reasons, we cannot perform experiments under
different conditions—for instance, under such
conditions as large populations. Thus, to ex-
plore theoretically the effects of key parameters
documented in testing criteria 1 to 5, we built a
dynamical model of culture recapitulating our
results. This model simulated a sequence of
transmission steps in which observer females
of one step became the demonstrators of the
following step, as in our transmission chain
experiment.
In infinitely large populations, the model is

deterministic. A graphical analysis shows that
nonconformist observer females (gray areas in
Fig. 7A ) always adopt an attenuated preference
at each transmission step, leading initial pref-
erence for one male phenotype to fade away
toward the black dot of Fig. 7A and generating
dynamics as in the blue curve of Fig. 7C. Con-
trastingly, conformist learning [usually modeled
with response functions entirely within the red
areas of Fig. 7A , e.g., as in (27)] reinforces any
initial preference, making population preference
persistent. In Drosophila, however, parts of the
response function (white line of Fig. 7A ) are
outside of this red area, making it difficult to
extrapolate results from previous models.
In finite populations, the model is stochastic

and cultural drift occurs, much as genetic drift
occurs in finite populations. In small popula-
tions, odds that 50% or more of the flies make
a copying “error” just by chance can be high,
each time leading to a cultural shift in the pop-
ulation mating preference (Fig. 7C and figs. S4
to S6) and thus forbidding the establishment
of a local tradition. For instance, with a mate-
copying index of 0.68 (our observed average)
(see S1.6) and six observer females, the proba-
bility that at each step at least half of the fe-
males choose the incorrect color by chance is
0.2936 (calculation in S1.5). This probability
drops rapidly with increasing population size
down to < 0.001 and < 0.0001 with 80 and 114
observer females, respectively (see S1.5). With a
mate-copying index of 0.78 (as observed in long-
term memory), odds that 50% or more observer
flies make a copying error by chance are 0.139
for six flies and drop below 0.001 and 0.0001
with only 32 and 48 observer females, respec-

tively. Thus, the bigger the population and the
higher the mate-copying index, the less frequently
cultural shifts will occur and the longer the local
population preference will persist, making it a
cultural tradition.
To study this phenomenon, we built an

individual-based model using the fruitfly re-
sponse function (as in the white line of Fig. 7A ).
Simulations under the conditions of our trans-
mission chain experiment (six observer flies, the
initial preference at 100% , and ending when the
initial preference drops to 50% or below) pro-
vided distributions of chain durations that close-
ly matched the observed ones (black curve of
Fig. 6A ), which validates our model. In view
of this validation, we then used this model to
explore the effect of sets of parameters that
would make transmission chain experiments
infeasible for the capacity of the documented
social learning function to produce persistent
population preferences and thus cultural tra-
ditions. The form of conformity observed in
Drosophila elicited long-lasting local prefer-
ence (red line, Fig. 7C) corresponding to the
stable equilibria of the infinite population model,
with tradition stability strongly depending on
both the population size and the mate-copying
index [Fig. 7B and figs. S4 to S6; see also (30)].
For instance, these traditions potentially lasted
for more than 100,000 transmission steps with
150 observer flies and a mate-copying index of
0.68 (red curve in Fig. 7B). The same result was
obtained with only 50 observer females with a
mate-copying index of 0.78 (the value observed
with long-term memory) (pink curve in Fig. 7B).
These population sizes are well below those
observed in nature (S1.6). With one step rep-
resenting 1 day (as suggested in Fig. 3), this
would mean that traditions would theoret-
ically last for thousands of fruitfly generations
(see SI.5).
Culture used to be considered to be limited

to humans. However, the range of species show-
ing patterns of local variation in behavior akin
to traditions now includes several mammals and
birds (1–4). In this study, we found that fruitfly
females express strong social learning (crite-
rion 1) across age classes (criterion 2) that is
memorized for sufficient time to be copied
(criterion 3) and is trait-based (criterion 4)
and conformist (criterion 5). With a model pa-
rameterized with the properties documented in
our experiments, we found that these social
learning properties can foster persistent local
traditions in mating preference in populations
of sizes common in nature. We have shown
that population mate preference is maintained
in transmission chains for longer than expected
on the basis of chance in a way that closely
matches our model predictions. O ur lab experi-
ments thus can be seen as a proof of concept in
the lab that D. melanogaster has all the cog-
nitive capacities and dispositions to transmit
female mating preferences culturally across
generations in ways that can elicit potentially
long-lasting traditions of preferring an arbitrary
male phenotype. This suggests that the taxo-

