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Souvenez-vous, en 2017…

2019…

Et en 2018…

density in the 1970s of 200 individuals per hectare, had dis-
appeared from the interior forest, edge habitats, and other reg-
ularly visited habitats lying within 4 km to the east and west of
the study area.

E. coqui. We conducted quasi-Poisson regressions of E. coqui
counts vs. time for censuses conducted at El Verde (Fig. 7 A and
B) by Stewart (28), and at El Verde (SI Appendix, Fig. S3 A and
B) and the Bisley watershed (SI Appendix, Fig. S3 C and D) by
Woolbright (29, 30). Data from Woolbright’s El Verde study
area were previously analyzed to investigate the impact of Hur-
ricane Hugo on Luquillo frogs (29, 30). Here we present an
analysis and interpretation. To our knowledge, no analyses of the
Bisley data have been previously published.
The quasi-Poisson regressions of E. coqui numbers vs. time

and MnMaxT for Stewart’s Activity Transect were both negative
and significant (Fig. 7 A and B) (28). The regressions of E. coqui
numbers vs. time and temperature for the Sonadura West study
area were also negative and significant (SI Appendix, Fig. S3A).
For the Sonadura Old population, only the regression of num-
bers on time was significant (P = 0.013), while the regression of
abundance on temperature was marginally insignificant (P =
0.067). Because no climate data were taken at the Bisley Tower
until 1993, we were unable to conduct regression analyses of E.
coqui numbers vs. temperature for the Bisley Stream and Bisley
forest study areas. Regressions on time were both negative and
significant (SI Appendix, Fig. S3 C and D).
The temporal pattern of E. coqui abundances in Woolbright’s

(29, 30) El Verde study area (SI Appendix, Fig. S3B) departs
from the monotonic, negative trends found in the other E. coqui
populations, and required a segmented regression consisting of
three phases. In the first phase, E. coqui numbers had a signifi-
cant negative trend followed by a rapid increase during phase
2 from 6 to 57 individuals between January and October 1990,
most likely due to immigration from surrounding areas following
Hurricane Hugo. In phase 3, the population resumed a steady
decline at about the same rate as phase 1, until the census ended

6 y later. The rapid return to the preperturbation rate of decline
suggests the ongoing influence of climate change on birth and
death rates.

Birds. To explore trends in avian abundance, we analyzed mist
netting data taken near the El Verde Field Station by Waide (31)
from 1990 to 2015, an analysis that had not been previously
published. As Fig. 7C shows, under the same yearly sampling
effort there was a significant decline in total insectivorous birds
captured per year between 1990 and 2005, with captures falling
53% from a high of 137 birds in 1990 to 64 birds in 2005. During
this period, seven of the eight most common bird species at El
Verde experienced reductions in numbers. The quasi-Poisson
regression of insectivorous birds caught per year on MnMaxT
during the period of sampling was also negative and significant
(Fig. 7D).
If the declines in arthropod resources negatively impact avian

abundance, then species with primarily granivorous or frugivorous
diets should suffer smaller declines than those consuming a greater
proportion of insects. For example, the ruddy quail dove (Geotrygon
montana), which eats grains and fruits almost exclusively, showed no
decline in abundance between 1990 and 2015 at El Verde, while
Todus mexicanus, the Puerto Rican tody, whose diet is composed
entirely of insects (26), experienced a 90% reduction in catch rate.
Using data on diets of Puerto Rican birds (26) and a Theil-Sen
nonparametric regression, we found that for six common species
the relative decline in catch rate compared with G. montana in-
creased significantly with an increase in the proportion of insects in
their diet (SI Appendix, Fig. S4).

Hierarchical Partitioning, Multiple Regression, and Cross-Correlation
Analyses. To go beyond univariate regressions of population abun-
dance on ambient temperature, we constructed multiple quasi-
Poisson regressions using independent variables identified by a hier-
archical partitioning (HP) analysis (32, 33). Given a set of predictors,
HP averages the effect of each predictor on goodness of fit measures
over all possible 2K regression models, where “K” is the number of
predictors (34, 35). This averaging alleviates the effects of multi-
collinearity and allows the explanatory impact of a given variable to
be partitioned into an effect that depends only on the predictor itself
and a joint effect shared with one or more other predictors. For each
predictor, independent and joint effects are expressed as a percent of
the total deviance explained. Variables with large independent effects
are more likely to be causal than variables with small independent
effects (33, 34). Hence, the technique is not designed to build an
optimal predictive model, but to complement the model building
process by revealing potential explanatory/causal relationships be-
tween a dependent variable and a set of predictors.

Fig. 4. Comparison of the average dry-weight biomass of arthropods
caught per 12-h day in 10 ground (A) and canopy (B) traps within the same
sampling area in the Luquillo rainforest. Numbers above the bars give the
mean daily catch rate in dry weight of arthropods per day for the respective
dates. Data for 1976 and 1977 are from Lister (22).

Fig. 3. Comparison of total dry-weight biomass for the major arthropod
taxa captured in sweep samples taken during the summer (A, C, and E) and
winter (B, D, and F) seasons 1976–1977 and 2011–2013, within the same
Luquillo forest study area. Arn, Areneida; Col, Coleoptera; Dip, Diptera; For,
Formicidae; Hem, Hemiptera; Hom, Homoptera; Hym, other Hymenoptera;
La, Lepidoptera adults; LI, Lepidoptera larvae; Ort, Orthoptera.

Lister and Garcia PNAS | vol. 115 | no. 44 | E10399

EC
O
LO

G
Y



La biodiversité s’effondre, épisode 28 : les insectes

3

2019…

“Our data document a significant loss of 
relative abundance for most species, 
especially since the 1950s until today. Species 
demanding specific habitat requirements are 
more seriously suffering under this trend 
than generalists.“ 

Généralistes

Spécialistes
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COMMENT

Recognizing the quiet extinction of
invertebrates
Nico Eisenhauer 1,2, Aletta Bonn1,3,4 & Carlos A. Guerra 1,5

Invertebrates are central to the functioning of ecosystems, yet they are under-
appreciated and understudied. Recent work has shown that they are suffering
from rapid decline. Here we call for a greater focus on invertebrates and make
recommendations for future investigation.

Invertebrates rule the world as we know it in terms of biodiversity and the functioning of
ecosystems1. This is why scientists have repeatedly called to assess this essential part of biodi-
versity as well as its ecosystem effects2. In addition to conspicuous changes of ecosystems, such
as the decline of charismatic vertebrate populations, the less obvious disappearance of many
invertebrates2,3 also has dramatic consequences for the ecosystem services humankind depends
on2,4. Recently, a report of alarming declines in invertebrate biomass3 has triggered broad public
attention that is now also percolating into political discussion and decisions in several countries.
As a consequence, new national and international biodiversity assessments, monitoring initia-
tives, and action plans are being discussed, and scientists are asked for guidance.

First cross-taxon comparisons indicate that biodiversity loss may be even more pronounced in
invertebrates (e.g., butterflies in Britain) than in plants and birds5. These studies suggest sub-
stantial changes in invertebrate diversity and community composition that have been happening
almost unnoticed and indicate that species may become extinct before we even know about their
existence6. The Red List of Threatened Species of the International Union for Conservation of
Nature (IUCN)7 is an important reference for the threat of species, but it is still heavily biased
towards vertebrates, with invertebrates being particularly underrepresented (Fig. 1). Thus, a
broader taxonomic base for threatened species assessments, adequately representing inverte-
brates, will facilitate more profound conservation and policy decisions6.

It is often the case in biodiversity assessments that there are spatial and taxonomic biases in
available data, and this is especially true for invertebrates4,8. The majority of the invertebrate taxa
that have received most attention in past biodiversity assessments is closely related to pollination.
In fact, most animal pollinators are insects (e.g., bees, flies, butterflies, moths, wasps, beetles, and
thrips), and bees are the most important pollinator group, visiting >90% of the leading global
crop types4. Over recent years, public appreciation of pollinators has grown, and bees remain
one of the better-understood taxa because of their important contributions to food security. The
most recent assessment report of the Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services on pollinators, pollination, and food production4 acknowledges that wild
pollinators (mostly invertebrates) have declined in occurrence, abundance, and/or diversity.
However, even for these widely-valued species, there are knowledge gaps, such as in regions
outside of North-West Europe and North America.

https://doi.org/10.1038/s41467-018-07916-1 OPEN
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University Jena, Jena, Germany. 5 Institute of Biology, Martin Luther University Halle Wittenberg, Halle (Saale), Halle, Germany. Correspondence and
requests for materials should be addressed to N.E. (email:nico.eisenhauer@idiv.de)
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These problems only become greater when other invertebrates
are considered. While there is spatially and temporarily detailed
data for some charismatic indicator taxa, such as butterflies in the
European Union9, information about other invertebrates is
lacking. For instance, soil invertebrates and soil-dwelling larval
stages of flying insects, which represent a major biodiversity pool
in terrestrial ecosystems, have been woefully neglected in many
biodiversity databases and assessments, as well as in conservation
actions and policies8. In addition, while assessments of inverte-
brate species richness, abundance2, and biomass3 provide
important information regarding biodiversity changes, they may
not capture more subtle yet ubiquitous changes in other biodi-
versity facets, including genetic, phylogenetic, and functional
diversity and community composition.

Monitoring biodiversity and ecosystem functioning
Invertebrates occupy many important trophic niches in natural
communities1. Decreasing or changing invertebrate diversity and
abundance can have strong effects on many ecosystem functions
and services ranging from primary productivity, to pollination,
and pest control. It adds to the complex picture that invertebrates
can also contribute to human harm, e.g., mosquitos and ticks,
which may have complex responses to climate change and habitat
conversion. At the same time, many important invertebrate taxa
that provide critical ecosystem services are still insufficiently
represented in biodiversity monitoring. In fact, recent work has
demonstrated that the diversity of soil invertebrates is of parti-
cular importance for the provisioning of multiple ecosystem
functions and services across ecosystem types10,11, including soil
erosion control and nutrient cycling.

As the need for improved monitoring of biodiversity becomes
clearer, so does the need for comprehensive and widely-adopted
strategies. Given that a major fraction of invertebrates lives below

the ground, and considering their significant functional role10,11,
biodiversity monitoring urgently needs to include soil organisms
and functions8. Accordingly, biodiversity monitoring has to go
hand in hand with ecosystem function monitoring to be able to
recognize the functional consequences of changes in biodiversity.
We have the appropriate tools at hand to monitor multiple
ecosystem functions in a standardized way, e.g., through rapid
ecosystem assessments of functions and ecological interactions
that determine the functioning of ecosystems12.

Biodiversity and ecosystem function monitoring should be
partnered with experimental validation of causal relationships
and the exploration of process-based mechanisms. For instance,
invertebrate effects can be studied under field conditions by
manipulating their density and composition using exclosures13,
and mesocosm laboratory experiments can be a promising tool to
study multitrophic biodiversity-function relationships and the
role of focal invertebrate taxa. However, there have been very few
studies exploring the effects of higher trophic level invertebrates
such as predators, and those that do exist have been performed
almost exclusively in aquatic ecosystems.

Biodiversity monitoring also needs to consider multiple facets
of biodiversity14, moving from focusing on the red list status or
well-known species to analyzing functional traits (e.g., body mass,
feeding type, trophic position, movement mode) and their roles in
ecosystems. Accordingly, biodiversity metrics representing intra-
kingdom and inter-kingdom interactions (type, network struc-
tures), genetic, taxonomic, and functional diversity should be
considered. Furthermore, monitoring should address the com-
plexities of spatial scale and wider landscape contexts, as well as
the drivers of biodiversity change, such as climate change and
land-use change, that may act at different spatial scales. Scientists
should agree on representative and repeated sampling methods
for different focal taxa and functions and how data from different
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69,276
species

2%

Invertebrates
1,305,250
species

0.14%

Fungi &
Protists
52,280 species

Fig. 1 Underrepresentation of invertebrates on IUCN Red List. Examples for percentages of species assessed on IUCN Red List by 2018 in comparison to the
number of described species7. Notably, there is high variability in the percentage of evaluated species within these broad categories. For instance, only
~0.8% of all described insect species was evaluated in 2018. Photo credits: panda: Eric Isselée; butterfly: Fotokon; tree: Production Perig; fungi: ksena32 (all
Fotolia.de)
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closely related species responded more sim-
ilarly than species pairs selected at random
(Blomberg’s K = 0.23, P = 0.049) (Fig. 1). The
clades most resilient to land-use change in-
cluded Bombus and Lasioglossum (Dialictus),

which are among the most commonly collected
wild bees in North America. Diversification rate
analysis suggests that L. (Dialictus) has under-
gone a recent rapid radiation (fig. S6). This
result indicates that agriculturally dominated

landscapes favor more recent, less evolutionar-
ily distinct species, a finding paralleled in neo-
tropical birds (22). Our analyses reveal several
clades sensitive to land-use change, including
many Andrena species. The relative sensitivity
of Andrena to land-use change compared with
Bombus and L. (Dialictus) may be driven by their
different life histories. Andrena are solitary
and have a narrow flight phenology, where-
as social species and those with longer flight
phenology [e.g., Bombus and L. (Dialictus)]
are favored in agricultural rather than more
natural landscapes (21). Our results, there-
fore, underscore the utility of methods that
account for shared evolutionary history for
understanding how communities are altered
in response to environmental stressors.
Clade loss may lead to a reduction in the

suite of functional traits present in pollinator
communities when these traits show phyloge-
netic signal. In this study, we found that closely

Grab et al., Science 363, 282–284 (2019) 18 January 2019 2 of 3

Fig. 1. Time-calibrated phylogeny of the apple bee community. Tip labels indicate species’
response (z-score) to increasing agricultural land cover at the 750-m scale for the 44 taxa observed
more than 10 times across all surveys. Color represents the magnitude of the response (dark red
indicates strong negative, dark blue indicates strong positive). The root is at 117 million years (Ma)
with 5 Ma increments to present. Posterior probabilities are 1.0 for all nodes. Communities in
mixed-use landscapes are likely to contain species from across the entire tree, whereas those in
agriculturally dominated landscapes will contain species with white or blue tip markers. [Bee images
(copyright of Joseph Wilson) are used with permission.]

Fig. 2. Relationship between the percent
agricultural cover in the surrounding land-
scape at a 750-m radius and per-transect
community diversity metrics. In highly agri-
cultural landscapes, (A) the mean pairwise
phylogenetic distance separating individuals is
lower, (B) fewer species are observed per
transect, and (C) the evolutionary history
represented by communities is lower. Points are
semitransparent to aid in visualizing overlap.
Solid lines indicate a significant relationship
between variables at P < 0.05, shading repre-
sents 95% confidence interval.
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Agriculturally dominated landscapes
reduce bee phylogenetic diversity and
pollination services
Heather Grab1*, Michael G. Branstetter2, Nolan Amon1,3, Katherine R. Urban-Mead1,
Mia G. Park4, Jason Gibbs5, Eleanor J. Blitzer6, Katja Poveda1,
Greg Loeb7, Bryan N. Danforth1

Land-use change threatens global biodiversity and may reshape the tree of life by
favoring some lineages over others. Whether phylogenetic diversity loss compromises
ecosystem service delivery remains unknown. We address this knowledge gap using
extensive genomic, community, and crop datasets to examine relationships among land
use, pollinator phylogenetic structure, and crop production. Pollinator communities
in highly agricultural landscapes contain 230 million fewer years of evolutionary history;
this loss was strongly associated with reduced crop yield and quality. Our study links
landscape–mediated changes in the phylogenetic structure of natural communities to
the disruption of ecosystem services. Measuring conservation success by species
counts alone may fail to protect ecosystem functions and the full diversity of life from
which they are derived.

A
preponderance of evidence supports the
positive relationship between biodiversity
and ecosystem functioning (1–3), partic-
ularly the link between trait diversity and
ecosystem function (4–6). In communities

where species have high functional trait overlap,
often owing to recent shared evolutionary his-
tory, each individual species contributes less to
overall community function and potentially less
to the many ecosystem services derived from
the functioning of healthy ecosystems (7, 8).
Alternatively, closely related species may pro-
vide redundancy that ensures resilience of func-
tion under variable environmental conditions,
or they may diverge in their traits through
strong competition resulting in high function
even among communities consisting of closely
related species. Currently, it is unclear whether
losses of more closely or distantly related spe-
cies will have a greater affect on the mag-
nitude of ecosystem functions. Phylogenetic
diversity is a measure of the evolutionary his-
tory represented within a community. It not
only captures similarities in traits that mediate
responses to the environment (9) but also

reflects similarities among taxa in the traits
that contribute to ecosystem function (10).
Understanding the role of nonrandom spe-
cies loss with respect to phylogeny is essential
for effectively prioritizing the conservation of
either functionally important or evolutionarily
diverse lineages and maintaining ecosystem
function and associated ecosystem services.
Land-use change, associated with the tran-

sition from natural to agricultural lands, is a
primary driver of biodiversity loss worldwide
(11), threatening even those organisms that de-
liver essential ecosystem services to agriculture
(12, 13). Bees are responsible for pollinating the
majority of our most valuable and nutritious
crops (14, 15). Diverse bee communities ensure
high and stable delivery of pollination services
(16), but habitat loss and agricultural intensi-
fication have been implicated in recent bee
declines (17). The suite of traits exhibited by
different bee species mediates their ability to
persist in agricultural landscapes (18). These
traits may be conserved among closely related
taxa. Because lineages vary in their response to
land-use change (18), loss of taxonomic diver-
sity is not expected to be uniform across the
phylogeny (9, 19, 20). However, the extent
and pattern by which landscape simplifica-
tion prunes the evolutionary history repre-
sented within pollinator communities remain
poorly studied. Furthermore, we know little
about the consequences of lost evolutionary
history for ecosystem function, including polli-
nation services.
To examine interactions among land-use

change, phylogenetic diversity, and ecosystem
function, we quantify changes in bee phyloge-
netic diversity across a landscape gradient. Spe-

cifically, we combine a time-calibrated genomic
phylogeny (Fig. 1 and fig. S1) with extensive
pollinator community and pollination datasets.
The pollinator community data are derived from
sampling in 27 apple orchards over 10 years
(8700 records of 88 species). Landscape com-
position in a 750-m radius surrounding each
orchard varied from a heterogeneous mix of
forest, urban, old-field, and agricultural land to
homogeneous landscapes dominated by agri-
culture (fig. S2). Our analyses focused on two
unresolved questions: (i) How does land-use
change influence the phylogenetic structure
of pollinator communities in agroecosystems?
(ii) What are the consequences of phylogenetic
diversity loss on pollination services and crop
yield?
We found that species loss due to agricul-

turally driven land-use change is not random
across the bee phylogeny. Rather, some branches
of the bee tree of life are “pruned” more heavily
than others, resulting in communities that con-
tain more closely related species in highly agri-
cultural landscapes compared with those found
in landscapes with less agricultural cover [F(1,48) =
10.25, P = 0.002] (Fig. 2A). Although species
richness was 55% lower in orchards with the
highest proportion of agriculture in the land-
scape [F(1,48) = 8.19, P = 0.006] (Fig. 2B), the
loss of phylogenetic diversity was greater than
would be expected as a result of changes in
species richness alone [F(1,48) = 8.60, P = 0.005]
(fig. S3). We estimate that pollinator com-
munities lose 35 million years of evolutionary
history for every 10% increase in agricultural
cover within the landscape [F(1,48) = 13.41, P =
0.001] (Fig. 2C), which represents a 49% re-
duction in total evolutionary history compared
with communities in landscapes with low ag-
ricultural cover.
Loss of phylogenetic diversity from pollina-