nomical range of culture may be much broader
than ever before envisioned.
O ur simulations also show that as predicted

by theoretical consideration (15, 27, 31), a major
characteristic for tradition emergence and main-
tenance is the existence of a correcting, or re-
pair, mechanism such as trait-based conformity
(5, 14, 27, 28, 32), as we empirically and the-
oretically document here. Conformity alone,
however, does not necessarily result in culture
and cultural inheritance (28). The fulfillment
of a battery of other criteria is also necessary
to generate persistent population preferences,
eventually leading to cultural traditions. A lthough
we adopted a demanding definition of culture
jointly addressing all criteria discussed in the
literature, the first explicit test of all these con-
ditions simultaneously involves a nonsocial in-
sect species. Cultural inheritance may thus have
been a substantial part of evolutionary processes
for extended periods of time.
O ur study trait, mate choice, has consider-

able evolutionary implications, as strong local
traditions in mating preference can amplify
local sexual selection while hampering gene
flow among populations with different tradi-
tions, favoring premating reproductive isolation
and potentially speciation (33). In this mate-
choice context, the Fisher runaway process can
lead initially neutral male traits (such as those
in our experiments) to quit neutrality as soon
as chance generates some detectable statistical
preference for one male phenotype. This starts a
snowball effect favoring conformist females, a sit-
uation that was modeled decades ago (29, 33–36)
but that still had little empirical evidence. The
tradition then becomes part of the niche to
which newcomers have to adapt by copying it
(in German, Gruppenzwang, or “peer pressure”).
Such strong selection for conformity in effect
provides a general evolutionary explanation for
mate-copying (18, 37) and speed learning (20)
because it is essential for females to quickly
grasp the local tradition before mating. More
generally, our study shows one major way by
which culture can affect evolution as it changes
the selective social context of every individual.
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Despite theoretical justification for the evolution of animal culture, empirical evidence for it
beyond mammals and birds remains scant, and we still know little about the process of cultural
inheritance. In this study, we propose a mechanism-driven definition of animal culture and test
it in the fruitfly.We found that fruitflies have five cognitive capacities that enable them to transmit
mating preferences culturally across generations, potentially fostering persistent traditions (the
main marker of culture) in mating preference. A transmission chain experiment validates a model
of the emergence of local traditions, indicating that such social transmission may lead initially
neutral traits to become adaptive, hence strongly selecting for copying and conformity. Although
this situation was suggested decades ago, it previously had little empirical support.

R
esearchers increasingly acknowledge that
cultural traditions exist in nonhuman ani-
mals, including chimpanzees (1), orang-
utans (2), cetaceans (3), meerkats (4), and
birds (5). However, thus far, examples have

been limited to higher vertebrates. Exploration
of this question in other taxa requires a trans-
ferable definition of culture. The typical crite-
rion of culture is generally that transferred traits
must be socially acquired and spread to others
repeatedly (6).
Here, we propose a definition focusing on the

properties of social learning. Integrating with
previous studies, we define animal culture as
phenotypic variation that is inherited through
a form of social learning (i.e., learning from
others) (criterion 1) (1, 5–9). Cultural inheri-
tance will occur if social learning occurs across
age classes (minimally, from older to younger
individuals) (criterion 2) (9, 10), is maintained
over the long term to be copied (criterion 3)
(11), produces trait-based copying (criterion 4)
(12), and incorporates repair or reinforcement
mechanisms (13) [e.g., conformity (5, 14, 15)
or information digitalization (16)] (criterion 5).
Lastly, to connect this mechanistic definition
with classical definitions focusing on the sole

existence of behavioral variation across pop-
ulations, we tested whether the observed cog-
nitive properties can generate local traditions
spanning over generations (the most notable
marker of culture) (13, 17). Cultural inheritance
then makes cultural variation subject to selec-
tion and evolution.
We tested this multicriterion definition in

fruitflies, which are known to have the capac-
ity to socially learn sexual preferences from the
observation of copulating conspecifics (18–20).
To test criterion 1 of social learning, we used

the “speed-learning” design (Fig. 1) (20), testing
whether, after watching a single demonstrator
female choosing between two males of con-
trasting phenotypes, an observer female shows
a bias for the male of the phenotype she saw
being chosen during the demonstration. This
two-step protocol involves a demonstration in
a tube device (fig. S1) during which an observer
female separated by a glass partition can watch
a demonstrator female freely choosing between

one green and one pink male, immediately fol-
lowed by a mate-choice test during which the
observer female chooses to copulate with one of
twonewmales, one of each color. Thepartitionwas
transparent glass (informed females) or opaque
white paper (uninformed control females).
The social learning index quantifying the

learned bias toward the male of the color pre-
ferred during demonstrations (see S1.4 in the
supplementary materials) differed between in-
formed and uninformed replicates [general-
ized linear mixed model (GLMM), Wald c2 test;
n = 127; c21 = 5.115; P = 0.024] (Fig. 1B). Unin-
formed observer females chose in a way that
did not differ from random (binomial test;n=63;
P = 1). Informed females mated preferentially
with new males of the color they saw being
chosen during the demonstration (binomial
test; n = 64; P = 0.002) (Fig. 1B) whatever the
color chosen during the demonstration (GLMM,
Wald c2 test; n = 127; c21 = 0.0112; P = 0.916).
Thus, observer females learned to prefer the
male of the color that was favored during dem-
onstrations, exhibiting social learning and ful-
filling criterion 1.
To satisfy criterion 2 of transmission across

age classes, socially learned traits must be trans-
mitted vertically or simply from older to younger
individuals (9, 10). We replicated in tubes the
horizontal informed treatment of criterion 1 (in
which both females were 3 days old) as a pos-
itive horizontal control and compared it with an
across-age-class treatment in which demonstrator
females were 11 days older (i.e., of an age similar
to that of the flies’ parents) (Fig. 2).
Both treatments were biased in favor of the

male of the color that copulated during dem-
onstrations (binomial tests; n = 65, P = 0.025,
and n = 63, P = 0.011 for horizontal and across-
age-class treatments, respectively) (Fig. 2). We
found no difference between horizontal and
across-age-class trials (GLMM, Wald c2 test; n =
128; c21 = 0.0555; P = 0.814), showing that social
transmission was equally efficient in the two
contexts and thus fulfilling criterion 2.
To satisfy culture criterion 3, that of dura-

bility, learned preferences must be maintained
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A BCopulating green male
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Fi g . 1 . Cr i t e r i o n 1 o f s o c i a l l e a r n i n g . (A) A situation of mate-copying in which two females watch a
copulating green male while a pink male is rejected. (B ) Social learning index of informed versus
uninformed observer females. Positive social learning indices reveal preference for the male color
chosen during demonstrations, whereas zero reveals random choice. P values above bars, binomial
tests of departure from random choice; error bars, SEM. IL
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table S2). Nonetheless, experimental chains lasted
much longer than predicted by chance, as re-
vealed by Fig. 6A , in which the blue curve (rep-
resenting observed behavior) is significantly
higher than the red curve (representing behav-
ior predicted by chance alone). These signifi-
cant differences at each step accumulated so that
the observed number of chains that reached the
eighth step was 142 times as high as the number
predicted by chance (Fig. 6B; more details are in
S1.5). Thus, because of the effect of mate-copying,
transmission chains lasted far longer than ex-
pected on the basis of chance alone.
The transmission chain experiment indicates

that the social learning capacities in Drosophila
melanogaster have the potential of stabilizing a
preference for an arbitrary male phenotype at
the scale of a population. However, for practical
reasons, we cannot perform experiments under
different conditions—for instance, under such
conditions as large populations. Thus, to ex-
plore theoretically the effects of key parameters
documented in testing criteria 1 to 5, we built a
dynamical model of culture recapitulating our
results. This model simulated a sequence of
transmission steps in which observer females
of one step became the demonstrators of the
following step, as in our transmission chain
experiment.
In infinitely large populations, the model is

deterministic. A graphical analysis shows that
nonconformist observer females (gray areas in
Fig. 7A ) always adopt an attenuated preference
at each transmission step, leading initial pref-
erence for one male phenotype to fade away
toward the black dot of Fig. 7A and generating
dynamics as in the blue curve of Fig. 7C. Con-
trastingly, conformist learning [usually modeled
with response functions entirely within the red
areas of Fig. 7A , e.g., as in (27)] reinforces any
initial preference, making population preference
persistent. In Drosophila, however, parts of the
response function (white line of Fig. 7A ) are
outside of this red area, making it difficult to
extrapolate results from previous models.
In finite populations, the model is stochastic

and cultural drift occurs, much as genetic drift
occurs in finite populations. In small popula-
tions, odds that 50% or more of the flies make
a copying “error” just by chance can be high,
each time leading to a cultural shift in the pop-
ulation mating preference (Fig. 7C and figs. S4
to S6) and thus forbidding the establishment
of a local tradition. For instance, with a mate-
copying index of 0.68 (our observed average)
(see S1.6) and six observer females, the proba-
bility that at each step at least half of the fe-
males choose the incorrect color by chance is
0.2936 (calculation in S1.5). This probability
drops rapidly with increasing population size
down to < 0.001 and < 0.0001 with 80 and 114
observer females, respectively (see S1.5). With a
mate-copying index of 0.78 (as observed in long-
term memory), odds that 50% or more observer
flies make a copying error by chance are 0.139
for six flies and drop below 0.001 and 0.0001
with only 32 and 48 observer females, respec-