tor communities along the land-use gradient
could occur in two different ways. First, clades
may be pruned from the full set of species pres-
ent in landscapes with low agricultural cover.
Alternatively, agricultural landscapes may favor
particular clades, whereas other, perhaps more
diverse, branches of the tree are favored in more
complex landscapes, as has recently been shown
(21). The first scenario would generate a pattern
in which communities along the land-use gra-
dient exhibit a nested structure, and the second
scenario would lead to a pattern of strong spe-
cies turnover, as the clades present in highly
agricultural landscapes are not those favored
in more diverse landscapes and vice versa
(fig. S4). Here, we find that bee communities
ordered along the agricultural gradient ex-
hibit greater nestedness (t = −105.59, df = 99,
P < 0.05) (fig. S5) and lower turnover (t = 96.63,
df = 99, P < 0.05) than would be expected by
chance, which suggests that land-use changes
are pruning lineages from the more complete
communities present in landscapes with low
agricultural cover.
Although individual taxa varied in their re-

sponse to increasing agricultural land cover,
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taxa. Because lineages vary in their response to
land-use change (18), loss of taxonomic diver-
sity is not expected to be uniform across the
phylogeny (9, 19, 20). However, the extent
and pattern by which landscape simplifica-
tion prunes the evolutionary history repre-
sented within pollinator communities remain
poorly studied. Furthermore, we know little
about the consequences of lost evolutionary
history for ecosystem function, including polli-
nation services.
To examine interactions among land-use

change, phylogenetic diversity, and ecosystem
function, we quantify changes in bee phyloge-
netic diversity across a landscape gradient. Spe-

cifically, we combine a time-calibrated genomic
phylogeny (Fig. 1 and fig. S1) with extensive
pollinator community and pollination datasets.
The pollinator community data are derived from
sampling in 27 apple orchards over 10 years
(8700 records of 88 species). Landscape com-
position in a 750-m radius surrounding each
orchard varied from a heterogeneous mix of
forest, urban, old-field, and agricultural land to
homogeneous landscapes dominated by agri-
culture (fig. S2). Our analyses focused on two
unresolved questions: (i) How does land-use
change influence the phylogenetic structure
of pollinator communities in agroecosystems?
(ii) What are the consequences of phylogenetic
diversity loss on pollination services and crop
yield?
We found that species loss due to agricul-

turally driven land-use change is not random
across the bee phylogeny. Rather, some branches
of the bee tree of life are “pruned” more heavily
than others, resulting in communities that con-
tain more closely related species in highly agri-
cultural landscapes compared with those found
in landscapes with less agricultural cover [F(1,48) =
10.25, P = 0.002] (Fig. 2A). Although species
richness was 55% lower in orchards with the
highest proportion of agriculture in the land-
scape [F(1,48) = 8.19, P = 0.006] (Fig. 2B), the
loss of phylogenetic diversity was greater than
would be expected as a result of changes in
species richness alone [F(1,48) = 8.60, P = 0.005]
(fig. S3). We estimate that pollinator com-
munities lose 35 million years of evolutionary
history for every 10% increase in agricultural
cover within the landscape [F(1,48) = 13.41, P =
0.001] (Fig. 2C), which represents a 49% re-
duction in total evolutionary history compared
with communities in landscapes with low ag-
ricultural cover.
Loss of phylogenetic diversity from pollina-

tor communities along the land-use gradient
could occur in two different ways. First, clades
may be pruned from the full set of species pres-
ent in landscapes with low agricultural cover.
Alternatively, agricultural landscapes may favor
particular clades, whereas other, perhaps more
diverse, branches of the tree are favored in more
complex landscapes, as has recently been shown
(21). The first scenario would generate a pattern
in which communities along the land-use gra-
dient exhibit a nested structure, and the second
scenario would lead to a pattern of strong spe-
cies turnover, as the clades present in highly
agricultural landscapes are not those favored
in more diverse landscapes and vice versa
(fig. S4). Here, we find that bee communities
ordered along the agricultural gradient ex-
hibit greater nestedness (t = −105.59, df = 99,
P < 0.05) (fig. S5) and lower turnover (t = 96.63,
df = 99, P < 0.05) than would be expected by
chance, which suggests that land-use changes
are pruning lineages from the more complete
communities present in landscapes with low
agricultural cover.
Although individual taxa varied in their re-

sponse to increasing agricultural land cover,
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Pollinator communities in highly agricultural 
landscapes contain 230 million fewer years of 
evolutionary history; this loss was strongly 
associated with reduced crop yield and quality.

Our study links landscape–mediated changes in 
the phylogenetic structure of natural 
communities to the disruption of ecosystem 
services. Measuring conservation success by 
species counts alone may fail to protect 
ecosystem functions and the full diversity of life 
from which they are derived.
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Pest control in agriculture is mainly based on the application of
insecticides, which may impact nontarget beneficial organisms
leading to undesirable ecological effects. Neonicotinoids are among
the most widely used insecticides. However, they have important
negative side effects, especially for pollinators and other beneficial
insects feeding on nectar. Here, we identify a more accessible ex-
posure route: Neonicotinoids reach and kill beneficial insects that
feed on the most abundant carbohydrate source for insects in
agroecosystems, honeydew. Honeydew is the excretion product
of phloem-feeding hemipteran insects such as aphids, mealybugs,
whiteflies, and psyllids. We allowed parasitic wasps and pollinat-
ing hoverflies to feed on honeydew from hemipterans feeding
on trees treated with thiamethoxam or imidacloprid, the most
commonly used neonicotinoids. LC-MS/MS analyses demonstrated
that both neonicotinoids were present in honeydew. Honeydew
with thiamethoxam was highly toxic to both species of beneficial
insects, and honeydew with imidacloprid was moderately toxic to
hoverflies. Collectively, our data provide strong evidence for hon-
eydew as a route of insecticide exposure that may cause acute or
chronic deleterious effects on nontarget organisms. This route
should be considered in future environmental risk assessments
of neonicotinoid applications.

environmental risk assessment | thiamethoxam | honeydew | pollinators |
biological control agents

Growing evidence of important declines in insect populations
has caused great concern because of the valuable ecosystem

services that insects provide, such as pollination, biological
control, nutrient cycling, and providing food sources to higher
trophic levels in the food web (1–7). Some of the suggested
causes for the decline in insect populations are the loss of their
natural habitat, climate change, and the widespread use of in-
secticides (1–4, 7). Insecticide applications usually result in rapid
mortality of the target herbivore species. However, insecticides
can also affect beneficial insects directly, as well as indirectly
through the food chain (8, 9). Neonicotinoids are among the
most widely used and toxic insecticides, accounting for more
than 20% of the world´s insecticide market (10). In 2012, they
were used in important crops such as citrus, cotton, oilseed rape,
soybean, ornamentals, fruits, greenhouse vegetables, potato, rice,
sunflower seed, or maize (11). In that year, imidacloprid and
thiamethoxam accounted for the largest share of authorized in-
secticide use in Europe, with 30 and 25%, respectively (11). In
Europe, 70% of the neonicotinoid treatments were sprays,
whereas less than 20% were seed treatments, and the rest were
other application methods such as drip irrigation (11). In 2014,
33% of the 239,000 ha dedicated to citrus production in Cal-
ifornia (USA) (12, 13) was treated with soil or foliar applications
of imidacloprid and this insecticide remained in trees for more
than 1 y (14). These neonicotinoid-treated trees can be infested
by various species of phloem-feeding insects that survive the
treatment and excrete honeydew (15, 16).

In contrast to previous generations of insecticides, neonicotinoids
act systemically throughout the plant. Their use is questioned be-
cause of the impact on beneficial insects, mainly bees (1, 17).
One of the best-known routes of exposure of beneficial insects to
neonicotinoids is through contaminated floral nectar and pollen
(9, 17). Neonicotinoids reach these plant-derived food sources at
concentrations ranging from 0.7 to 39 μg/kg (14, 17, 18). Many
insects are exposed to neonicotinoids when they feed on nectar
and pollen during the flowering period of crops. However, floral
nectar and pollen are scarce and limited to only the brief flowering
period in many agroecosystems (19, 20).
Honeydew is the most important source of carbohydrates in

many ecosystems, especially in agricultural fields (19–22). Hon-
eydew is the sugar-rich excretion of phloem-feeding insects such
as aphids, whiteflies, mealybugs, coccids, and psyllids that feed
on crops, weeds, or the surrounding vegetation. This rich and
ubiquitous food source is exploited by many beneficial insects,
including bees, ants, parasitic wasps, and predators (19, 22), in-
creasing their fitness by feeding on honeydew (19, 20, 22–24). For
instance, a great number of ant species, which protect honeydew
producers, feed on honeydew and would not survive without it (22).
Similarly, more than 50% of the naturally occurring parasitic wasps
collected in wheat fields and citrus orchards had recently fed on
honeydew (25, 26). Most of these parasitic wasps would die in less

Significance

The use of insecticides in agriculture is one of the suggested
causes of the decline in insect populations. Neonicotinoids are
among the most widely used insecticides. However, they have
important negative side effects, especially for pollinators and
other beneficial insects feeding on floral nectar and pollen. We
identified an exposure route: Neonicotinoids reach and kill
beneficial insects when they feed on the most abundant car-
bohydrate source for insects in agroecosystems, honeydew.
Honeydew is the excretion product of phloem-feeding hemip-
teran insects such as aphids, mealybugs, whiteflies, or psyllids.
This route of exposure is likely to affect a much wider range of
beneficial insects and crops than contaminated nectar. Therefore,
it should be included in future environmental risk assessments of
neonicotinoids.
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F2, 27 = 23.98, P < 0.0001) (Fig. 1 B, Right). The corrected
mortality was 57.4% the parasitic wasps fed on honeydew excreted
by mealybugs feeding on thiamethoxam-treated trees. After these 3 d,
parasitic wasps that fed on honeydew excreted by mealybugs
feeding on thiamethoxam-treated trees lived significantly shorter
(7.8 ± 0.5 d) than those fed on control honeydew (12.1 ± 0.4 d)
or on honeydew of mealybugs that had fed on imidacloprid-
treated trees (11.4 ± 0.4 d) (Cox’s Proportional Hazards: χ22 =
43.06, P < 0.0001) (Fig. 2 B, Right). Longevity of parasitic wasps
fed on control honeydew or honeydew from mealybugs fed
on imidacloprid-treated trees was similar (Fig. 2B). Both
neonicotinoids resulted in higher mortality in the hoverfly than
in the parasitic wasp. This may be due to a greater feeding rate
and/or a lower detoxification capacity of the hoverfly. For ex-
ample, bumblebees are more susceptible than honey bees to
ingested neonicotinoids because their feeding rate is greater
(37). In our study, we also observed qualitatively that the
hoverflies ingested more honeydew than the parasitic wasps.

Detection of Neonicotinoids in Honeydew. The presence and con-
centration of imidacloprid and thiamethoxam in the honeydew
samples were further analyzed for both soil- and foliar-treated
trees using LC-MS/MS (SI Appendix, Figs. S1–S3). In soil-treated
trees, thiamethoxam was detected in mealybug-produced honeydew
from 71.4 ± 18.4% of the trees sampled throughout the 5 d that
the experiment lasted (Fig. 3 and SI Appendix, Table S4). These
samples contained 18.3 ± 7.6 ng of thiamethoxam/mL of honeydew
(ppb). Imidacloprid was detected in mealybug-produced honeydew
from 42.9 ± 20.2% of the trees sampled throughout the 5 d of
the experiment. These samples contained 15.6 ± 1.4 ng of
imidacloprid/mL of honeydew (ppb). Neither thiamethoxam nor
imidacloprid was detected in honeydew produced by mealybugs
feeding on water-treated trees (Fisher’s exact test, P = 0.031). In
foliar-treated trees, thiamethoxam was detected in mealybug-
produced honeydew from 66.7 ± 21.1% of the trees sampled

throughout the 5 d that the experiment lasted (Fig. 3 and SI Ap-
pendix, Table S5). Imidacloprid was detected in mealybug-produced
honeydew from 71.4 ± 18.4% of the trees sampled throughout the
5 d of the experiment (Fig. 3 and SI Appendix, Table S5). These
samples contained 68.1 ± 11.6 ng of imidacloprid/mL of honeydew
(ppb). As in the previous experiment, neither thiamethoxam nor
imidacloprid were detected in honeydew samples collected from
control trees (Fisher’s exact test, P = 0.023).
Our results demonstrate that honeydew is a route of exposure

to neonicotinoids for beneficial insects. Honeydew contaminated
with neonicotinoids may be present in numerous ecosystems.
These insecticides are used worldwide in many crops that, con-
currently, are infested by honeydew producers. Moreover, these
insecticides even occur in 93% of organic soils and crops, that
had not been treated with neonicotinoids for the last 10 y (34).
Our study focused on citrus trees. As mentioned above, citrus is
not the only crop in which neonicotinoids are routinely applied.
For instance, in 2011, 79 to 100% of corn and 34 to 44% of
soybean seeds were treated with neonicotinoids in the United
States (35.1 and 32.5 million ha, respectively). These crops are
infested by phloem-feeding insects that continuously excrete
honeydew when they are resistant/tolerant to neonicotinoids or
when neonicotinoid concentration in the plant decreases and
they can feed and develop at these lower concentrations (13, 38).
The high accessibility of honeydew excreted by numerous phloem-

feeding insect species throughout the year suggests that contami-
nated honeydew represents a highly toxic carbohydrate source for
beneficial arthropods (19, 20, 22). For example, predators (21), ants
(22), pollinators such as honey bees, solitary bees, bumblebees (19,
22, 28) and even vertebrates like birds (39) have been observed
feeding on honeydew. Unavoidably, insecticides applied to control
insect pests may have repercussions on organisms at different trophic
levels. Insecticides taken up by lower trophic levels, i.e., herbivores,
can cascade up to higher trophic levels of a food web. In addition to
the direct pathway of contamination through nectar, honeydew
readily drops from colonies and hence there is further potential for
nontarget soil-dwelling organisms to be affected via this route.

Conclusion
Due to the negative effects of neonicotinoids on nontarget or-
ganisms, especially honey bees, the European Commission has
recently banned the use of imidacloprid, thiamethoxam, and
clothianidin in open agroecosystems in the member states after a
risk assessment report of the European Food Safety Authority
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Fig. 3. Honeydew contaminated by neonicotinoid insecticides. Percentage
(mean ± SE) of soil-treated trees (Left) or foliar-treated trees (Right) with
P. citri honeydew contaminated by neonicotinoids. Neonicotinoids were
detected using LC-MS/MS. Columns with different letters are significantly
different from each other (Fisher´s exact test, P < 0.05; number of trees per
treatment = 6 to 7).

Fig. 2. Survival of beneficial insects fed on honeydew contaminated with
neonicotinoid insecticides. Survival curves estimated by Kaplan–Meier of (A)
the pollinating hoverfly S. rueppellii, and (B), the parasitic wasp A. pseudococci
fed on honeydew of P. citri feeding on water-treated trees or on honeydew of
P. citri feeding on soil- (Left) or foliar-treated trees (Right) with the
neonicotinoid insecticides imidacloprid or thiamethoxam.
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Monarch butterfly and milkweed declines substantially
predate the use of genetically modified crops
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Monarch butterfly (Danaus plexippus) decline over the past 25
years has received considerable public and scientific attention, in
large part because its decline, and that of its milkweed (Asclepias
spp.) host plant, have been linked to genetically modified (GM)
crops and associated herbicide use. Here, we use museum and
herbaria specimens to extend our knowledge of the dynamics of
both monarchs and milkweeds in the United States to more than a
century, from 1900 to 2016. We show that both monarchs and
milkweeds increased during the early 20th century and that re-
cent declines are actually part of a much longer-term decline in
both monarchs and milkweed beginning around 1950. Herbicide-
resistant crops, therefore, are clearly not the only culprit and,
likely, not even the primary culprit: Not only did monarch and
milkweed declines begin decades before GM crops were intro-
duced, but other variables, particularly a decline in the number of
farms, predict common milkweed trends more strongly over the
period studied here.

genetically modified crops | monarch butterfly | milkweed | herbarium |
specimen records

The monarch butterfly (Danaus plexippus) is a large, showy
Nymphalid butterfly best known for its migration, in which

monarchs from a small overwintering area in Mexico recolonize
breeding grounds across eastern North America over the course
of several summer generations, followed by a single migration
back to Mexico in the autumn (1, 2). Over the past 25 y, this
migratory population of the monarch has experienced a drastic
decline, as much as 80%, as measured at the overwintering area
in Mexico (3, 4). Surveys of both immature and adult stages
suggest a decline at the breeding grounds as well (5). Several
hypotheses have been put forward to explain this decline: loss of
overwintering habitat (6); severe weather, both at the over-
wintering grounds and along the migratory corridor (6, 7); in-
secticide use (7); and loss of nectar plants along the migration
corridor (7). Probably the best known hypothesis, however, is
that of habitat loss in the summer breeding grounds, driven by
the expansion of herbicide-tolerant genetically modified (GM)
crops. This is commonly proposed in both the scientific (3, 6, 8, 9)
(but see ref. 7) and public (10, 11) literature. Because there are
few described instances of GM crops causing declines in species
outside of agricultural fields (12), the monarch has become a
touchpoint for debates over GM crops.
The proposed link between GM crops and monarch declines is

this. Previous work has identified the decline of milkweed
(Asclepias spp.), monarch’s food source and egg nursery, as a
likely culprit in monarch decline (8). GM crops, in turn, have
been identified as the major cause of milkweed decline (8, 13):
Because GM crops are frequently engineered to be resistant to
glyphosate or other herbicides, herbicides are sprayed indis-
criminately across crop fields, killing all nonresistant plants. This is
especially harmful to common milkweed, Asclepias syriaca. Although
D. plexippus caterpillars are able to feed on at least 30 species of
milkweed (14), currently the most important host species for
D. plexippus in their summer breeding grounds is A. syriaca (15),
likely because of its former abundance in agricultural fields (16, 17).
It is clear that herbicide treatments kill milkweed; however,

the importance of GM crops in milkweed and monarch declines

is not yet clear, with some evidence pointing to other factors as
more important drivers of the observed decline. The best evidence
for this is that the decline of monarch butterflies appears to pre-
date the use of GM crops. The monarch population size has been
recorded in the overwintering grounds since 1993 (4), and the
population decline is thought to be either linear or exponential
over this period (5, 6). However, herbicide-resistant crops were
not introduced until 1996, and initially accounted for only 2% of
US cropland (SI Appendix, Fig. S2). Herbicide-resistant GM varieties
are available for corn, soy, and cotton; half of the acreage of
these crops was herbicide-resistant in 2004, and half of all crops
were herbicide-resistant by 2013 (SI Appendix, Fig. S2). Since few
acres were planted with herbicide-resistant crops during the be-
ginning of the monarch decline, monarch and milkweed declines
may have begun some time before the advent of herbicide-tolerant
crops. However, because monarchs, like many insects, exhibit
substantial year-to-year variation in population size (4), it is
challenging to test this hypothesis using the currently available
datasets, which include only 10 or so data points from before the
widespread use of GM crops. Here, we use natural history col-
lections to test this hypothesis across a much longer period,
spanning the 117-y period from 1900 to 2016.

Results
Abundance Trends in the Genus Asclepias and Species Danaus plexippus
from 1900 to 2016.We extracted digitized collection information for
1,191 specimens of D. plexippus and 39,510 specimens of Asclepias
collected from 1900 to 2016 (Table 1). Since collection effort has
varied over this time period (SI Appendix, Fig. S1), we accounted

Significance

The recent decline of the monarch butterfly has attracted a
great deal of attention. One of the leading hypotheses blames
genetically modified (GM) crops, ostensibly because of the
impact of GM-related herbicide use on the monarch’s food
plants, milkweeds. Here, we use museum specimen records to
chart monarch and milkweed occurrence over the past century
(1900 to 2016), dating well before previous datasets begin (in
1993). We show that monarch and milkweed declines begin
around 1950 and continue until the present day. Whatever
factors caused milkweed and monarch declines prior to the
introduction of GM crops may still be at play, and, hence, lay-
ing the blame so heavily on GM crops is neither parsimonious
nor well supported by data.
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Monarch butterfly (Danaus plexippus) decline over the past 25
years has received considerable public and scientific attention, in
large part because its decline, and that of its milkweed (Asclepias
spp.) host plant, have been linked to genetically modified (GM)
crops and associated herbicide use. Here, we use museum and
herbaria specimens to extend our knowledge of the dynamics of
both monarchs and milkweeds in the United States to more than a
century, from 1900 to 2016. We show that both monarchs and
milkweeds increased during the early 20th century and that re-
cent declines are actually part of a much longer-term decline in
both monarchs and milkweed beginning around 1950. Herbicide-
resistant crops, therefore, are clearly not the only culprit and,
likely, not even the primary culprit: Not only did monarch and
milkweed declines begin decades before GM crops were intro-
duced, but other variables, particularly a decline in the number of
farms, predict common milkweed trends more strongly over the
period studied here.
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The monarch butterfly (Danaus plexippus) is a large, showy
Nymphalid butterfly best known for its migration, in which

monarchs from a small overwintering area in Mexico recolonize
breeding grounds across eastern North America over the course
of several summer generations, followed by a single migration
back to Mexico in the autumn (1, 2). Over the past 25 y, this
migratory population of the monarch has experienced a drastic
decline, as much as 80%, as measured at the overwintering area
in Mexico (3, 4). Surveys of both immature and adult stages
suggest a decline at the breeding grounds as well (5). Several
hypotheses have been put forward to explain this decline: loss of
overwintering habitat (6); severe weather, both at the over-
wintering grounds and along the migratory corridor (6, 7); in-
secticide use (7); and loss of nectar plants along the migration
corridor (7). Probably the best known hypothesis, however, is
that of habitat loss in the summer breeding grounds, driven by
the expansion of herbicide-tolerant genetically modified (GM)
crops. This is commonly proposed in both the scientific (3, 6, 8, 9)
(but see ref. 7) and public (10, 11) literature. Because there are
few described instances of GM crops causing declines in species
outside of agricultural fields (12), the monarch has become a
touchpoint for debates over GM crops.
The proposed link between GM crops and monarch declines is

this. Previous work has identified the decline of milkweed
(Asclepias spp.), monarch’s food source and egg nursery, as a
likely culprit in monarch decline (8). GM crops, in turn, have
been identified as the major cause of milkweed decline (8, 13):
Because GM crops are frequently engineered to be resistant to
glyphosate or other herbicides, herbicides are sprayed indis-
criminately across crop fields, killing all nonresistant plants. This is
especially harmful to common milkweed, Asclepias syriaca. Although
D. plexippus caterpillars are able to feed on at least 30 species of
milkweed (14), currently the most important host species for
D. plexippus in their summer breeding grounds is A. syriaca (15),
likely because of its former abundance in agricultural fields (16, 17).
It is clear that herbicide treatments kill milkweed; however,

the importance of GM crops in milkweed and monarch declines

is not yet clear, with some evidence pointing to other factors as
more important drivers of the observed decline. The best evidence
for this is that the decline of monarch butterflies appears to pre-
date the use of GM crops. The monarch population size has been
recorded in the overwintering grounds since 1993 (4), and the
population decline is thought to be either linear or exponential
over this period (5, 6). However, herbicide-resistant crops were
not introduced until 1996, and initially accounted for only 2% of
US cropland (SI Appendix, Fig. S2). Herbicide-resistant GM varieties
are available for corn, soy, and cotton; half of the acreage of
these crops was herbicide-resistant in 2004, and half of all crops
were herbicide-resistant by 2013 (SI Appendix, Fig. S2). Since few
acres were planted with herbicide-resistant crops during the be-
ginning of the monarch decline, monarch and milkweed declines
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Results
Abundance Trends in the Genus Asclepias and Species Danaus plexippus
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Significance

The recent decline of the monarch butterfly has attracted a
great deal of attention. One of the leading hypotheses blames
genetically modified (GM) crops, ostensibly because of the
impact of GM-related herbicide use on the monarch’s food
plants, milkweeds. Here, we use museum specimen records to
chart monarch and milkweed occurrence over the past century
(1900 to 2016), dating well before previous datasets begin (in
1993). We show that monarch and milkweed declines begin
around 1950 and continue until the present day. Whatever
factors caused milkweed and monarch declines prior to the
introduction of GM crops may still be at play, and, hence, lay-
ing the blame so heavily on GM crops is neither parsimonious
nor well supported by data.
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Discussion
Both monarchs and milkweeds increase at the beginning of our
study period before declining to their present abundance. The
reliability of these trends depends on the assumption that the
number of museum specimens collected in a given year is pro-
portional to population size. With the recent increase in the
availability of digitized specimen records, this assumption has
now received some attention, at least with respect to plant records
(22, 25). Perhaps the most obvious biases are spatiotemporal:
Collection effort is well-known to vary widely across time and

space (22, 25, 26), and this bias is clearly seen in our data as well
(SI Appendix, Fig. S1). Our method accounts for this bias by
using the total number of lepidoptera or vascular plant records in
a given time and region to estimate collection effort, similar
to the approach of, for example, refs. 27–29. Furthermore, a number
of species-specific biases, such as trait-specific or phylogenetic
biases, have also been described: For instance, Daru et al. (22)
found that fewer annual specimens (per annual species) are
found in herbaria records than are perennial specimens. Such
biases remain constant over time and thus should not affect our
results here. For the purposes of our study, the most concerning
possible biases are those that change over time within a species.
For instance, we investigated the possibility that biases in collection
effort on different land covers could produce spurious results. While
we saw no evidence for this, other potential sources of bias are
harder to rule out: For instance, increases in the number of
monarch specimen records could represent increases in monarch
populations, or, instead, increases in scientific interest in monarchs,
or even collectors’ increased interest in rare species as monarchs
declined! It is almost certain that our dataset contains error at-
tributable to these biases: For instance, the highest D. plexippus
relative abundance was over 0.03 in 1931, largely due to 47
specimens collected by a L. W. Orr over 2 d at Itasca State Park,
likely taken for a specific study, as he has no records from other
species during the same time period. While this value was removed
by our screen for outlier points, more modest studies may not have
been; in addition, as monarchs and milkweeds have become rarer,
they may have attracted more interest from collectors. As scientific
interest has increased, and monarchs and milkweeds have become
rarer, it is possible that they have become overrepresented in
collections, and thus we underestimate recent declines: This
however, means that our findings of an overall twofold decline in
monarchs and milkweeds since the mid-1900s may be conserva-
tive. Furthermore, despite possible biases, museum data are
unique among the available data in this system in that they allow
us to reconstruct monarch and milkweed trends before scientists
began to notice their decline: The oldest previously published
data in this system date back to 1993 (7, 20), 2 y after Brower and
Malcolm (30) named the monarch migration an “endangered
phenomenon.” Museum records are useful in this, and other
similar systems, because they give us insight into the dynamics of
systems before scientists decided to study them specifically.
Regarding the trends shown in Fig. 1, the increase of both

groups in the early 1900s is interesting as some authors suggest
that milkweeds and monarchs experienced a range expansion in
the late 1800s, driven by the conversion of eastern forests to
farmlands (2, 31). Our early-20th-century increases in monarch
and milkweed may reflect the tail end of such a trend, although
the number of records at the beginning of the century is probably
too small to be certain about the degree or precise timing of such
an increase.
The decline for both monarchs and milkweed appears mono-

tonic, suggesting that the well-studied decline from 1993 to date
is part of a larger trend beginning in the middle of the last
century. The overall trend for the monarch is very similar to the
trend for milkweed, although its decline begins later (maximum
value for the smoothed mean is in 1956, compared with 1946 for
milkweeds) (Fig. 1). Because our data are correlational, it is
difficult to distinguish between several competing hypotheses. It
could be the case that the declines in milkweed cause monarch
declines (the “milkweed limitation hypothesis” of, e.g., refs. 5
and 6), or monarch declines may be caused by some other factor
which is correlated with milkweed declines, such as severe
weather and changing climate (6, 32), changes in farming prac-
tice that destroy habitat for both milkweed and other plants that
provide nectar resources for adult monarchs (7, 33), or more
than one of the above.
When looking at the declines for each individual Asclepias

species, these declines were the least marked in A. syriaca and A.
speciosa (Fig. 2 and SI Appendix, Fig. S6). These two species are
the host plants of the majority of monarch larvae in the central

A

B

Fig. 1. Museum specimens reveal long-term trends in monarchs and milk-
weed. (A) Green points show annual abundance for milkweed spp.; orange
points show annual abundance for monarchs; and lines and shading indicate
smoothed mean and 95% confidence intervals, calculated using the Loess
smoothing method implemented in ggplot2 (19), with the default smoothing
span. Green and orange vertical lines indicate the approximate beginning of
the decline for milkweed and monarchs, respectively. The blue vertical line
indicates the point at which half of all corn, soybeans, and cotton are
herbicide resistant (HR) GM varieties. (B) Indicates (1) the discovery of the
monarch overwintering grounds in Mexico; (2) the introduction of GM
crops; (3) the winter population census at the Mexican overwintering
grounds (20); (4) the summer NABA census of adults (available from
ref. 7); (5) the summer MLMP census of eggs and larvae (available from ref.
5); and (6) the summer census of Iowa A. syriaca abundance (available from
ref. 5).
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Termites mitigate the effects of
drought in tropical rainforest
L. A. Ashton1,2,3*, H. M. Griffiths4*†, C. L. Parr4,5,6, T. A. Evans7, R. K. Didham7,8,
F. Hasan2, Y. A. Teh9, H. S. Tin10, C. S. Vairappan10, P. Eggleton2

Termites perform key ecological functions in tropical ecosystems, are strongly affected
by variation in rainfall, and respond negatively to habitat disturbance. However, it is not
known how the projected increase in frequency and severity of droughts in tropical
rainforests will alter termite communities and the maintenance of ecosystem processes.
Using a large-scale termite suppression experiment, we found that termite activity
and abundance increased during drought in a Bornean forest. This increase resulted
in accelerated litter decomposition, elevated soil moisture, greater soil nutrient
heterogeneity, and higher seedling survival rates during the extreme El Niño drought of
2015–2016. Our work shows how an invertebrate group enhances ecosystem resistance
to drought, providing evidence that the dual stressors of climate change and anthropogenic
shifts in biotic communities will have various negative consequences for the
maintenance of rainforest ecosystems.

T
ropical forests have the highest produc-
tivity and biodiversity of any terrestrial
system (1). Climate change poses a threat to
these ecosystems, with the frequency and
intensity of droughts predicted to increase

in coming decades (2, 3). Research has shown
that extreme droughts cause increased tree mor-
tality (4), which has implications for forest struc-
ture and functioning. Microbial decomposition
and the movement of nutrients through soil are
also thought to decrease during droughts because
dry conditions reduce activity ofmicroorganisms
(5). Together, these disturbances suggest ecosystem-
wide effects of increasing drought frequency and
severity.However,weknow little abouthowdrought-
mediated changes in invertebrate communities
affect the maintenance of functioning ecosystems
during periods of environmental stress.
Termites are an important macroinvertebrate

group for ecosystem function (6), with a wide
tropical and subtropical distribution, from 50°N
to 45°S (7). All termite groups have mutualistic
relationshipswithmicrobes (i.e., groups of bacteria,
archaea, protists, and/or fungi), which enable
them to digest cellulose (8). These mutualistic
relationships have helped termites become dom-

inant invertebrate leaf litter and dead wood de-
composers. Termites aremajor ecosystemengineers
(6, 8) that change the soil physical environment
throughbioturbation,decompositionof soil organic
matter (e.g., wood and leaf litter) (9), and facilita-
tion of nutrient cycling (8), but their contributions
to these ecosystem functions have not yet been
experimentally quantified. Termites also regu-
late soil moisture (and hence the movement of
nutrients through mass flow) by transporting
water upward through the soil and decreasing
transpiration with their “sheeting” (temporary
aboveground protective structures) (10). These
processes are likely to affect plant communities,
especially during drought, because soil nutrient
availability and heterogeneity influence plant
growth and community structure (11) and promote
species diversity (12). Moreover, soil moisture is
a key factor determining the magnitude of water
stress experienced by plants, which directly in-
fluences plantmortality (13). Termites are sensitive
to changes in soilmoisture and, counterintuitively,
they may be more active and abundant in rain-
forests during droughts (14). Given their key role
in modifying soil environments, an increase in ter-
mite activity duringextendeddryperiods couldhelp
to maintain soil moisture and soil nutrient flow
and could have indirect consequences for plant
survival. Termites could therefore mitigate the
ecological effects of drought in rainforest systems,
as has been shown theoretically for drylands (15).
To investigate this potential mitigation, we

carried out a large-scale in situ manipulation
(16) of termite communities. We suppressed ter-
mite activity in old-growth tropical rainforest in
Malaysian Borneo, during and after the El Niño
drought of 2015–2016 (Fig. 1 and fig. S1), and
monitored termite communities in control plots.
This experimental approach allowed us to assess
the relative contribution of termites to ecosystem
functioning in drought versus post-drought con-
ditions. Termite suppressionwas achieved through

a targeted approach within quarter-hectare plots
by physically removing termitemounds and using
poisoned cellulose baits. The suppression reduced
termite feeding activity on plots by 45% [DAIC =
59 (AIC, Akaike information criterion)] (table S2
and figs. S3B and S4) and significantly altered
termite community composition (Monte Carlo
permutation test within a redundancy analysis:
pseudo F = 23.6, P = 0.001) (fig. S5) by reducing
the activity of large wood-feeding termites (fig.
S6) over 2 years (17). The targeted suppression
did not, however, affect other invertebrate groups
(table S1 and figs. S3A, S7, and S9). This experi-
mental manipulation allowed us to partition
the effects of termites from those of other or-
ganisms and to test the hypothesis that termites
play a crucial role in maintaining ecosystem pro-
cesses in rainforests during periods of drought.
Termite abundance in standardized survey tran-

sects (18) in control plots was more than twice as
high during drought than in post-drought condi-
tions (Fig. 1, inset). This drought-induced change
in termite abundance influenced a number of key
ecosystem processes and properties, resulting in
higher leaf litter decomposition rates, soil nutrient
heterogeneity, and soil moisture. Termites were re-
sponsible for all of themeasuredmacroinvertebrate-
driven leaf litter decomposition (see table S3 and
fig. S3C for a detailed breakdown of microbial,
macroinvertebrate, and termite contributions to
litter decomposition); no other invertebrate group
compensated to maintain litter decomposition
on the termite suppression plots (fig. S8).
Contrary to previous findings (19), which have

focused on microbial decay, we found that leaf
litter decomposition rates of a locally abundant
species [Shorea johorensis (Dipterocarpaceae)]
increased, rather than decreased, on our control
plots during the drought (Fig. 2A). We attribute
this higher litter decomposition rate to the in-
creased abundance and activity of termites during
the drought. We found that the leaf litter de-
composition rate increasedby 41% on the control
plot versus the suppression plot during drought
conditions, with termite suppression contribut-
ing substantially tomodel fit (DAIC = 6), whereas
termite suppression did not influence model fit
under post-drought conditions (DAIC<2) (Fig. 2A,
table S3D, and fig. S8). Microorganisms are typ-
ically assumed to be the main drivers of litter
decomposition (20), perhaps owing to a temper-
ate bias in ecology, as termites are usually absent
in temperate climates. Additionally, there is gen-
erally a microbial focus in tropical studies where
termite effects are not considered (21, 22); in
studies where termites have been included, they
have not beenwell discriminated from other non-
termite macroinvertebrates (23). Here, we show
that termites are important decomposers in trop-
ical rainforest systems and can actually acceler-
ate litter decomposition during dry periods.
As might be predicted from the observed in-

crease in decomposition rates during the drought
period, leaf litter depth was lower, by 22%, on the
control plots (where intact termite communities
were present) compared with suppression plots
(Fig. 2B, table S4A, and fig. S3D). This greater
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By Yves Basset1,2,3,4 and

Greg P. A. Lamarre2,3,5

I
nsects make up the bulk of terrestrial di-

versity (1). Reports of insect declines, best 

documented in Europe and North Amer-

ica, suggest that 40% of insect species in 

temperate countries may face extinction 

over the next few decades (2), although 

this figure is probably inflated (3). Other 

studies have highlighted falling insect bio-

mass in Germany and Puerto Rico (4, 5), as 

well as threats to many insect taxa 

in Europe (5) and insect pollinators 

worldwide (6) that support food 

production (7). To protect insects, it 

is crucial that they are considered 

as separate species with distinct 

responses to threats, with particu-

lar attention to tropical insects and 

their habitats. Bees and butterflies 

may serve as an initial focus, but 

conservation efforts must go far beyond these 

iconic species. Halting habitat loss and frag-

mentation, reducing pesticide use, and limit-

ing climate change are all required if insect 

populations are to be preserved.

THE MAIN THREATS

Trends in biodiversity decline are more se-

vere for invertebrates than for vertebrates 

(4), because the former are highly specialized 

in terms of food resources and microhabitats. 

About half of insect species are herbivores 

and have intimate relationships with their 

host plants; the slightest alteration to plant 

abundance or phenology may therefore have 

severe consequences for insect populations. 

Multiple interacting threats affect insects, 

often with negative consequences not just 

for the insect species themselves but also for 

other species that rely on them and for over-

all ecosystem functioning. However, little is 

known about the identity, genomics, or eco-

logical role of most insect species.

Habitat loss and fragmentation are proba-

bly the most serious threats to temperate and 

tropical insects, particularly to rare, endemic, 

and specialized species, resulting in reduced 

and homogeneous assemblages of generalist 

species across space (8). Habitat loss is fueled 

by agricultural expansion and intensification, 

which involves substantial use of chemical 

pesticides (insecticides and herbicides). The 

latter are another substantial threat to insect 

species; insecticides have been linked to in-

sect decline in temperate countries (2, 4) and 

to global pollinator decline (6). The increas-

ing introduction of large-scale agriculture 

in the tropics may similarly cause substan-

tial harm to insect populations through the 

impacts of pesticides beyond ag-

ricultural systems (9). The use of 

fertilizers and herbicides may also 

shift plant composition, altering 

the population dynamics of host 

plants and dependent insects (3).

Climate change, and especially 

the frequency of extreme climatic 

anomalies, may be especially det-

rimental to tropical insects, which 

tend to have narrow geographic ranges and 

low tolerance to changes in temperature and 

rainfall (5, 10). Invasive species and patho-

gens may also threaten local populations, as 

can light pollution (2, 3).

IMPROVING KNOWLEDGE

Insects are the central component of the liv-

ing world, and their protection is crucial to 

maintaining functioning ecosystems and en-

suring food security (4, 7). However, scientific 

knowledge is limited because of insufficient 

funding for entomological science and the 

resulting scarcity of adequate field studies. 

Many past studies have relied on overall in-

sect biomass measurements, which are rela-

tively easy to conduct (2, 5). However, insect 

biomass greatly varies in space and time and 

provides little information about the popu-

lation dynamics of specific species. Instead, 

population trends can be summarized by 

combining insect species into different func-

tional groups (10), which may help to identify 

which species are coping better or worse with 

anthropogenic changes (3).

Furthermore, many studies are resurveys—

that is, snapshots taken at specific time inter-

vals rather than continuous monitoring. The 

latter is crucial for evaluating how insects 

respond to individual threats. Comparison of 

snapshots is further complicated by habitat 

changes, does not accurately capture which 

species are present or absent, and may yield 

misleading trends (3).