tively. Thus, the bigger the population and the
higher the mate-copying index, the less frequently
cultural shifts will occur and the longer the local
population preference will persist, making it a
cultural tradition.
To study this phenomenon, we built an

individual-based model using the fruitfly re-
sponse function (as in the white line of Fig. 7A ).
Simulations under the conditions of our trans-
mission chain experiment (six observer flies, the
initial preference at 100% , and ending when the
initial preference drops to 50% or below) pro-
vided distributions of chain durations that close-
ly matched the observed ones (black curve of
Fig. 6A ), which validates our model. In view
of this validation, we then used this model to
explore the effect of sets of parameters that
would make transmission chain experiments
infeasible for the capacity of the documented
social learning function to produce persistent
population preferences and thus cultural tra-
ditions. The form of conformity observed in
Drosophila elicited long-lasting local prefer-
ence (red line, Fig. 7C) corresponding to the
stable equilibria of the infinite population model,
with tradition stability strongly depending on
both the population size and the mate-copying
index [Fig. 7B and figs. S4 to S6; see also (30)].
For instance, these traditions potentially lasted
for more than 100,000 transmission steps with
150 observer flies and a mate-copying index of
0.68 (red curve in Fig. 7B). The same result was
obtained with only 50 observer females with a
mate-copying index of 0.78 (the value observed
with long-term memory) (pink curve in Fig. 7B).
These population sizes are well below those
observed in nature (S1.6). With one step rep-
resenting 1 day (as suggested in Fig. 3), this
would mean that traditions would theoret-
ically last for thousands of fruitfly generations
(see SI.5).
Culture used to be considered to be limited

to humans. However, the range of species show-
ing patterns of local variation in behavior akin
to traditions now includes several mammals and
birds (1–4). In this study, we found that fruitfly
females express strong social learning (crite-
rion 1) across age classes (criterion 2) that is
memorized for sufficient time to be copied
(criterion 3) and is trait-based (criterion 4)
and conformist (criterion 5). With a model pa-
rameterized with the properties documented in
our experiments, we found that these social
learning properties can foster persistent local
traditions in mating preference in populations
of sizes common in nature. We have shown
that population mate preference is maintained
in transmission chains for longer than expected
on the basis of chance in a way that closely
matches our model predictions. O ur lab experi-
ments thus can be seen as a proof of concept in
the lab that D. melanogaster has all the cog-
nitive capacities and dispositions to transmit
female mating preferences culturally across
generations in ways that can elicit potentially
long-lasting traditions of preferring an arbitrary
male phenotype. This suggests that the taxo-

nomical range of culture may be much broader
than ever before envisioned.
O ur simulations also show that as predicted

by theoretical consideration (15, 27, 31), a major
characteristic for tradition emergence and main-
tenance is the existence of a correcting, or re-
pair, mechanism such as trait-based conformity
(5, 14, 27, 28, 32), as we empirically and the-
oretically document here. Conformity alone,
however, does not necessarily result in culture
and cultural inheritance (28). The fulfillment
of a battery of other criteria is also necessary
to generate persistent population preferences,
eventually leading to cultural traditions. A lthough
we adopted a demanding definition of culture
jointly addressing all criteria discussed in the
literature, the first explicit test of all these con-
ditions simultaneously involves a nonsocial in-
sect species. Cultural inheritance may thus have
been a substantial part of evolutionary processes
for extended periods of time.
O ur study trait, mate choice, has consider-

able evolutionary implications, as strong local
traditions in mating preference can amplify
local sexual selection while hampering gene
flow among populations with different tradi-
tions, favoring premating reproductive isolation
and potentially speciation (33). In this mate-
choice context, the Fisher runaway process can
lead initially neutral male traits (such as those
in our experiments) to quit neutrality as soon
as chance generates some detectable statistical
preference for one male phenotype. This starts a
snowball effect favoring conformist females, a sit-
uation that was modeled decades ago (29, 33–36)
but that still had little empirical evidence. The
tradition then becomes part of the niche to
which newcomers have to adapt by copying it
(in German, Gruppenzwang, or “peer pressure”).
Such strong selection for conformity in effect
provides a general evolutionary explanation for
mate-copying (18, 37) and speed learning (20)
because it is essential for females to quickly
grasp the local tradition before mating. More
generally, our study shows one major way by
which culture can affect evolution as it changes
the selective social context of every individual.
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By Andrew Whiten