Assemblages monitored in the long term 

must be representative of local insect popula-

tions and reasonably diverse. Findings of low 

insect densities and rates of local extinction 

must be corroborated with independent stud-

ies, particularly in the tropics, where many 

species subsist at low densities (10). Further, 

contrasting insect responses to threats must 

be acknowledged and scrutinized (3, 10). For 

example, many native species may be declin-

ing in temperate forests, but several pest spe-

cies are expanding their geographical range 

in response to climate change (7). Efficient 

monitoring programs can benefit from re-

cently developed technologies involving mo-

lecular methods (11) or bioacoustics, as well 

as from citizen participation (6).

Conservation efforts cannot succeed with-

out sound ecological knowledge of the role 

of insects in ecosystem maintenance and 

functioning and of the complex processes, 

such as adaptive strategies, food behavior, or 

cascading trophic interactions, that may be 

disrupted by threats (5). Because even small 

ecosystem fragments have conservation 

value for insect biodiversity and ecosystem 

services, studies should focus on how to pre-

serve forest heterogeneity, enhance the values 

of fragments by increasing forest connectiv-

ity, and promote habitat restoration favorable 

to insects. Experiments should investigate 

the consequences of extreme temperatures, 

which may reduce the fitness of predatory 

and parasitoid species. A better understand-

ing and delineation of the species that need 

to be protected is also important. Taxonomic 

knowledge can be advanced by training more 

taxonomists and by developing DNA barcode 

libraries, which provide tractable and test-

able taxonomic frameworks (11).

PROTECTION MEASURES

Insects are of crucial importance for ecosys-

tem functioning (including pollination and 

forest regeneration), for mitigation of pests, 

and as a source of protein for animals and 

humans (7). Effective protection measures 

can be implemented now to mitigate insect 

decline by examining the evidence available 

for temperate insects. If decision-makers 

fulfill their commitments toward the imple-

mentation of the 2015 Paris Agreement to 

mitigate global warming, threats to insect 

populations resulting directly from global 

climate change will be alleviated. In urban 

areas, policies that favor organic agriculture 
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and insect-friendly gardens can 

greatly support insect species 

(12). Planting native species in 

urban environments such as 

parks, roofs, and backyards can 

also help to protect insect pop-

ulations and deliver pollination 

services.

In rural areas, insect species 

would benefit from support for 

organic agriculture and perma-

culture, the reduction and more 

efficient use of pesticides, use 

of integrated pest management 

(7), and local-scale farming 

practices that nurture insect 

populations. Boosting the abun-

dance, diversity, and continuity 

of floral resources and providing 

nesting sites are efficient ways 

to mitigate pollinator decline (6).

Efficient, appropriate, and permanent 

conservation measures for natural habitats 

(such as old-growth forests) and human-

influenced areas of even very small sizes 

can support high insect diversity (3). Na-

tional coordination, informed by scientific 

results, can lead to better conservation 

management, such as supporting effective 

landscape-scale ecological networks (13). 

Funding of long-term research activities on 

habitat conservation in general, and specifi-

cally on insect science and taxonomy, is es-

pecially important to evaluate and mitigate 

future changes in insect communities, ob-

tain reliable insect time series, and discover 

species before they go extinct (1).

ENGAGING THE PUBLIC

In general, the public tends to appreci-

ate aesthetic insects such as butterflies and 

the beneficial role of pollinators (6). These 

perceptions can be used to strengthen the 

conservation value of insects. However, bee 

and butterfly species represent only <4% of 

the insect species described worldwide (1). 

Many people have negative perceptions of 

insects in general and do not perceive them 

as separate species (14). Further, the roles of 

insects in ecosystem services can be difficult 

to comprehend (except for pollinators), as are 

the consequences of insect species loss and 

overall attrition of biodiversity.

Although public interest in insects var-

ies from one country to another, biological 

education about the conservation of in-

sects and their natural habitats is urgently 

needed at all levels of society, starting with 

field education programs (14). The extraor-

dinary natural history of insects offers 

many opportunities in biological education 

and citizen science (14). Field surveys and 

experiments help the public to appreciate 

the importance of insects in terrestrial bio-

diversity (14). Such activities may promote 

greater empathy and curiosity toward in-

sects and their habitats. Finally, promoting 

science through traditional and social me-

dia can spread enthusiasm and respect for 

insects and those who study them.

TROPICAL DATA GAPS

In the tropics, where most insect species 

live, circumstantial data exist, but long-

term records are too sparse to support the 

conclusion of a global insect decline. Most 

tropical datasets (see supplementary mate-

rials) were collected in locations buffered 

from the effects of agricultural practices 

and habitat disturbance. Most of these stud-

ies do not unequivocally suggest a decline 

in insect abundance or species richness; 

rather, they point to contrasting patterns in 

population dynamics and to the possible im-

pact of climate change. This may reflect an 

initial positive effect of rising temperatures 

or merely the dynamics of common species 

(see fig. S1 in supplementary materials). For 

example, the species richness of a commu-

nity of leaf litter ants in Ecuador remained 

constant for a study period of 11 years, with 

little or no evidence of directional change 

toward a new community (15).

Longer time series including diverse taxa 

are urgently required to understand what is 

going on. However, tropical regions mostly 

composed of developing countries can only 

devote limited funds to research on nature 

conservation. Successful examples of conser-

vation planning and public outreach in tem-

perate regions could be shared with tropical 

regions and could help to guide insect con-

servation in those locations. International 

collaborations involving scientists from both 

developed and developing nations will be key 

to expertise sharing, as will be the develop-

ment of global databases with open access.

OUTLOOK

No matter whether the insect 

apocalypse is global or not, im-

mediate actions are necessary 

to mitigate insect decline. Here, 

more insect-friendly agricultural 

practices are key. Scientific re-

search into the cost effective-

ness of pesticide use will help 

to reduce unnecessary pesticide 

applications (9). Redistribution 

of eco-friendly subsidies to favor 

insect protection (5) can target 

integrated pest management, 

the use of pesticide and fertiliz-

ers only when necessary for food 

security and the protection of 

remaining natural habitats from 

land-use conversion. Changes of 

laws can be implemented quickly 

using bees or butterflies as the 

focus of attention, as recently demonstrated 

in Bavaria, Germany, where a grassroots citi-

zen campaign and a state referendum led to a 

law necessitating drastic changes in agricul-

tural practice to protect biodiversity.

Efforts to mitigate the effects of climate 

change, such as the boycott of harmful 

chemical products by both the public and 

governments, will also help insect popu-

lations to recover. To allow insect popula-

tions to prosper in both temperate and 

tropical areas, scientists and policy-makers 

need to rethink scientific and public priori-

ties to reach out to the public and develop 

effective protection measures. We need a 

bioliterate society that protects insects to 

ensure humanity’s own survival. j
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BIODIVERSITY LOSS

Decline of the North American avifauna
Kenneth V. Rosenberg1,2*, Adriaan M. Dokter1, Peter J. Blancher3, John R. Sauer4, Adam C. Smith5,
Paul A. Smith3, Jessica C. Stanton6, Arvind Panjabi7, Laura Helft1, Michael Parr2, Peter P. Marra8†

Species extinctions have defined the global biodiversity crisis, but extinction begins with loss in abundance
of individuals that can result in compositional and functional changes of ecosystems. Using multiple and
independent monitoring networks, we report population losses across much of the North American avifauna
over 48 years, including once-common species and from most biomes. Integration of range-wide population
trajectories and size estimates indicates a net loss approaching 3 billion birds, or 29% of 1970 abundance.
A continent-wide weather radar network also reveals a similarly steep decline in biomass passage of migrating
birds over a recent 10-year period. This loss of bird abundance signals an urgent need to address threats to
avert future avifaunal collapse and associated loss of ecosystem integrity, function, and services.

S
lowing the loss of biodiversity is one of
the defining environmental challenges of
the 21st century (1–5). Habitat loss, cli-
mate change, unregulated harvest, and
other forms of human-caused mortality

(6, 7) have contributed to a thousandfold in-
crease in global extinctions in theAnthropocene
compared to the presumed prehuman back-
ground rate,withprofoundeffects on ecosystem
functioning and services (8). The overwhelm-
ing focus on species extinctions, however, has
underestimated the extent and consequences
of biotic change, by ignoring the loss of abun-
dance within still-common species and in ag-
gregate across large species assemblages (2, 9).
Declines in abundance can degrade ecosystem
integrity, reducing vital ecological, evolution-
ary, economic, and social services that orga-
nisms provide to their environment (8, 10–15).
Given the current pace of global environmen-
tal change, quantifying change in species abun-
dances is essential to assess ecosystem impacts.
Evaluating the magnitude of declines requires
effective long-term monitoring of population
sizes and trends, data that are rarely available
for most taxa.
Birds are excellent indicators of environ-

mental health and ecosystem integrity (16, 17),
and our ability to monitor many species over
vast spatial scales far exceeds that of any other
animal group. We evaluated population change
for 529 species of birds in the continental

United States and Canada (76% of breeding
species), drawing from multiple standardized
bird-monitoring datasets, some of which pro-
vide close to 50 years of population data. We
integrated range-wide estimates of popula-
tion size and 48-year population trajectories,
along with their associated uncertainty, to
quantify net change in numbers of birds across
the avifauna over recent decades (18). We also
used a network of 143 weather radars (NEXRAD)
across the contiguous United States to estimate
long-term changes in nocturnal migratory pas-
sage of avian biomass through the airspace
in spring from 2007 to 2017. The continuous
operation and broad coverage of NEXRAD
provide an automated and standardized mon-
itoring tool with unrivaled temporal and spa-
tial extent (19). Radar measures cumulative
passage across all nocturnally migrating spe-
cies, many of which breed in areas north of
the contiguous United States that are poorly
monitored by avian surveys. Radar thus ex-
pands the area and the proportion of the
migratory avifauna that is sampled relative to
ground surveys.
Results from long-term surveys, accounting

for both increasing and declining species, re-
veal a net loss in total abundance of 2.9 billion
[95% credible interval (CI) = 2.7–3.1 billion]
birds across almost all biomes, a reduction of
29% (95% CIs = 27–30%) since 1970 (Fig. 1 and
Table 1). Analysis of NEXRAD data indicates a
similarly steep decline in nocturnal passage of
migratory biomass, a reduction of 13.6 ± 9.1%
since 2007 (Fig. 2A). Reduction in biomass
passage occurred across the eastern United
States (Fig. 2, C and D), where migration is
dominated by large numbers of temperate-
and boreal-breeding songbirds; we observed
no consistent trend in the Central or Pacific
flyway regions (Fig. 2, B to D, and table S5).
Two completely different and independent
monitoring techniques thus signal major pop-
ulation loss across the continental avifauna.
Species exhibiting declines (57%, 303 out of

529 species) on the basis of long-term survey
data span diverse ecological and taxonomic

groups. Across breeding biomes, grassland birds
showed the largest magnitude of total popu-
lation loss since 1970—more than 700 million
breeding individuals across 31 species—and
the largest proportional loss (53%); 74% of
grassland species are declining. (Fig. 1 and
Table 1). All forest biomes experienced large
avian loss, with a cumulative reduction of more
than 1 billion birds. Wetland birds represent
the only biome to show an overall net gain
in numbers (13%), led by a 56% increase in
waterfowl populations (Fig. 3 and Table 1).
Unexpectedly, we also found a large net loss
(63%) across 10 introduced species (Fig. 3, D
and E, and Table 1).
A total of 419 native migratory species ex-

perienced a net loss of 2.5 billion individuals,
whereas 100 native resident species showed a
small net increase (26 million). Species over-
wintering in temperate regions experienced the
largest net reduction in abundance (1.4 billion),
but proportional loss was greatest among spe-
cies overwintering in coastal regions (42%),
southwestern aridlands (42%), and South
America (40%) (Table 1 and fig. S1). Shorebirds,
most of whichmigrate long distances to winter
along coasts throughout the hemisphere, are
experiencing consistent, steep population
loss (37%).
More than 90% of the total cumulative loss

can be attributed to 12 bird families (Fig. 3A),
including sparrows, warblers, blackbirds, and
finches. Of 67 bird families surveyed, 38 showed
anet loss in total abundance,whereas 29 showed
gains (Fig. 3B), indicating recent changes in
avifaunal composition (table S2). Although not
optimized for species-level analysis, our model
indicates that 19 widespread and abundant
landbirds (including two introduced species)
each experienced population reductions of
>50 million birds (data S1). Abundant species
also contribute strongly to the migratory pas-
sage detected by radar (19), and radar-derived
trends provide a fully independent estimate of
widespread declines of migratory birds.
Our study documents a long-developing

but overlooked biodiversity crisis in North
America—the cumulative loss of nearly 3 billion
birds across the avifauna. Population loss is
not restricted to rare and threatened species,
but includes many widespread and common
species that may be disproportionately influ-
ential components of food webs and ecosystem
function. Furthermore, losses among habi-
tat generalists and even introduced species
indicate that declining species are not replaced
by species that fare well in human-altered
landscapes. Increases among waterfowl and
a few other groups (e.g., raptors recovering
after the banning of DDT) are insufficient to
offset large losses among abundant species
(Fig. 3). Notably, our population loss estimates
are conservative because we estimated loss
only in breeding populations. The total loss and
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BIODIVERSITY LOSS

Decline of the North American avifauna
Kenneth V. Rosenberg1,2*, Adriaan M. Dokter1, Peter J. Blancher3, John R. Sauer4, Adam C. Smith5,
Paul A. Smith3, Jessica C. Stanton6, Arvind Panjabi7, Laura Helft1, Michael Parr2, Peter P. Marra8†

Species extinctions have defined the global biodiversity crisis, but extinction begins with loss in abundance
of individuals that can result in compositional and functional changes of ecosystems. Using multiple and
independent monitoring networks, we report population losses across much of the North American avifauna
over 48 years, including once-common species and from most biomes. Integration of range-wide population
trajectories and size estimates indicates a net loss approaching 3 billion birds, or 29% of 1970 abundance.
A continent-wide weather radar network also reveals a similarly steep decline in biomass passage of migrating
birds over a recent 10-year period. This loss of bird abundance signals an urgent need to address threats to
avert future avifaunal collapse and associated loss of ecosystem integrity, function, and services.

S
lowing the loss of biodiversity is one of
the defining environmental challenges of
the 21st century (1–5). Habitat loss, cli-
mate change, unregulated harvest, and
other forms of human-caused mortality

(6, 7) have contributed to a thousandfold in-
crease in global extinctions in theAnthropocene
compared to the presumed prehuman back-
ground rate,withprofoundeffects on ecosystem
functioning and services (8). The overwhelm-
ing focus on species extinctions, however, has
underestimated the extent and consequences
of biotic change, by ignoring the loss of abun-
dance within still-common species and in ag-
gregate across large species assemblages (2, 9).
Declines in abundance can degrade ecosystem
integrity, reducing vital ecological, evolution-
ary, economic, and social services that orga-
nisms provide to their environment (8, 10–15).
Given the current pace of global environmen-
tal change, quantifying change in species abun-
dances is essential to assess ecosystem impacts.
Evaluating the magnitude of declines requires
effective long-term monitoring of population
sizes and trends, data that are rarely available
for most taxa.
Birds are excellent indicators of environ-

mental health and ecosystem integrity (16, 17),
and our ability to monitor many species over
vast spatial scales far exceeds that of any other
animal group. We evaluated population change
for 529 species of birds in the continental

United States and Canada (76% of breeding
species), drawing from multiple standardized
bird-monitoring datasets, some of which pro-
vide close to 50 years of population data. We
integrated range-wide estimates of popula-
tion size and 48-year population trajectories,
along with their associated uncertainty, to
quantify net change in numbers of birds across
the avifauna over recent decades (18). We also
used a network of 143 weather radars (NEXRAD)
across the contiguous United States to estimate
long-term changes in nocturnal migratory pas-
sage of avian biomass through the airspace
in spring from 2007 to 2017. The continuous
operation and broad coverage of NEXRAD
provide an automated and standardized mon-
itoring tool with unrivaled temporal and spa-
tial extent (19). Radar measures cumulative
passage across all nocturnally migrating spe-
cies, many of which breed in areas north of
the contiguous United States that are poorly
monitored by avian surveys. Radar thus ex-
pands the area and the proportion of the
migratory avifauna that is sampled relative to
ground surveys.
Results from long-term surveys, accounting

for both increasing and declining species, re-
veal a net loss in total abundance of 2.9 billion
[95% credible interval (CI) = 2.7–3.1 billion]
birds across almost all biomes, a reduction of
29% (95% CIs = 27–30%) since 1970 (Fig. 1 and
Table 1). Analysis of NEXRAD data indicates a
similarly steep decline in nocturnal passage of
migratory biomass, a reduction of 13.6 ± 9.1%
since 2007 (Fig. 2A). Reduction in biomass
passage occurred across the eastern United
States (Fig. 2, C and D), where migration is
dominated by large numbers of temperate-
and boreal-breeding songbirds; we observed
no consistent trend in the Central or Pacific
flyway regions (Fig. 2, B to D, and table S5).
Two completely different and independent
monitoring techniques thus signal major pop-
ulation loss across the continental avifauna.
Species exhibiting declines (57%, 303 out of

529 species) on the basis of long-term survey
data span diverse ecological and taxonomic

groups. Across breeding biomes, grassland birds
showed the largest magnitude of total popu-
lation loss since 1970—more than 700 million
breeding individuals across 31 species—and
the largest proportional loss (53%); 74% of
grassland species are declining. (Fig. 1 and
Table 1). All forest biomes experienced large
avian loss, with a cumulative reduction of more
than 1 billion birds. Wetland birds represent
the only biome to show an overall net gain
in numbers (13%), led by a 56% increase in
waterfowl populations (Fig. 3 and Table 1).
Unexpectedly, we also found a large net loss
(63%) across 10 introduced species (Fig. 3, D
and E, and Table 1).
A total of 419 native migratory species ex-

perienced a net loss of 2.5 billion individuals,
whereas 100 native resident species showed a
small net increase (26 million). Species over-
wintering in temperate regions experienced the
largest net reduction in abundance (1.4 billion),
but proportional loss was greatest among spe-
cies overwintering in coastal regions (42%),
southwestern aridlands (42%), and South
America (40%) (Table 1 and fig. S1). Shorebirds,
most of whichmigrate long distances to winter
along coasts throughout the hemisphere, are
experiencing consistent, steep population
loss (37%).
More than 90% of the total cumulative loss

can be attributed to 12 bird families (Fig. 3A),
including sparrows, warblers, blackbirds, and
finches. Of 67 bird families surveyed, 38 showed
anet loss in total abundance,whereas 29 showed
gains (Fig. 3B), indicating recent changes in
avifaunal composition (table S2). Although not
optimized for species-level analysis, our model
indicates that 19 widespread and abundant
landbirds (including two introduced species)
each experienced population reductions of
>50 million birds (data S1). Abundant species
also contribute strongly to the migratory pas-
sage detected by radar (19), and radar-derived
trends provide a fully independent estimate of
widespread declines of migratory birds.
Our study documents a long-developing

but overlooked biodiversity crisis in North
America—the cumulative loss of nearly 3 billion
birds across the avifauna. Population loss is
not restricted to rare and threatened species,
but includes many widespread and common
species that may be disproportionately influ-
ential components of food webs and ecosystem
function. Furthermore, losses among habi-
tat generalists and even introduced species
indicate that declining species are not replaced
by species that fare well in human-altered
landscapes. Increases among waterfowl and
a few other groups (e.g., raptors recovering
after the banning of DDT) are insufficient to
offset large losses among abundant species
(Fig. 3). Notably, our population loss estimates
are conservative because we estimated loss
only in breeding populations. The total loss and
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Fig. 1. Net population change in North American birds. (A) By integrating
population size estimates and trajectories for 529 species (18), we show
a net loss of 2.9 billion breeding birds across the continental avifauna
since 1970. Gray shading represents the 95% credible interval (CI) around
total estimated loss. Map shows color-coded breeding biomes based on

Bird Conservation Regions and land cover classification (18). (B) Net
loss of abundance occurred across all major breeding biomes
except wetlands (see Table 1). (C) Proportional net population change
relative to 1970, ±95% CI. (D) Proportion of species declining in
each biome.

Fig. 2. NEXRAD radar monitoring of nocturnal bird migration across the
contiguous United States. (A) Annual change in biomass passage for the
full continental United States (black) and (B) the Pacific (green), Central
(brown), Mississippi (yellow), and Atlantic (blue) flyways [borders indicated in
(C)], with percentage of total biomass passage (migration traffic) for each
flyway indicated; declines are significant only for the full United States and
the Mississippi and Atlantic flyways (tables S3 to S5). (C) Single-site trends in
seasonal biomass passage at 143 NEXRAD stations in spring (1 March to

1 July), estimated for the period 2007–2017. Darker red colors indicate higher
declines and loss of biomass passage, whereas blue colors indicate biomass
increase. Circle size indicates trend significance, with closed circles being
significant at a 95% confidence level. Only areas outside gray shading have a
spatially consistent trend signal separated from background variability.
(D) Ten-year cumulative loss in biomass passage, estimated as the product of
a spatially explicit (generalized additive model) trend, times the surface of
average cumulative spring biomass passage.
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Long-term declines of European insectivorous bird
populations and potential causes
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6Pan-European Common Bird Monitoring Scheme, Czech Society for Ornithology, Na Bělidle 34, 150 00 Prague-Smı́chov, Czech
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Abstract: Evidence of declines in insect populations has recently received considerable scientific and societal
attention. However, the lack of long-term insect monitoring makes it difficult to assess whether declines are
geographically widespread. By contrast, bird populations are well monitored and often used as indicators of
environmental change. We compared the population trends of European insectivorous birds with those of other
birds to assess whether patterns in bird population trends were consistent with declines of insects. We further
examined whether declines were evident for insectivores with different habitats, foraging strata, and other
ecological preferences. Bird population trends were estimated for Europe (1990–2015) and Denmark (1990–
2016). On average, insectivores declined over the study period (13% across Europe and 28% in Denmark),
whereas omnivores had stable populations. Seedeaters also declined (28% across Europe; 34% in Denmark), but
this assessment was based on fewer species than for other groups. The effects of insectivory were stronger for
farmland species (especially grassland species), for ground feeders, and for cold-adapted species. Insectivory was
associated with long-distance migration, which was also linked to population declines. However, many insectivores
had stable populations, especially habitat generalists. Our findings suggest that the decline of insectivores is
primarily associated with agricultural intensification and loss of grassland habitat. The loss of both seed and insect
specialists indicates an overall trend toward bird communities dominated by diet generalists.

Keywords: agricultural intensification, bioindicators, climate change, insect declines, population trends

Declinaciones a Largo Plazo de Poblaciones de Aves Insect́ıvoras en Europa y las Causas Probables

Resumen: La evidencia de las declinaciones poblacionales de insectos ha recibido recientemente una
atención considerable por parte de la comunidad cient́ıfica y la sociedad. Sin embargo, la falta de un mon-
itoreo prolongado de los insectos complica valorar si estas declinaciones tienen una distribución extensa
geográficamente. Como contraste, las poblaciones de aves tienen un monitoreo constante y con frecuencia
se usan como indicadores del cambio climático. Comparamos las tendencias poblacionales de las aves in-
sect́ıvoras de Europa con las de otras aves para valorar si los patrones en las tendencias poblacionales de aves
son consistentes con las declinaciones de insectos. Además examinamos si las declinaciones eran evidentes
para aves insect́ıvoras con diferentes hábitats, estratos de alimentación, y otras preferencias ecológicas. Las
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para aves insect́ıvoras con diferentes hábitats, estratos de alimentación, y otras preferencias ecológicas. Las

∗email diana.e.bowler@gmail.com
Article impact statement: Insectivorous bird populations have declined across Europe, whereas omnivorous birds have not.
Paper submitted September 23, 2018; revised manuscript accepted January 17, 2019.

1120
Conservation Biology, Volume 33, No. 5, 1120–1130
C⃝ 2019 Society for Conservation Biology
DOI: 10.1111/cobi.13307

1126 Insectivorous Bird Declines

Figure 3. Standardized effect (95% CI) of species’ attributes on log abundance change per year for European bird
populations in 3 diet groups.

Figure 4. Mean (95% CI) annual
abundance indices for European
birds in 3 diet groups by (a)
grassland use and (b) temperature
preference. Because seedeaters and
omnivores using grassland had
fewer than 5 species in their
groups, the individual time series
for each species is shown.
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Decline of the North American avifauna
Kenneth V. Rosenberg1,2*, Adriaan M. Dokter1, Peter J. Blancher3, John R. Sauer4, Adam C. Smith5,
Paul A. Smith3, Jessica C. Stanton6, Arvind Panjabi7, Laura Helft1, Michael Parr2, Peter P. Marra8†

Species extinctions have defined the global biodiversity crisis, but extinction begins with loss in abundance
of individuals that can result in compositional and functional changes of ecosystems. Using multiple and
independent monitoring networks, we report population losses across much of the North American avifauna
over 48 years, including once-common species and from most biomes. Integration of range-wide population
trajectories and size estimates indicates a net loss approaching 3 billion birds, or 29% of 1970 abundance.
A continent-wide weather radar network also reveals a similarly steep decline in biomass passage of migrating
birds over a recent 10-year period. This loss of bird abundance signals an urgent need to address threats to
avert future avifaunal collapse and associated loss of ecosystem integrity, function, and services.

S
lowing the loss of biodiversity is one of
the defining environmental challenges of
the 21st century (1–5). Habitat loss, cli-
mate change, unregulated harvest, and
other forms of human-caused mortality

(6, 7) have contributed to a thousandfold in-
crease in global extinctions in theAnthropocene
compared to the presumed prehuman back-
ground rate,withprofoundeffects on ecosystem
functioning and services (8). The overwhelm-
ing focus on species extinctions, however, has
underestimated the extent and consequences
of biotic change, by ignoring the loss of abun-
dance within still-common species and in ag-
gregate across large species assemblages (2, 9).
Declines in abundance can degrade ecosystem
integrity, reducing vital ecological, evolution-
ary, economic, and social services that orga-
nisms provide to their environment (8, 10–15).
Given the current pace of global environmen-
tal change, quantifying change in species abun-
dances is essential to assess ecosystem impacts.
Evaluating the magnitude of declines requires
effective long-term monitoring of population
sizes and trends, data that are rarely available
for most taxa.
Birds are excellent indicators of environ-

mental health and ecosystem integrity (16, 17),
and our ability to monitor many species over
vast spatial scales far exceeds that of any other
animal group. We evaluated population change
for 529 species of birds in the continental

United States and Canada (76% of breeding
species), drawing from multiple standardized
bird-monitoring datasets, some of which pro-
vide close to 50 years of population data. We
integrated range-wide estimates of popula-
tion size and 48-year population trajectories,
along with their associated uncertainty, to
quantify net change in numbers of birds across
the avifauna over recent decades (18). We also
used a network of 143 weather radars (NEXRAD)
across the contiguous United States to estimate
long-term changes in nocturnal migratory pas-
sage of avian biomass through the airspace
in spring from 2007 to 2017. The continuous
operation and broad coverage of NEXRAD
provide an automated and standardized mon-
itoring tool with unrivaled temporal and spa-
tial extent (19). Radar measures cumulative
passage across all nocturnally migrating spe-
cies, many of which breed in areas north of
the contiguous United States that are poorly
monitored by avian surveys. Radar thus ex-
pands the area and the proportion of the
migratory avifauna that is sampled relative to
ground surveys.
Results from long-term surveys, accounting

for both increasing and declining species, re-
veal a net loss in total abundance of 2.9 billion
[95% credible interval (CI) = 2.7–3.1 billion]
birds across almost all biomes, a reduction of
29% (95% CIs = 27–30%) since 1970 (Fig. 1 and
Table 1). Analysis of NEXRAD data indicates a
similarly steep decline in nocturnal passage of
migratory biomass, a reduction of 13.6 ± 9.1%
since 2007 (Fig. 2A). Reduction in biomass
passage occurred across the eastern United
States (Fig. 2, C and D), where migration is
dominated by large numbers of temperate-
and boreal-breeding songbirds; we observed
no consistent trend in the Central or Pacific
flyway regions (Fig. 2, B to D, and table S5).
Two completely different and independent
monitoring techniques thus signal major pop-
ulation loss across the continental avifauna.
Species exhibiting declines (57%, 303 out of

529 species) on the basis of long-term survey
data span diverse ecological and taxonomic

groups. Across breeding biomes, grassland birds
showed the largest magnitude of total popu-
lation loss since 1970—more than 700 million
breeding individuals across 31 species—and
the largest proportional loss (53%); 74% of
grassland species are declining. (Fig. 1 and
Table 1). All forest biomes experienced large
avian loss, with a cumulative reduction of more
than 1 billion birds. Wetland birds represent
the only biome to show an overall net gain
in numbers (13%), led by a 56% increase in
waterfowl populations (Fig. 3 and Table 1).
Unexpectedly, we also found a large net loss
(63%) across 10 introduced species (Fig. 3, D
and E, and Table 1).
A total of 419 native migratory species ex-

perienced a net loss of 2.5 billion individuals,
whereas 100 native resident species showed a
small net increase (26 million). Species over-
wintering in temperate regions experienced the
largest net reduction in abundance (1.4 billion),
but proportional loss was greatest among spe-
cies overwintering in coastal regions (42%),
southwestern aridlands (42%), and South
America (40%) (Table 1 and fig. S1). Shorebirds,
most of whichmigrate long distances to winter
along coasts throughout the hemisphere, are
experiencing consistent, steep population
loss (37%).
More than 90% of the total cumulative loss

can be attributed to 12 bird families (Fig. 3A),
including sparrows, warblers, blackbirds, and
finches. Of 67 bird families surveyed, 38 showed
anet loss in total abundance,whereas 29 showed
gains (Fig. 3B), indicating recent changes in
avifaunal composition (table S2). Although not
optimized for species-level analysis, our model
indicates that 19 widespread and abundant
landbirds (including two introduced species)
each experienced population reductions of
>50 million birds (data S1). Abundant species
also contribute strongly to the migratory pas-
sage detected by radar (19), and radar-derived
trends provide a fully independent estimate of
widespread declines of migratory birds.
Our study documents a long-developing

but overlooked biodiversity crisis in North
America—the cumulative loss of nearly 3 billion
birds across the avifauna. Population loss is
not restricted to rare and threatened species,
but includes many widespread and common
species that may be disproportionately influ-
ential components of food webs and ecosystem
function. Furthermore, losses among habi-
tat generalists and even introduced species
indicate that declining species are not replaced
by species that fare well in human-altered
landscapes. Increases among waterfowl and
a few other groups (e.g., raptors recovering
after the banning of DDT) are insufficient to
offset large losses among abundant species
(Fig. 3). Notably, our population loss estimates
are conservative because we estimated loss
only in breeding populations. The total loss and
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Species extinctions have defined the global biodiversity crisis, but extinction begins with loss in abundance
of individuals that can result in compositional and functional changes of ecosystems. Using multiple and
independent monitoring networks, we report population losses across much of the North American avifauna
over 48 years, including once-common species and from most biomes. Integration of range-wide population
trajectories and size estimates indicates a net loss approaching 3 billion birds, or 29% of 1970 abundance.
A continent-wide weather radar network also reveals a similarly steep decline in biomass passage of migrating
birds over a recent 10-year period. This loss of bird abundance signals an urgent need to address threats to
avert future avifaunal collapse and associated loss of ecosystem integrity, function, and services.

S
lowing the loss of biodiversity is one of
the defining environmental challenges of
the 21st century (1–5). Habitat loss, cli-
mate change, unregulated harvest, and
other forms of human-caused mortality

(6, 7) have contributed to a thousandfold in-
crease in global extinctions in theAnthropocene
compared to the presumed prehuman back-
ground rate,withprofoundeffects on ecosystem
functioning and services (8). The overwhelm-
ing focus on species extinctions, however, has
underestimated the extent and consequences
of biotic change, by ignoring the loss of abun-
dance within still-common species and in ag-
gregate across large species assemblages (2, 9).
Declines in abundance can degrade ecosystem
integrity, reducing vital ecological, evolution-
ary, economic, and social services that orga-
nisms provide to their environment (8, 10–15).
Given the current pace of global environmen-
tal change, quantifying change in species abun-
dances is essential to assess ecosystem impacts.
Evaluating the magnitude of declines requires
effective long-term monitoring of population
sizes and trends, data that are rarely available
for most taxa.
Birds are excellent indicators of environ-

mental health and ecosystem integrity (16, 17),
and our ability to monitor many species over
vast spatial scales far exceeds that of any other
animal group. We evaluated population change
for 529 species of birds in the continental

United States and Canada (76% of breeding
species), drawing from multiple standardized
bird-monitoring datasets, some of which pro-
vide close to 50 years of population data. We
integrated range-wide estimates of popula-
tion size and 48-year population trajectories,
along with their associated uncertainty, to
quantify net change in numbers of birds across
the avifauna over recent decades (18). We also
used a network of 143 weather radars (NEXRAD)
across the contiguous United States to estimate
long-term changes in nocturnal migratory pas-
sage of avian biomass through the airspace
in spring from 2007 to 2017. The continuous
operation and broad coverage of NEXRAD
provide an automated and standardized mon-
itoring tool with unrivaled temporal and spa-
tial extent (19). Radar measures cumulative
passage across all nocturnally migrating spe-
cies, many of which breed in areas north of
the contiguous United States that are poorly
monitored by avian surveys. Radar thus ex-
pands the area and the proportion of the
migratory avifauna that is sampled relative to
ground surveys.
Results from long-term surveys, accounting

for both increasing and declining species, re-
veal a net loss in total abundance of 2.9 billion
[95% credible interval (CI) = 2.7–3.1 billion]
birds across almost all biomes, a reduction of
29% (95% CIs = 27–30%) since 1970 (Fig. 1 and
Table 1). Analysis of NEXRAD data indicates a
similarly steep decline in nocturnal passage of
migratory biomass, a reduction of 13.6 ± 9.1%
since 2007 (Fig. 2A). Reduction in biomass
passage occurred across the eastern United
States (Fig. 2, C and D), where migration is
dominated by large numbers of temperate-
and boreal-breeding songbirds; we observed
no consistent trend in the Central or Pacific
flyway regions (Fig. 2, B to D, and table S5).
Two completely different and independent
monitoring techniques thus signal major pop-
ulation loss across the continental avifauna.
Species exhibiting declines (57%, 303 out of

529 species) on the basis of long-term survey
data span diverse ecological and taxonomic

groups. Across breeding biomes, grassland birds
showed the largest magnitude of total popu-
lation loss since 1970—more than 700 million
breeding individuals across 31 species—and
the largest proportional loss (53%); 74% of
grassland species are declining. (Fig. 1 and
Table 1). All forest biomes experienced large
avian loss, with a cumulative reduction of more
than 1 billion birds. Wetland birds represent
the only biome to show an overall net gain
in numbers (13%), led by a 56% increase in
waterfowl populations (Fig. 3 and Table 1).
Unexpectedly, we also found a large net loss
(63%) across 10 introduced species (Fig. 3, D
and E, and Table 1).
A total of 419 native migratory species ex-

perienced a net loss of 2.5 billion individuals,
whereas 100 native resident species showed a
small net increase (26 million). Species over-
wintering in temperate regions experienced the
largest net reduction in abundance (1.4 billion),
but proportional loss was greatest among spe-
cies overwintering in coastal regions (42%),
southwestern aridlands (42%), and South
America (40%) (Table 1 and fig. S1). Shorebirds,
most of whichmigrate long distances to winter
along coasts throughout the hemisphere, are
experiencing consistent, steep population
loss (37%).
More than 90% of the total cumulative loss

can be attributed to 12 bird families (Fig. 3A),
including sparrows, warblers, blackbirds, and
finches. Of 67 bird families surveyed, 38 showed
anet loss in total abundance,whereas 29 showed
gains (Fig. 3B), indicating recent changes in
avifaunal composition (table S2). Although not
optimized for species-level analysis, our model
indicates that 19 widespread and abundant
landbirds (including two introduced species)
each experienced population reductions of
>50 million birds (data S1). Abundant species
also contribute strongly to the migratory pas-
sage detected by radar (19), and radar-derived
trends provide a fully independent estimate of
widespread declines of migratory birds.
Our study documents a long-developing

but overlooked biodiversity crisis in North
America—the cumulative loss of nearly 3 billion
birds across the avifauna. Population loss is
not restricted to rare and threatened species,
but includes many widespread and common
species that may be disproportionately influ-
ential components of food webs and ecosystem
function. Furthermore, losses among habi-
tat generalists and even introduced species
indicate that declining species are not replaced
by species that fare well in human-altered
landscapes. Increases among waterfowl and
a few other groups (e.g., raptors recovering
after the banning of DDT) are insufficient to
offset large losses among abundant species
(Fig. 3). Notably, our population loss estimates
are conservative because we estimated loss
only in breeding populations. The total loss and
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impact on communities and ecosystems could
be even higher outside the breeding season if
we consider the amplifying effect of “missing”
reproductive output from these lost breeders.
Extinction of the passenger pigeon (Ectopistes

migratorius), once likely the most numerous
bird on the planet, provides a poignant re-
minder that even abundant species can go
extinct rapidly. Systematic monitoring and
attention paid to population declines could
have alerted society to its pending extinction
(20). Today, monitoring data suggest that
avian declines will likely continue without
targeted conservation action, triggering addi-
tional endangered species listings at tremen-
dous financial and social cost. Moreover,
because birds provide numerous benefits to
ecosystems (e.g., seed dispersal, pollination,
pest control) and economies [47million people
spend U.S.$9.3 billion per year through bird-
related activities in the United States (21)],
their population reductions and possible ex-
tinctions will have severe direct and indirect
consequences (10, 22). Population declines can

be reversed, as evidenced by the exceptional
recovery ofwaterfowl populations under adapt-
ive harvest management (23) and the associ-
ated allocation of billions of dollars devoted to
wetland protection and restoration, providing
a model for proactive conservation in other
widespread native habitats such as grasslands.
Steep declines in North American bird pop-

ulations parallel patterns of avian declines
emerging globally (14, 15, 22, 24). In particu-
lar, depletion of native grassland bird pop-
ulations in North America, driven by habitat
loss andmore toxic pesticide use in both breed-
ing and wintering areas (25), mirrors loss of
farmland birds throughout Europe and else-
where (15). Even declines among introduced
species match similar declines within these
same species’ native ranges (26). Agricultural
intensification and urbanization have been
similarly linked to declines in insect diversity
and biomass (27), with cascading impacts on
birds and other consumers (24, 28, 29). Given
that birds are one of the best monitored ani-
mal groups, birds may also foreshadow amuch

larger problem, indicating similar or greater
losses in other taxonomic groups (28, 30).
Pervasiveness of avian loss across biomes

and bird families suggests multiple and inter-
acting threats. Isolating spatiotemporal limiting
factors for individual species and populations
will require additional study, however, because
migratory species with complex life histories
are in contact with many threats throughout
their annual cycles. A focus on breeding sea-
son biology hampers our ability to understand
how seasonal interactions drive population
change (31), although recent continent-wide
analyses affirm the importance of events during
the nonbreeding season (19, 32). Targeted
research to identify limiting factors must be
coupled with effective policies and societal
change that emphasize reducing threats to
breeding and nonbreeding habitats and min-
imizing avoidable anthropogenic mortality
year-round. Endangered species legislation
and international treaties, such as the 1916
Migratory Bird Treaty between Canada and
the United States, have prevented extinctions
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Fig. 3. Gains and losses across the North American avifauna over the past
half-century. (A) Bird families were categorized as having a net loss (red) or
gain (blue). Total loss of 3.2 billion birds occurred across 38 families; each family
with losses greater than 50 million individuals is shown as a proportion of
total loss, including two introduced families (gray). Swallows, nightjars, and
swifts together show loss within the aerial insectivore guild. (B) Twenty-nine
families show a total gain of 250 million individual birds; the five families with
gains greater than 15 million individuals are shown as a proportion of total
gain. Four families of raptors are shown as a single group. Note that combining

total gain and total loss yields a net loss of 2.9 billion birds across the entire
avifauna. (C) For each individually represented family in (B) and (C), proportional
population change within that family is shown. See table S2 for statistics on
each individual family. (D) Percentage population change among introduced
and each of four management groups (18). A representative species from
each group is shown (top to bottom, house sparrow, Passer domesticus;
sanderling, Calidris alba; western meadowlark, Sturnella neglecta; green heron,
Butorides virescens; and snow goose, Anser caerulescens). (E) Proportion of
species with declining trends.
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The decline of farmland birds in 
Spain is strongly associated to the 
loss of fallowland
Juan Traba  ͷǡ & Manuel B. Moralesͷǡ

Farmland bird populations have strongly declined across Europe over the last decades due to agriculture 
�������Ƥ������ǡ���������������������������������ǯ�����������������������������ȋ���ȌǤ������������ǡ�����
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the adequacy of fallow land cover as an indicator of the state of farmland bird communities at country 
�����Ǥ���������ǡ��������������������������������������������������������������������������������������
specialist little bustard and fallow surface suggests a potential causal link between these two factors. 
�������������������������������������������������������������������������������������������������
European agroecosystems if farmland bird populations are to be conserved.