C
ulture pervades every aspect of hu-

man lives, its achievements providing 

a compelling explanation for our spe-

cies’ domination of the planet (1). De-

fined as the matrix of traditions built 

by previous generations and inherited 

by social learning, culture was long thought 

to be uniquely human. In recent decades, 

however, mounting evidence for culture de-

fined in this way has accumulated for nu-

merous vertebrate species and an expanding 

diversity of behaviors (2). Examples include 

migratory knowledge in bighorn sheep (3); 

foraging techniques in humpback whales 

(4), great tits (5), and bumble bees (6); and 

tool use in apes (2). These discoveries suggest 

that although human culture has developed 

unprecedented complexities, it evolved from 

more elementary forms shared with other 

species. On page 1025 of this issue, Danchin 

et al. (7) offer evidence that a species that may 

surprise many should be added to this grow-

ing animal “culture club”: the humble fruitfly. 

They show that the mating preferences of fe-

male fruitflies are strongly influenced by the 

existing preferences they observe in other fe-

males, generating traditions that are repeat-

edly passed on to others and spread in the 

population. Animal culture may be a much 

more widespread phenomenon than hitherto 

acknowledged.

The study of Danchin et al. offers further 

surprises. The most notable concerns con-

formity—the tendency to copy whatever a 

majority of one’s companions are seen to do, 

which has long been known to take extreme 

forms in our own hypercultural species. In 

a classic human experiment, individuals 

were invited to judge which of several lines 

matched the length of a target line (8). Al-

though the answer was perceptually obvi-

ous, the experimenter arranged that before 

the subjects voiced their judgment, several 

stooges placed by the experimenter said it 

was a different line. Many subjects then con-

formed in echoing this blatantly false opin-

ion. We humans are prone to conform to 

many well-established customs, a motivation 

often interpreted as an adaptive element of 

our deeply cultural natures (1, 9). 

To test for conformity in fruitflies, Danchin 

et al. placed female fruitflies in a hexagonal 

chamber, encircled by six compartments in 

each of which they could observe a female 

fly mating with a male dusted with either 

pink or green coloring, while the male of the 

alternative color merely stood by. For some 

females, all six mating males were pink; for 

others, all were green. Other females experi-

enced displays with varying proportions of 

pink versus green males mating, or a neutral 

experience with equal proportions.

Females were then tested for their mating 

preferences. As expected, those exposed to 

the neutral case chose at random, whereas 

if they had seen mating exclusively with 

pink males they tended to choose pink, and 

similarly for those that had seen mating 

with only green males. Remarkably, how-

ever, the relationship between mating pref-

erences witnessed and mating preferences 

subsequently enacted was far from linear, 

for as soon as the deviation from equality 

was as little as 60:40, females echoed that 

bias in their mate choices as much as if it 

were 100:0. The intensity of this effect ex-

ceeds any in the limited, and debated (10), 

studies reporting such conformist transmis-

sion in birds (6) and fish (11).

Such an exaggerated copying bias has been 

called “hyperconformity” (12). Its occurrence, 

as earlier demonstrated conceptually and 

mathematically for humans (9), is of con-

siderable importance for cultural evolution-

ary theory, because it has the potential to 

maintain traditional preferences across gen-

erations (9, 12). In the case of genetically in-

herited traits, Fisher (13) showed that sexual 

selection, in which females prefer one male 

characteristic over another, can lead to a run-

away evolutionary spiral as the favored male 

characteristic becomes increasingly common 

in subsequent generations, along with female 

preferences for it. Hyperconformity could 

generate an equivalent runaway cultural ef-

fect. If female preferences are selected cultur-

ally, along with genetic selection associated 

with the preferred male characteristic, then 

genetic and cultural inheritance might inter-

act; this is a question for future research.

To empirically explore the scope for trans-

mission across cultural generations in the 

fruitflies, Danchin et al. used the hexago-

nal chamber in a different way. This time, a 

dozen virgin females were placed in the cen-

tral arena and could observe six males all of 

the same color, each mating with a female in 

the surrounding compartments. The first six 

of the observer females to successfully mate 

with a male, whether pink or green, then be-

came the “demonstrators” for a further dozen 
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Virgin female fruitflies’ choice of mating partner is 

strongly biased toward the characteristics of 

males that a majority of already-mating females 

prefer, sustaining mate-choice “cultures.”
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