Farmland is the most important habitat for bird conservation in Europe, harbouring more than 50% of bird 
species in the European Union (EU) and 55% of European bird species listed in the IUCN Red List1,2. Moreover, 
European farmland birds are used as general indicators of the quality of agricultural habitats for biodiversity 
through an official agri-environmental indicator, the Farmland Bird Index (FBI)3.

Agriculture intensification is the main driver of the current biodiversity loss in Europe4 and considered to 
be the major cause of farmland bird declines across the continent2. Agriculture intensification is a multifactorial 
process acting at field and landscape level4,5, one of whose main consequences is the loss of environmental hetero-
geneity at different spatial scales5,6. At field scale, yield and revenue maximization has led to an increase of inputs 
and agrarian operations (e.g. soil disruption though ploughing) that have severely reduced local biodiversity7,8, 
including arable plants, invertebrates and birds9. This process has also led to the loss of semi natural elements 
of fields and their close neighbourhood (e.g. field margins), further contributing to biodiversity declines7,8. At 
landscape scale, land consolidation and disappearance of yearly (or longer) crop rotation have favoured landscape 
simplification and homogenization, through the loss of non-cultivated elements (e.g. margins, hedges, fallow and 
wasteland), further reducing habitat availability for wildlife10–12. EU’s Common Agricultural Policy (CAP) has 
been one of the main drivers of agriculture intensification in Europe13, promoting landscape homogenisation, 
increased use of agrochemicals and the abandonment of less productive fields4,5, despite some efforts to reverse 
the biodiversity loss through the application of agri-environmental schemes (AES)14. Moreover, AES have been 
only partially successful due to unclear objectives, design deficiency and low uptake15, and different global effi-
ciency evaluations have yielded mixed results16,17. In synthesis, agriculture intensification can be considered the 
major cause of farmland bird and other taxa declines across the continent2,4,6.

The proportion of fallow land can be used as a measure of landscape scale heterogeneity and thus of agricul-
ture intensification18,19. Fallow land is the cultivated land that is not seeded for one or more growing seasons20. 
Thus, fallows include different semi-natural grasslands and pastures that will eventually be ploughed for a new 
crop cycle19. Adequately managed, fallows are one of the most important habitats for wildlife, and particularly for 
farmland birds, in agricultural landscapes, due to the high diversity and abundance of food resources that they 
provide such as weeds, seeds, and invertebrates, as well as vegetation cover for foraging or nesting6,21. In Spain 
and other Mediterranean countries, fallows have been crucial for the maintenance of farmland biodiversity18,22. 
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Farmland is the most important habitat for bird conservation in Europe, harbouring more than 50% of bird 
species in the European Union (EU) and 55% of European bird species listed in the IUCN Red List1,2. Moreover, 
European farmland birds are used as general indicators of the quality of agricultural habitats for biodiversity 
through an official agri-environmental indicator, the Farmland Bird Index (FBI)3.

Agriculture intensification is the main driver of the current biodiversity loss in Europe4 and considered to 
be the major cause of farmland bird declines across the continent2. Agriculture intensification is a multifactorial 
process acting at field and landscape level4,5, one of whose main consequences is the loss of environmental hetero-
geneity at different spatial scales5,6. At field scale, yield and revenue maximization has led to an increase of inputs 
and agrarian operations (e.g. soil disruption though ploughing) that have severely reduced local biodiversity7,8, 
including arable plants, invertebrates and birds9. This process has also led to the loss of semi natural elements 
of fields and their close neighbourhood (e.g. field margins), further contributing to biodiversity declines7,8. At 
landscape scale, land consolidation and disappearance of yearly (or longer) crop rotation have favoured landscape 
simplification and homogenization, through the loss of non-cultivated elements (e.g. margins, hedges, fallow and 
wasteland), further reducing habitat availability for wildlife10–12. EU’s Common Agricultural Policy (CAP) has 
been one of the main drivers of agriculture intensification in Europe13, promoting landscape homogenisation, 
increased use of agrochemicals and the abandonment of less productive fields4,5, despite some efforts to reverse 
the biodiversity loss through the application of agri-environmental schemes (AES)14. Moreover, AES have been 
only partially successful due to unclear objectives, design deficiency and low uptake15, and different global effi-
ciency evaluations have yielded mixed results16,17. In synthesis, agriculture intensification can be considered the 
major cause of farmland bird and other taxa declines across the continent2,4,6.

The proportion of fallow land can be used as a measure of landscape scale heterogeneity and thus of agricul-
ture intensification18,19. Fallow land is the cultivated land that is not seeded for one or more growing seasons20. 
Thus, fallows include different semi-natural grasslands and pastures that will eventually be ploughed for a new 
crop cycle19. Adequately managed, fallows are one of the most important habitats for wildlife, and particularly for 
farmland birds, in agricultural landscapes, due to the high diversity and abundance of food resources that they 
provide such as weeds, seeds, and invertebrates, as well as vegetation cover for foraging or nesting6,21. In Spain 
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A B S T R A C T

1. Composite, multispecies biodiversity indices are increasingly used to report against international and na-
tional environmental commitments and targets, the Wild Bird Index being a prominent example in Europe,
but methods to assess trends, error and species selection for such indices are poorly developed.

2. In this study, we compare methods to compute multispecies supranational indices and explore different
approaches to trend and error estimation, the presentation of indices, and species selection. We do so using
population trend data on forest and farmland birds from 28 European countries, 1980–2015.

3. We find relative stability in common European forest bird populations over this period, but a severe decline
in farmland bird populations. Altering the benchmark year affects index characteristics and ease of inter-
pretation. We show that using annual species’ indices and their SEs to calculate confidence intervals delivers
greater precision in index estimates than bootstrapping across species. The inclusion of individual species
within indices has limited leverage on index characteristics, but subjective selection of species based on
specialisation has the potential to generate bias.

4. Multispecies indices are valuable policy-relevant tools for describing biodiversity health. Their calculation
and presentation need to be tailored to meet specific policy objectives, and they must be supported by clear
interpretative information. We recommend methods for indicator analysis, forms of presentation, and the
adoption of an objective species selection protocol to ensure indicators are representative and sensitive to
environmental change.

1. Introduction

Multi-species indices (MSIs) of biodiversity change are used in-
creasingly at national and international scales to report against en-
vironmental commitments (Butchart et al., 2010; Tittensor et al., 2014).
The most prominent index of species abundance, the Living Planet
Index (LPI), tracks trends in thousands of populations of vertebrate
species (Collen et al., 2009; McRae et al., 2017), whilst the related Wild
Bird Index (WBI) tracks population trends of hundreds of bird species
across several regions (Gregory and van Strien, 2010; Wotton et al.,
2017; Hoffmann et al., 2018). Both indices are based on the geometric
mean of the relative abundance of species and several studies have
shown this metric to have advantages over traditional indices of

biodiversity change (Buckland et al., 2011; van Strien et al., 2012;
Santini et al., 2016). Nonetheless, multi-species biodiversity indices of
this kind can potentially suffer from a number of limitations and need
to be interpreted with care (Renwick et al., 2012; Santini et al., 2016;
Buckland and Johnston, 2017). In this paper, we explore some of these
issues, from reporting statistical uncertainty around the indicators,
choosing which year to set as the benchmark year and quantifying as-
sociated trends, to the initial selection of species for inclusion in the
indices. We use population trend data on European birds to demon-
strate each point. Gregory et al. (2005) first described methods to cal-
culate supranational WBIs using population data from breeding bird
surveys. This work has been extended with European and EU versions
of the Forest Bird Index and Farmland Bird Index published by the Pan-
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across several regions (Gregory and van Strien, 2010; Wotton et al.,
2017; Hoffmann et al., 2018). Both indices are based on the geometric
mean of the relative abundance of species and several studies have
shown this metric to have advantages over traditional indices of

biodiversity change (Buckland et al., 2011; van Strien et al., 2012;
Santini et al., 2016). Nonetheless, multi-species biodiversity indices of
this kind can potentially suffer from a number of limitations and need
to be interpreted with care (Renwick et al., 2012; Santini et al., 2016;
Buckland and Johnston, 2017). In this paper, we explore some of these
issues, from reporting statistical uncertainty around the indicators,
choosing which year to set as the benchmark year and quantifying as-
sociated trends, to the initial selection of species for inclusion in the
indices. We use population trend data on European birds to demon-
strate each point. Gregory et al. (2005) first described methods to cal-
culate supranational WBIs using population data from breeding bird
surveys. This work has been extended with European and EU versions
of the Forest Bird Index and Farmland Bird Index published by the Pan-
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methods as that was beyond the scope of our paper.

4.4. Species selection

WBIs appear relatively robust to changes in species selection as the
exclusion of individual species had relatively little influence on index
characteristics and should not compromise their policy use, given re-
cognised levels of variability and tolerances (e.g. UK government use a
5% threshold to evaluate the significance of change: www.gov.uk/
government/statistics/wild-bird-populations-in-the-uk), but regular
checks are advisable. The exception was G. cristata, a rapidly declining
species whose inclusion lowers the Farmland Bird Index and reduces
overall precision. Whilst smaller sample sizes for rarer species may
increase the imprecision of trend estimates, the estimates themselves
are not necessarily biased. The inclusion of rare species in an MSI needs
careful consideration in terms of the accuracy and precision of the trend
estimates, and whether such species are representative of the commu-
nity the index describes. We show that species adding most imprecision
also tend to have the greatest impact on the index values, so species
selection should consider index precision alongside other factors. Rarity
is also an issue if a species undergoes significant declines over time and
it raises questions over whether it should continue to be included in an
MSI. This is the case when a declining species becomes so rare that it
cannot be monitored reliably (partly because one cannot take a geo-
metric mean of zero). The MSI-tool overcomes this problem by fixing
the lowest index value to one and other programmes do similar (e.g.
Collen et al., 2009). Renwick et al. (2012) showed WBIs were sensitive
to the exclusion of rarer, often declining species, and their exclusion led

to more positive trends. So, excluding a rapidly declining (or in-
creasing) species from an index can be problematic and create bias, and
some rules are needed. In the case of G. cristata, there is no compelling
reason to remove the species, as the index would be more positive if the
species was lost, and independent evidence suggests that its population
has collapsed in Europe (BirdLife International, 2017). Note however
that its inclusion is likely to reduce the precision of the index.

We show that LDMs do not overly influence the WBIs, although
their population trends were slightly more negative. Somveille et al.
(2013) show that the proportion of migratory bird species in commu-
nities follows a strong latitudinal gradient globally, increasing with
latitude. Some 37% of species covered by the PECBMS are LDMs and
they represent an important component of breeding bird communities
in Europe, although it is sensible to check that their trends, likely driven
by factors inside and outside Europe, do not drive change in the MSIs.

MSIs containing subsets of species judged to be more sensitive to
environmental change showed slightly greater declines, as you might
predict (Clavel et al., 2011), but differences from current WBIs were
modest (Figs. 5 and 6). Species selection for current indices was based
on expert opinion that prioritised specialists and Reif et al. (2010)
showed that expert assessment of species’ specialization is highly cor-
related with independent measures. However, the case for adopting
more objective species selection approaches remains. Renwick et al.
(2012) argue against species selection based on expert opinion and
previous research suggests that indices selected in this manner may not
be representative of wider bird communities (Butler et al., 2012; Wade
et al., 2014). We therefore recommend approaches that impose the
required characteristics of reactivity, representativeness and

Fig. 7. MSIs for forest (a-b) and farmland birds (c-d) with species selected according to a species' selection algorithm. This identifies the species set with the lowest
overall sensitivity (a= 31 forest species & c= 23 farmland species), and the optimal breakpoint set covering all resources (b= 14 forest species & d=5 farmland
species). Indices set to 100 (SE=0) in 1980 with shaded 95% CIs. Grey lines show the Forest (a-b) and Farmland Bird Indices (c-d).
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Abstract
1.	 Knowledge	of	land‐use	patterns	that	could	affect	animal	population	resiliency	or	
vulnerability	to	environmental	threats	such	as	climate	change	is	essential,	yet	the	
interactive	effects	of	land	use	and	climate	on	demography	across	space	and	time	
can	be	difficult	to	study.	This	is	particularly	true	for	migratory	species,	which	rely	
on	different	landscapes	throughout	the	year.

2.	 Unlike	most	North	American	migratory	waterfowl,	populations	of	northern	pin-
tails	 (Anas acuta;	hereafter	pintails)	have	not	recovered	since	the	1980s	despite	
extended	 periods	 of	 abundant	 flooded	 wetlands	 (i.e.	 ponds).	 The	 mechanisms	
and	drivers	involved	in	this	discrepancy	remain	poorly	understood.	While	pintails	
are	similar	to	other	ducks	in	their	dependence	on	ponds	throughout	their	annual	
cycle,	their	extensive	use	of	croplands	for	nesting	differentiates	them	and	makes	
them	particularly	vulnerable	to	changes	in	agricultural	land	use	on	prairie	breeding	
grounds.

3.	 Our	intent	was	to	quantify	how	changes	in	land	use	and	ponds	on	breeding	grounds	
have	influenced	pintail	population	dynamics	by	developing	an	integrated	popula-
tion	model	to	analyse	over	five	decades	(1961–2014)	of	band‐recovery,	breeding	
population	survey,	land‐use	and	pond	count	data.	We	focused	especially	on	the	
interactive	effects	of	pond	counts	and	land	use	on	pintail	productivity,	while	ac-
counting	for	density‐dependent	processes.

4.	 Pintail	populations	 responded	more	strongly	 to	annual	variation	 in	productivity	
than	survival.	Productivity	was	positively	correlated	with	pond	count	and	nega-
tively	 correlated	with	 agricultural	 intensification.	 Further,	 a	 positive	 interaction	
between	pond	count	and	agricultural	intensification	was	insufficient	to	overcome	
the	 strong	 negative	 effect	 of	 agricultural	 intensification	 on	 pintail	 productivity	
across	nearly	all	pond	counts.	The	interaction	also	indicated	that	pintail	popula-
tions	were	more	negatively	 impacted	by	the	decrease	 in	ponds	associated	with	
climate	change	under	higher	agricultural	intensification.

5.	 Our	results	indicate	that	pintail	populations	have	become	more	vulnerable	to	cli-
mate	change	under	intensified	land	use,	which	suggests	that	future	conservation	
strategies	must	 adapt	 to	 these	 altered	 relationships.	 The	 interactive	 effects	 of	
land	 use	 and	 climate	 on	 demography	 should	 be	 considered	more	 frequently	 in	
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F
or millennia, humans have used seabird 

sightings and behavior as indicators of 

conditions of the marine environment. 

Seabirds are highly visible and nest in 

large colonies in normally constant loca-

tions, allowing efficient data gathering. 

Different species can provide information on 

different parts of the food chain. Individuals 

are often easier to observe and capture than 

other marine organisms, allowing behavioral, 

anatomical, physiological, demographic, and 

genetic information to be gathered (1). In re-

cent decades, seabird breeding and feeding 

observations have revealed the connection 

between sea surface temperatures in upwell-

ing regions and seabird reproductive success, 

as well as the frequency with which warm 

oceanographic anomalies occur and the evo-

lution of seabird life history strategies (2, 3). 

These insights provide valuable information 

for sustainable ecosystem management. Co-

ordinated efforts to gather standardized sea-

bird data will be essential for monitoring the 

health of the global ocean.

Seabirds have evolved a set of adaptations 

to their environment, such as being able to 

fly long distances, locate and capture prey 

underwater, and find nesting sites safe from 

predators and near highly productive marine 

regions, where they obtain food. Seabirds 

have comparatively long life spans (20 to 60+ 

years), reach sexual maturity late (between 2 

and 10 years of age), reproduce annually, and 

have small clutch sizes (one to three eggs) and 

long periods of chick development (50 to 350 

days) (4). These traits likely evolved because 

of the large effort required in delivering food 

to offspring from the open ocean, which can 

negatively affect the chances of adults’ sur-

vival to the next reproduction. Because sea-

birds are long-lived and reproduce annually, 

a failed breeding in years of low food avail-

ability has a smaller negative impact on their 

overall fitness (4).

Seabirds are sentinels in two ways. First, 

they can serve as biomonitors of ecosystem-

scale changes, such as the presence of or-

ganic pollutants or heavy metals in their 

tissues and marine litter such as plastics 

and microplastics in their stomachs (5). 

Second, they can be quantitative indicators 

of ecosystem components such as fish abun-

dance. Many instances of seabird breeding 

failures or population declines have pre-

saged fisheries collapses and, through their 

diet composition and distribution shifts, 

they provide reliable signals of many fish 
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NEONICOTINOID IMPACTS

A neonicotinoid insecticide reduces
fueling and delays migration
in songbirds
Margaret L. Eng1, Bridget J. M. Stutchbury2, Christy A. Morrissey3,4*

Neonicotinoids are neurotoxic insecticides widely used as seed treatments, but little is
known of their effects on migrating birds that forage in agricultural areas. We tracked
the migratory movements of imidacloprid-exposed songbirds at a landscape scale using
a combination of experimental dosing and automated radio telemetry. Ingestion of
field-realistic quantities of imidacloprid (1.2 or 3.9 milligrams per kilogram body mass) by
white-crowned sparrows (Zonotrichia leucophrys) during migratory stopover caused
a rapid reduction in food consumption, mass, and fat and significantly affected their
probability of departure. Birds in the high-dose treatment stayed a median of 3.5 days
longer at the site of capture after exposure as compared with controls, likely to regain fuel
stores or recover from intoxication. Migration delays can carry over to affect survival and
reproduction; thus, these results confirm a link between sublethal pesticide exposure and
adverse outcomes for migratory bird populations.

B
irds are frequently exposed to pesticides
and other environmental contaminants at
migratory stopover sites, but studies that
causally link contaminant exposure to
migration ability are lacking. Migratory

stopover is typically characterized by rapid food
intake (hyperphagia) and assimilation of energy
stores to prepare for sustained flight (1). Suppres-
sion of feeding andmass loss has been proposed
as a sublethal mechanism through which certain
neurotoxicants delay migration and reduce sur-
vival (2), and disruption of migratory orientation
behavior has been identified as a sensitive end-
point of exposure to certain contaminants in
songbirds (3, 4). Conditions experienced during
migration have population-level consequences (5),
and thus the presence of contaminants at stop-
over sites could be contributing to the population
declines occurring in many migratory species.
There is increasing concern and controversy

over theneonicotinoids,which are themostwidely
used class of agricultural insecticidesworldwide (6).
Neonicotinoids have a neurotoxic mechanism of
action, binding to the nicotinic acetylcholine re-
ceptor (nAChR), which causes overstimulation of
the nervous system (7). They bindmore strongly
to insect receptors than to vertebrate receptors
and were thought to pose a low risk for verte-
brates (7). However, recent studies have demon-
strated that neonicotinoids can have substantial
negative effects on survival, condition, and be-
havior in birds (8–10). Birds can be exposed
through multiple pathways, including contact

with sprays, ingestion of contaminated soil and
water, as well as consumption of treated seeds.
Although neonicotinoids have been on the mar-
ket since the mid-1990s, researchers have only
recently started to focus on identifying field
exposures in wildlife, and there is mounting evi-
dence that farmland birds worldwide are rou-
tinely exposed to neonicotinoids (11–15). Bird
species that use agricultural habitat for migra-
tion or breeding are exhibiting particularly pre-
cipitous declines (16, 17). In North America, 74%
of farmland-dependent bird species declined
from 1966 to 2013, many of which are seed-eaters
(17). Along with habitat loss and disturbance, the
large-scale application of agricultural pesticides,
including the neonicotinoid seed treatments, has
been associated with these declines (17, 18), but
detailed mechanistic studies are needed to estab-
lish a causal link.
Despite being an area of great scientific and con-

servation interest, the influence of neonicotinoids
on avian behavior, patterns of movement, and
population-level effects remainspoorlyunderstood.
Birds are particularly susceptible to neonicotinoid
exposure during spring migration, which coin-
cides with spring seeding for many treated agri-
cultural crops in the northernmidlatitudes (19).

In a previous captive dosing study, we tested the
effects of sublethal imidacloprid exposure on
migratory ability in a seed-eating songbird, the
white-crowned sparrow (Zonotrichia leucophrys),
caught at stopover sites during their spring
migration. Imidacloprid caused strong acute
effects, including rapid body mass loss and mi-
gratory disorientation (10). To date, researchers
have never been able to experimentally track the
effects of pesticide exposure on free-living song-
birds. New tracking technologies now permit
insight into the consequences of neonicotinoid
exposure on songbirds at an ecologically relevant
scale. In this study, we combined controlled dos-
ing of wild-caught birds (Fig. 1) and automated
telemetry to follow fueling and migratory move-
ments of individual white-crowned sparrows
experimentally exposed to very low sublethal
doses of imidacloprid (3 to 10% of predicted
median lethal dose) at a northern stopover in
Ontario, Canada. The selected doses were well
within the range of concentrations that a bird
could realistically consume if they accidentally
ingested a few treated seeds (table S1).
We found that even a single exposure to low

doses of imidacloprid (1.2 mg⋅kg body mass−1 or
3.9mg⋅kg bodymass−1,n= 12 birds per treatment)
caused negative effects on fueling and migration
in sparrows. Imidacloprid-induced mass loss has
been reported in previous studies in birds (8–10),
andwe observed a significant reduction inwhite-
crowned sparrow body mass 6 hours after dos-
ing [dose*time interaction, linear mixed model
(LMM) F2,33 = 4.56, P = 0.018] in both the low-
and high-dose groups (P = 0.005, average mass
loss = 3.0%, and P < 0.0001, average mass loss =
5.9%, respectively) (Fig. 2A and table S2). Control
birds subjected to the same procedures did not
lose significant bodymass (P= 0.156). It is possible
that capture and handling may have been suffi-
cient in dosed birds to cause interactive effects
with imidacloprid and amplify the magnitude
of the dose response. However, even after longer
acclimation periods of ~2 weeks, our previous
captive study using the same species showed a
significant negative effect on bodymass after just
one comparable dose of imidacloprid (4.0 mg⋅kg
body mass−1⋅day−1), with birds losing 6.5% of
body mass within 24 hours after the first dose
and 17% of mass after three consecutive daily
doses (table S3) (10).
Fat is the essential fuel store in migrating

birds (20), and body composition quantitative
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Fig. 1. Experimental timeline for each cohort of white-crowned sparrows captured on migra-
tion stopover.The same body measurements were taken ~24 hours apart to compare “pre-dosing”
and “post-dosing” conditions. Nocturnal orientation trials tested for baseline migratory activity and
orientation, and only birds with fat filling ≥½ the furcular hollow and exhibiting migratory
restlessness were screened into the dosing study. Birds were orally dosed the following morning,
measured and nanotagged ~6 hours after dosing, and then released 2 hours before sunset. Post-
release tracking was accomplished remotely by means of the Motus Wildlife Tracking System.
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Climate change threatens global biodiversity by increasing extinc-
tion risk, yet few studies have uncovered a physiological basis of
climate-driven species declines. Maintaining a stable body tem-
perature is a fundamental requirement for homeothermic animals,
and water is a vital resource that facilitates thermoregulation
through evaporative cooling, especially in hot environments. Here,
we explore the potential for thermoregulatory costs to underlie
the community collapse of birds in the Mojave Desert over the past
century in response to climate change. The probability of persis-
tence was lowest for species occupying the warmest and driest
sites, which imposed the greatest cooling costs. We developed a
general model of heat flux to evaluate whether water requirements
for evaporative cooling contributed to species’ declines by simulat-
ing thermoregulatory costs in the Mojave Desert for 50 bird species
representing the range of observed declines. Bird species’ declines
were positively associated with climate-driven increases in water
requirements for evaporative cooling and exacerbated by large
body size, especially for species with animal-based diets. Species
exhibiting reductions in body size across their range saved up to
14% in cooling costs and experienced less decline than species with-
out size reductions, suggesting total cooling costs as a mechanism
underlying Bergmann’s rule. Reductions in body size, however, are
unlikely to offset the 50 to 78% increase in cooling costs threatening
desert birds from future climate change. As climate change spreads
warm, dry conditions across the planet, water requirements are in-
creasingly likely to drive population declines, providing a physiolog-
ical basis for climate-driven extinctions.

thermoregulation | climate change | desert birds | evaporative cooling |
Bergmann’s rule

Climate change threatens to accelerate the ongoing, rapid loss
of biodiversity (1, 2), prompting an urgent need to identify

the mechanisms that make species vulnerable (3). Vulnerability
to climate change increases when environmental conditions chal-
lenge an organism’s capacity to balance heat and water budgets (4),
suggesting physiological mechanisms will underlie some population
declines (5). However, the physiological bases of climate vulnera-
bility are often inferred indirectly from population declines (6), and
empirical evidence supports the uncoupling of species interactions
as the most common cause of climate-driven extinctions (7). A
major impediment to detecting the physiological bases of climate
vulnerability is the complex nature of the organism–climate in-
teraction, especially for endotherms. Heat transfer through avian
plumage and mammal pelage complicates our understanding of the
homeothermic requirements of endotherms (8, 9). Establishing
meaningful links between physiology and long-term population
responses to climate change would represent a major advance for
predicting endotherm climate vulnerability.
At a fundamental level, energy imbalance between an organ-

ism and its environment—manifested as changes in mass, water,
and heat—drives climate vulnerability (4). The primary deter-
minants of energy exchange are environmental temperature and
body size (10). Body size determines an organism’s total energetic
requirements, whereas temperature modulates this relationship

(11). Warming temperatures can influence the spatial and temporal
patterns in body size by causing local energetic imbalances (12).
Large-bodied endotherms, for instance, simultaneously experienced
rapid extinction (13) and reductions in body size during Pleistocene
warming (14), with analogous patterns occurring in response to
human-caused climate change (15). Similar negative associations
between body size and average annual temperature have also been
reported across species’ geographic ranges in a pattern generally
referred to as Bergmann’s rule (16). However, models of heat flux
have not supported a mechanistic explanation of Bergmann’s rule
(17), possibly due to their focus on the benefits of greater heat
retention in large-bodied endotherms inhabiting cool climates.
Given that geographic variation in body mass is more strongly as-
sociated with maximum than minimum temperatures (18), shifting
perspectives to evaluate size-dependent cooling costs in hot envi-
ronments might produce different insights.
We developed simulation models of heat flux to evaluate

whether water requirements for evaporative cooling contributed
to the collapse of the Mojave Desert bird community over the
last century that has been explicitly linked to climate change
(19). Since the original surveys by Joseph Grinnell and others in
the early 20th century, Mojave sites, situated mostly within na-
tional parks and reserves with minimal land use change, have lost
on average 43% of their bird species. Occupancy probability

Significance

Climate change—especially accelerated warming and drying—
threatens to increase extinction risk, yet there is little evidence
that physiological limitations have contributed to species de-
clines. This study links species-specific water requirements for
cooling body temperature to the collapse of a Mojave Desert
bird community over the past century from climate change.
Species occupying the hottest, driest sites were less likely to
persist. Birds with the greatest water requirements for cooling
their body temperature experienced the largest declines.
Large-bodied carnivores and insectivores were especially vul-
nerable to cooling costs because they obtain water primarily
from their food. Climate warming increases the evaporative
cooling demand for birds, which will affect geographic pat-
terns in body size and future extinction risk.
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Abstract

Birds are essential components of most ecosystems and provide many services valued by

society. However, many populations have undergone striking declines as their habitats

have been lost or degraded by human activities. Terrestrial grasslands are vital habitat for

birds in the North American Prairie Pothole Region (PPR), but grassland conversion and

fragmentation from agriculture and energy-production activities have destroyed or degraded

millions of hectares. Conservation grasslands can provide alternate habitat. In the United

States, the Conservation Reserve Program (CRP) is the largest program maintaining con-

servation grasslands on agricultural lands, but conservation grasslands in the PPR have

declined by over 1 million ha since the program’s zenith in 2007. We used an ecosystem-

services model (InVEST) parameterized for the PPR to quantify grassland-bird habitat

remaining in 2014 and to assess the degradation status of the remaining grassland-bird hab-

itat as influenced by crop and energy (i.e., oil, natural gas, and wind) production. We com-

pared our resultant habitat-quality ratings to grassland-bird abundance data from the North

American Breeding Bird Survey to confirm that ratings were related to grassland-bird abun-

dance. Of the grassland-bird habitat remaining in 2014, about 19% was degraded by crop

production that occurred within 0.1 km of grassland habitats, whereas energy production

degraded an additional 16%. We further quantified the changes in availability of grassland-

bird habitat under various land-cover scenarios representing incremental losses (10%,

25%, 50%, 75%, and 100%) of CRP grasslands from 2014 levels. Our model identified 1 mil-

lion ha (9%) of remaining grassland-bird habitat in the PPR that would be lost or degraded if
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Defaunation precipitates the extinction of 
evolutionarily distinct interactions in the Anthropocene
Carine Emer1*, Mauro Galetti1, Marco A. Pizo2 , Pedro Jordano3 , Miguel Verdú4

Species on Earth are interconnected with each other through ecological interactions. Defaunation can erode those 
connections, yet we lack evolutionary predictions about the consequences of losing interactions in human-modified 
ecosystems. We quantified the fate of the evolutionary history of avian–seed dispersal interactions across tropical 
forest fragments by combining the evolutionary distinctness of the pairwise-partner species, a proxy to their 
unique functional features. Both large-seeded plant and large-bodied bird species showed the highest evolutionary 
distinctness. We estimate a loss of 3.5 to 4.7 × 104  million years of cumulative evolutionary history of interactions 
due to defaunation. Bird-driven local extinctions mainly erode the most evolutionarily distinct interactions. However, 
the persistence of less evolutionarily distinct bird species in defaunated areas exerts a phylogenetic rescue effect 
through seed dispersal of evolutionarily distinct plant species.

INTRODUCTION
Biotic interactions form the backbone of biological diversity while 
delivering the unique ecological functions essential for human and 
nonhuman well-being (1, 2). Their fate is defined by both the con-
temporary ecological correlates and the evolutionary trajectories of 
the interacting species (3, 4). Thus, human activities known to affect 
species interactions within ecological time frames may likewise 
affect the evolutionary history of the interaction partners. Among 
them, defaunation, the worldwide pervasive human-induced extinction 
of animal populations or entire species, substantially affects large-bodied 
organisms that often perform interactions whose ecological function 
cannot be easily replaced by smaller-sized species (5). If these species 
are highly evolutionarily distinct (e.g., unique lineages in the Tree of 
Life and those with fewer extant relatives and a longer evolutionary 
history), then they may harbor greater amounts of evolutionary 
information than expected by species number alone (6, 7). Aimed at 
measuring this importance, “evolutionary distinctness” (hereafter ED) 
estimates the contribution of a given species to the total evolutionary 
history of its clade while measuring its isolation in the phylogenetic 
tree (8, 9). We propose to expand this concept by characterizing eco-
logical interactions according to their ED, i.e., how species with dif-
ferent ED values interact with each other (Fig. 1). Thus, we can 
assess how the contemporary fast-paced defaunation has eroded the 
evolutionary history embedded in these interactions. Here, we coin 
the term “evolutionary distinctness of the interaction” (EDi) to refer to 
the combined ED that both interacting partner species convey to a 
given interaction, irrespective of how long they have been interacting 
with one another.

Species interactions entail millions of years of reciprocal effects 
and a vast amount of the genetic and ecological information that 
characterize their unique and irreplaceable contribution to support 
the Earth’s biodiversity (10, 11). Mutualism rarely evolves as a process 

in which partners have joint, reciprocal evolutionary trajectories 
involving cospeciation with congruent phylogenetic branching (12, 13). 
Instead, species with rather different evolutionary trajectories tend 
to interact in contemporary habitats, showing a marked asymmetry 
of ED (e.g., the pollination of a basal clade angiosperm species by an 
insect from a recent clade). For example, the ages of nectar-feeding and 
fruit-eating bird and mammal families and their core plant families 
are consistently skewed toward older plant taxa, evidencing that 
most animal families are younger than their partner plant families 
(11). In the specific case of tropical forests, avian seed dispersal is 
mediated by multiple species, with generalized interactions established 
by the consumption of fruits that do not necessarily require specialized 
traits (11, 12). Yet, generalist partner species hold distinct evolutionary 
histories that meet in contemporary time, forming interactions that 
combine all the evolutionary information that the interacting actors 
carry.

Because large-bodied animals and large-seeded plants tend to be 
evolutionarily distinct species owing to both their old age and isolation 
in the Tree of Life (14, 15), their interactions involve high values of 
EDi while accounting for the largest amounts of evolutionary history. 
Therefore, defaunation, by reducing the populations of large-bodied 
bird species (5) and, consequently, the probability of interactions 
with large-seeded plant species, would likely extirpate the most 
evolutionarily distinct interactions. In contrast, lower EDi values are 
expected for interactions involving small-bodied bird and small-seeded 
plant species, which conform to be the persisting interactions in 
fragmented landscapes (16). Thus, both locally extinct and persisting 
interactions would be characterized by relatively symmetric EDi 
(i.e., high-ED animal–high-ED plant species for locally extinct and 
low-ED animal–low-ED plant species for persistent interactions). 
Otherwise, when the interacting partners have highly divergent ED 
(e.g., low-ED animal–high-ED plant species), an asymmetric EDi 
emerges, with unexplored outcomes on the eco-evolutionary func-
tions that support current ecosystems (10). Therefore, defaunation, by 
selectively pruning species from the Tree of Life (17, 18), is causing 
the extirpation of interactions with distinct combinations of evolu-
tionary history, with consequences that may go well beyond the 
current ecological time (19, 20).

We quantify the signature of defaunation in the ED of plant-frugivore 
interactions in fragmented tropical forests by combining field and 
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The Southern Ocean is in an era of significant change. Historic
overharvesting of marine mammals and recent climatic warming
have cascading impacts on resource availability and, in turn,
ecosystem structure and function. We examined trophic responses
of sympatric chinstrap (Pygoscelis antarctica) and gentoo (Pygo-
scelis papua) penguins to nearly 100 y of shared environmental
change in the Antarctic Peninsula region using compound-specific
stable isotope analyses of museum specimens. A century ago, gen-
too penguins fed almost exclusively on low-trophic level prey,
such as krill, during the peak of historic overexploitation of marine
mammals, which was hypothesized to have resulted in a krill sur-
plus. In the last 40 y, gentoo penguin trophic position has in-
creased a full level as krill declined in response to recent climate
change, increased competition from recovering marine mammal
populations, and the development of a commercial krill fishery.
A shifting isotopic baseline supporting gentoo penguins suggests
a concurrent increase in coastal productivity over this time. In con-
trast, chinstrap penguins exhibited no change in trophic position,
despite variation in krill availability over the past century. The
specialized foraging niche of chinstrap penguins likely renders
them more sensitive to changes in krill availability, relative to
gentoo penguins, as evinced by their declining population trends
in the Antarctic Peninsula over the past 40 y. Over the next cen-
tury, similarly divergent trophic and population responses are
likely to occur among Antarctic krill predators if climate change
and other anthropogenic impacts continue to favor generalist over
specialist species.

Antarctica | ecogeochemistry | environmental change | historical ecology |
krill surplus

E cological responses to shared environmental change can vary
substantially among species, even those that are closely re-

lated (1–4). Understanding species-specific responses to envi-
ronmental change is critical to predicting the resilience and
adaptation of species to disturbances associated with changes in
climate or human–environment interactions. A species’ ecolog-
ical niche, defined as a multidimensional hypervolume that in-
cludes axes relating to trophic dynamics, habitat use, and other
life history requirements (5, 6), can be a key predictor of species’
responses to changes in their environment (1, 7). For example,
specialist species use a narrow window of resources and are
thought to be highly sensitive to environmental change (8, 9). In
contrast, generalist species have broad or flexible resource use
and are predicted to be more resilient to disturbances and/or
changes in resource availability associated with environmental
change (7, 10).
Chinstrap (Pygoscelis antarctica) and gentoo (Pygoscelis papua)

penguins co-occur in the Antarctic Peninsula region and provide
an opportunity to test explicit hypotheses about sympatric species’
responses to environmental change. These sympatric species use

similar nesting habitats, have similar phenology and breeding
biology, are both considered pagophobic (ice-avoiding) unlike
their pagophilic congener the Adélie penguin (Pygoscelis adeliae),
and strongly overlap in dietary utilization of Antarctic krill
(Euphausia superba) (11, 12). However, over the last 40 y,
chinstrap penguin populations within the Antarctic Peninsula
region have decreased by ∼30 to 53% (13, 14), while those of
gentoo penguins have had more than a 6-fold increase (14–16).
For example, along the South Orkney Islands, South Shetland
Islands, and the Western Antarctic Peninsula, chinstrap penguin
populations are estimated to have declined from as much as 3.1
million breeding pairs in the 1970s and 1980s to as few as 1.4
million breeding pairs in the 2010s (13), while gentoo penguins in
this region increased from ∼31,312 to 243,316 breeding pairs
during this same time period (15, 16). These divergent population
trajectories may be, at least partially, explained by key differences
in their trophic niches, which are thought to facilitate ecological
niche segregation and promote coexistence (5, 17, 18). Chinstrap
penguins have a narrow trophic niche with a specialized diet
dominated by Antarctic krill (17, 18). Gentoo penguins, conversely,
are generalist foragers with a broader and more flexible trophic
niche relative to chinstrap penguins (18, 19). Trivelpiece et al.

Significance

We reveal species-specific changes in penguin trophic responses
to historic shifts in krill availability over the last century by ap-
plying new molecular isotope techniques to historic penguin
museum specimens. Generalist foraging gentoo penguins, whose
population increased 6-fold in the last 40 y, showed adaptive
shifts in trophic position in concert with changes in Antarctic krill
availability following historic exploitation of marine mammals
and recent climate change. In contrast, chinstrap penguins
maintained a consistent krill diet despite changes in krill avail-
ability and concurrent population declines. These results highlight
how responses to shared environmental change can vary sub-
stantially among closely related species, supporting ecological
niche theory that specialists will be more sensitive to environ-
mental change than their generalist counterparts.
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plying new molecular isotope techniques to historic penguin
museum specimens. Generalist foraging gentoo penguins, whose
population increased 6-fold in the last 40 y, showed adaptive
shifts in trophic position in concert with changes in Antarctic krill
availability following historic exploitation of marine mammals
and recent climate change. In contrast, chinstrap penguins
maintained a consistent krill diet despite changes in krill avail-
ability and concurrent population declines. These results highlight
how responses to shared environmental change can vary sub-
stantially among closely related species, supporting ecological
niche theory that specialists will be more sensitive to environ-
mental change than their generalist counterparts.
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(20) proposed a hypothetical framework, invoking dietary re-
liance on krill, to explain recent population trends in Pygoscelis
penguins as a function of the synergistic interaction of historic
overexploitation of marine mammals, coupled with recent global
climate change, on krill availability in the Antarctic Peninsula
region (Fig. 1).
The sequential overharvesting of seals, baleen whales, and finfish

from the early 19th to the mid-20th century (12, 21, 22) is
hypothesized to have resulted in a surplus of Antarctic krill avail-
able for the remaining krill predators, such as Pygoscelis penguins
(23–25). For example, removal of whales alone in the mid-20th
century is calculated to have led to an ∼150 million metric ton
surplus of krill annually (21, 23). However, over the past 70 y,
regional climate change, including ocean warming, sea ice de-
cline, and ocean acidification, have acted in concert to negatively
impact the abundance, distribution, and recruitment of krill (26–
29), although see refs. 30–32. Recent recovery of whale and seal
populations (33, 34) and a growing Antarctic krill fishery (35)
have likely further decreased the prior krill surplus and increased
competition among Southern Ocean krill predators, including
penguins (Fig. 1).
While compelling, the hypothetical framework proposed by

Trivelpiece et al. (20) has been challenging to test due to limited
data on Pygoscelis penguin diets prior to the 1980s. To test the
krill surplus hypothesis and shed light on species-specific re-
sponses to recent environmental stressors in the Southern
Ocean, this study compares the trophic responses of sympatric
chinstrap and gentoo penguins over nearly 100 y of shared en-
vironmental change. Accordingly, we applied molecular eco-
geochemistry (see SI Appendix for further description) to historic
penguin museum specimens dating back to the 1930s. We hy-
pothesized that chinstrap penguins, with their specialized dietary
niche and strong reliance on krill, would show little change in
trophic position over time regardless of krill availability. In
contrast, given the more plastic dietary niche of gentoo penguins,
we hypothesized that this species’ trophic position has fluctuated

over time in response to the proposed climate and harvesting-
related changes in the availability of Antarctic krill, i.e., lower
trophic positions indicative of higher dietary contribution of krill
in the first half of the 20th century during the proposed krill
surplus and higher trophic positions reflecting a switch away from
krill during the krill decline of the second half of the 20th century.
To test these hypotheses, we analyzed the compound-specific

stable nitrogen isotope values of individual amino acids (AAs) in
archived penguin feathers to reconstruct the baseline food web
nitrogen cycling and penguin trophic positions through time. The
source AA phenylalanine δ15N value (δ15NPhe) exhibits minimal
trophic discrimination, providing a proxy for the isotopic signa-
ture of nitrogen cycling at the base of the food web, while the
trophic AA glutamic acid δ15N value (δ15NGlu) exhibits strong
trophic discrimination [reviewed in McMahon and McCarthy
(36)]. Together, these differentially fractionating AAs provide a
measure of trophic position (TP) that is internally indexed to the
nitrogen isotope value of the base of the food web (36). This
approach is particularly valuable for examining biogeochemical
cycling and trophic dynamics in a historical context when it is
challenging, if not impossible, to a priori characterize the iso-
topic baseline of past ecosystems.

Results and Discussion
We identified divergent trophic responses in two congeneric,
sympatric krill-predatory seabirds during nearly 100 y of shared
environmental change in the Antarctic Peninsula region. Over
the past century, gentoo penguins increased a full trophic position,
shifting from a nearly exclusive krill diet in the 1930s to a diet with
significantly more upper trophic level prey, likely fish and squid, in
the modern system. At the same time, the nitrogen isotope baseline
supporting the gentoo penguin food web also increased, suggesting
that gentoo penguins have shifted from offshore to inshore for-
aging over the past 60 y and/or there has been an increase in
coastal productivity. In contrast, chinstrap penguins showed no
change in trophic dynamics over the past century, indicative of

Fig. 1. Drivers of krill availability in the Antarctic Peninsula region. (A) A conceptual summary of the historic and recent ecosystem perturbations in the
Antarctic Peninsula region and their hypothesized implication for the availability of Antarctic krill to penguins in the genus Pygoscelis including (B) chinstrap
(P. antarctica) and (C) gentoo (P. papua) penguins. (A) Adapted with permission from ref. 20.
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The specialized foraging niche of chinstrap 
penguins likely renders them more sensitive to 
changes in krill availability, relative to gentoo
penguins, as evinced by their declining 
population trends in the Antarctic Peninsula 
over the past 40 y. Over the next century, 
similarly divergent trophic and population 
responses are likely to occur among Antarctic 
krill predators if climate change and other 
anthropogenic impacts continue to favor
generalist over specialist species. 

Receding ice drove parallel expansions in Southern
Ocean penguins
Theresa L. Colea,b,1, Ludovic Dutoita,2, Nicolas Dussexc,d,2, Tom Harte,2, Alana Alexanderd,2, Jane L. Youngerf,
Gemma V. Clucasg,h, María José Frugonei,j, Yves Cherelk, Richard Cuthbertl,m, Ursula Ellenbergn,o, Steven R. Fiddamanp,
Johanna Hiscockq, David Houstonr, Pierre Jouventins, Thomas Matterna, Gary Millert,u, Colin Miskellyv, Paul Nolanw,
Michael J. Politox, Petra Quillfeldty, Peter G. Ryanz, Adrian Smithp, Alan J. D. Tennysonv, David Thompsonaa,
Barbara Wieneckebb, Juliana A. Viannacc, and Jonathan M. Watersa

aDepartment of Zoology, University of Otago, Dunedin 9054, New Zealand; bLong Term Ecology Lab, Manaaki Whenua Landcare Research, Lincoln, Canterbury
7640, New Zealand; cDepartment of Bioinformatics and Genetics, Swedish Museum of Natural History, Stockholm 17165, Sweden; dDepartment of Anatomy,
University of Otago, Dunedin 9054, New Zealand; eDepartment of Zoology, University of Oxford, Oxford OX1 3SZ, United Kingdom; fMilner Centre for
Evolution, University of Bath, Claverton Down, Bath BA2 7AY, United Kingdom; gAtkinson Center for a Sustainable Future, Cornell University, Ithaca, NY 14850;
hCornell Lab of Ornithology, Cornell University, Ithaca, NY 14850; iLaboratorio de Ecología Molecular, Departamento de Ciencias Ecológicas, Facultad de
Ciencias, Universidad de Chile, Ñuñoa, Santiago 7800003, Chile; jInstituto de Ecología y Biodiversidad (IEB), Ñuñoa, Santiago 7800003, Chile; kCentre d’Etudes
Biologiques de Chizé, UMR 7372, CNRS–La Rochelle Université, 79360 Villiers-en-Bois, France; lRoyal Society for the Protection of Birds, Sandy, Bedfordshire SG19
2DL, United Kingdom; mWorld Land Trust, Halesworth, Suffolk IP19 8AB, United Kingdom; nDepartment of Ecology, Environment and Evolution, La Trobe
University, Melbourne, VIC 3086, Australia; oGlobal Penguin Society, University of Washington, Seattle, WA 94107; pDepartment of Zoology, University of
Oxford, Oxford OX1 3SY, United Kingdom; qDepartment of Conservation, Murihiku District Office, Invercargill 9840, New Zealand; rBiodiversity, Department of
Conservation, Auckland 0624, New Zealand; sCentre d’Ecologie Fonctionnelle et Evolutive, UMR 5175, Campus CNRS, 34293 Montpellier Cedex 5, France;
tDivision of Pathology and Laboratory Medicine, University of Western Australia, Crawley, WA 6009, Australia; uInstitute for Marine and Antarctic Studies,
University of Tasmania, Hobart, TAS 7001, Australia; vMuseum of New Zealand Te Papa Tongarewa, Wellington 6140, New Zealand; wDepartment of Biology,
The Citadel, Charleston, SC 29409; xDepartment of Oceanography and Coastal Sciences, Louisiana State University, Baton Rouge, LA 70803; yDepartment of
Animal Ecology and Systematics, Justus Liebig Universität Giessen, 35392 Giessen, Germany; zFitzPatrick Institute of African Ornithology, University of Cape
Town, Rondebosch 7701, South Africa; aaNational Institute of Water and Atmospheric Research Ltd., Kilbirnie, Wellington 6241, New Zealand; bbDepartment of
the Environment and Energy, Australian Antarctic Division, Kingston, TAS 7050, Australia; and ccDepartamento de Ecosistemas y Medio Ambiente, Facultad de
Agronomía e Ingeniería Forestal, Pontificia Universidad Católica de Chile, Macul, Santiago 7820436, Chile

Edited by Scott V. Edwards, Harvard University, Cambridge, MA, and approved November 11, 2019 (received for review March 7, 2019)

Climate shifts are key drivers of ecosystem change. Despite the
critical importance of Antarctica and the Southern Ocean for global
climate, the extent of climate-driven ecological change in this region
remains controversial. In particular, the biological effects of changing
sea ice conditions are poorly understood. We hypothesize that rapid
postglacial reductions in sea ice drove biological shifts across multiple
widespread Southern Ocean species. We test for demographic shifts
driven by climate events over recent millennia by analyzing popula-
tion genomic datasets spanning 3 penguin genera (Eudyptes, Pygo-
scelis, and Aptenodytes). Demographic analyses for multiple species
(macaroni/royal, eastern rockhopper, Adélie, gentoo, king, and em-
peror) currently inhabiting southern coastlines affected by heavy sea
ice conditions during the Last Glacial Maximum (LGM) yielded genetic
signatures of near-simultaneous population expansions associated
with postglacial warming. Populations of the ice-adapted emperor
penguin are inferred to have expanded slightly earlier than those
of species requiring ice-free terrain. These concerted high-latitude
expansion events contrast with relatively stable or declining demo-
graphic histories inferred for 4 penguin species (northern rockhopper,
western rockhopper, Fiordland crested, and Snares crested) that ap-
parently persisted throughout the LGM in ice-free habitats. Limited
genetic structure detected in all ice-affected species across the vast
Southern Ocean may reflect both rapid postglacial colonization of
subantarctic and Antarctic shores, in addition to recent genetic ex-
change among populations. Together, these analyses highlight dra-
matic, ecosystem-wide responses to past Southern Ocean climate
change and suggest potential for further shifts as warming
continues.

Sphenisciformes | climate change | Last Glacial Maximum |
refugia | genomics

Climate change is substantially impacting the abundance and
distribution of wildlife, with many species’ ranges shifting

poleward as a result of climate warming (1). Similar shifts occurred
after the Last Glacial Maximum (LGM; 18,000 to 25,000 y ago) (2,
3), as temperate refugial populations of many species expanded
into high latitudes. While such range shifts may be readily achieved
on continents [where terrestrial habitats are essentially continuous

(4)], the challenges are more pronounced for isolated or frag-
mented populations that rely on long-distance dispersal (5, 6). For
instance, many high-latitude coastal and terrestrial ecosystems of

Significance

We analyze population genomic datasets across 3 penguin
genera to test for demographic shifts driven by historical cli-
mate events. Numerous species inhabiting coastlines affected
by heavy sea ice during the Last Glacial Maximum show ge-
nomic signatures of near-simultaneous population expansions
associated with postglacial warming, contrasting with stable or
declining demographic histories inferred for species occupying
consistently ice free habitats. Shallow population genomic
structure detected within species distributed across the vast
Southern Ocean likely provides further evidence for recent
demographic shifts and recent genetic exchange among pop-
ulations. Our results demonstrate dramatic, ecosystem-wide
responses to climate change and highlight the potential for
future biological shifts in the Southern Ocean as global
warming continues.
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Climate shifts are key drivers of ecosystem change. Despite the
critical importance of Antarctica and the Southern Ocean for global
climate, the extent of climate-driven ecological change in this region
remains controversial. In particular, the biological effects of changing
sea ice conditions are poorly understood. We hypothesize that rapid
postglacial reductions in sea ice drove biological shifts across multiple
widespread Southern Ocean species. We test for demographic shifts
driven by climate events over recent millennia by analyzing popula-
tion genomic datasets spanning 3 penguin genera (Eudyptes, Pygo-
scelis, and Aptenodytes). Demographic analyses for multiple species
(macaroni/royal, eastern rockhopper, Adélie, gentoo, king, and em-
peror) currently inhabiting southern coastlines affected by heavy sea
ice conditions during the Last Glacial Maximum (LGM) yielded genetic
signatures of near-simultaneous population expansions associated
with postglacial warming. Populations of the ice-adapted emperor
penguin are inferred to have expanded slightly earlier than those
of species requiring ice-free terrain. These concerted high-latitude
expansion events contrast with relatively stable or declining demo-
graphic histories inferred for 4 penguin species (northern rockhopper,
western rockhopper, Fiordland crested, and Snares crested) that ap-
parently persisted throughout the LGM in ice-free habitats. Limited
genetic structure detected in all ice-affected species across the vast
Southern Ocean may reflect both rapid postglacial colonization of
subantarctic and Antarctic shores, in addition to recent genetic ex-
change among populations. Together, these analyses highlight dra-
matic, ecosystem-wide responses to past Southern Ocean climate
change and suggest potential for further shifts as warming
continues.
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refugia | genomics

Climate change is substantially impacting the abundance and
distribution of wildlife, with many species’ ranges shifting

poleward as a result of climate warming (1). Similar shifts occurred
after the Last Glacial Maximum (LGM; 18,000 to 25,000 y ago) (2,
3), as temperate refugial populations of many species expanded
into high latitudes. While such range shifts may be readily achieved
on continents [where terrestrial habitats are essentially continuous

(4)], the challenges are more pronounced for isolated or frag-
mented populations that rely on long-distance dispersal (5, 6). For
instance, many high-latitude coastal and terrestrial ecosystems of

Significance

We analyze population genomic datasets across 3 penguin
genera to test for demographic shifts driven by historical cli-
mate events. Numerous species inhabiting coastlines affected
by heavy sea ice during the Last Glacial Maximum show ge-
nomic signatures of near-simultaneous population expansions
associated with postglacial warming, contrasting with stable or
declining demographic histories inferred for species occupying
consistently ice free habitats. Shallow population genomic
structure detected within species distributed across the vast
Southern Ocean likely provides further evidence for recent
demographic shifts and recent genetic exchange among pop-
ulations. Our results demonstrate dramatic, ecosystem-wide
responses to climate change and highlight the potential for
future biological shifts in the Southern Ocean as global
warming continues.
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Together, these analyses highlight 
dramatic, ecosystem-wide responses 
to past Southern Ocean climate 
change and suggest potential for 
further shifts as warming continues. 
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1  | INTRODUC TION

Since 2006, North American bat abundances have declined dra-
matically as a result of white-nose syndrome (WNS) caused by the 
fungal pathogen Pseudogymnoascus (formerly Geomyces) destruc-
tans (Pd) (Blehert et al., 2009; Frick et al., 2015; Lorch et al., 2011; 
Minnis & Lindner, 2013; Warnecke et al., 2012). The disease, which 

has been documented in multiple temperate bat species (Langwig 
et al., 2012), negatively impacts bats via dehydration and excessive 
fat depletion by interrupting periods of torpor during hibernation 
(Bernard & McCracken, 2017; Meteyer, Barber, & Mandl, 2012; 
Reeder et al., 2012; Warnecke et al., 2012) and disrupting electrolyte 
balance (Cryan et al., 2013). Survival rates of infected bats vary by 
species and colony, and while there is evidence that resistance may 
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Abstract
1. The introduced fungal pathogen Pseudogymnoascus destructans is causing decline 

of several species of bats in North America, with some even at risk of extinc-
tion or extirpation. The severity of the epidemic of white-nose syndrome caused 
by P. destructans has prompted investigation of the transmission and virulence of 
infection at multiple scales, but linking these scales is necessary to quantify the 
mechanisms of transmission and assess population-scale declines.

2. We built a model connecting within-hibernaculum disease dynamics of little 
brown bats to regional-scale dispersal, reproduction, and disease spread, includ-
ing multiple plausible mechanisms of transmission.

3. We parameterized the model using the approach of plausible parameter sets, by 
comparing stochastic simulation results to statistical probes from empirical data 
on within-hibernaculum prevalence and survival, as well as among-hibernacula 
spread across a region.

4. Our results are consistent with frequency-dependent transmission between bats, 
support an important role of environmental transmission, and show very little ef-
fect of dispersal among colonies on metapopulation survival.

5. The results help identify the influential parameters and largest sources of uncertainty. 
The model also offers a generalizable method to assess hypotheses about hibernacu-
lum-to-hibernaculum transmission and to identify gaps in knowledge about key pro-
cesses, and could be expanded to include additional mechanisms or bat species.

K E Y W O R D S

disease model, little brown bat, metapopulation dynamics, Myotis lucifugus, plausible 
parameter sets, Pseudogymnoascus destrucans
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Abstract
1. The introduced fungal pathogen Pseudogymnoascus destructans is causing decline 

of several species of bats in North America, with some even at risk of extinc-
tion or extirpation. The severity of the epidemic of white-nose syndrome caused 
by P. destructans has prompted investigation of the transmission and virulence of 
infection at multiple scales, but linking these scales is necessary to quantify the 
mechanisms of transmission and assess population-scale declines.

2. We built a model connecting within-hibernaculum disease dynamics of little 
brown bats to regional-scale dispersal, reproduction, and disease spread, includ-
ing multiple plausible mechanisms of transmission.

3. We parameterized the model using the approach of plausible parameter sets, by 
comparing stochastic simulation results to statistical probes from empirical data 
on within-hibernaculum prevalence and survival, as well as among-hibernacula 
spread across a region.

4. Our results are consistent with frequency-dependent transmission between bats, 
support an important role of environmental transmission, and show very little ef-
fect of dispersal among colonies on metapopulation survival.

5. The results help identify the influential parameters and largest sources of uncertainty. 
The model also offers a generalizable method to assess hypotheses about hibernacu-
lum-to-hibernaculum transmission and to identify gaps in knowledge about key pro-
cesses, and could be expanded to include additional mechanisms or bat species.
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Abstract
Strategic conservation efforts for cryptic species, especially bats, are hindered by 
limited understanding of distribution and population trends. Integrating long‐term 
encounter surveys with multi‐season occupancy models provides a solution whereby 
inferences about changing occupancy probabilities and latent changes in abundance 
can be supported. When harnessed to a Bayesian inferential paradigm, this modeling 
framework offers flexibility for conservation programs that need to update prior 
model‐based understanding about at‐risk species with new data. This scenario is ex‐
emplified by a bat monitoring program in the Pacific Northwestern United States in 
which results from 8 years of surveys from 2003 to 2010 require updating with new 
data from 2016 to 2018. The new data were collected after the arrival of bat white‐
nose syndrome and expansion of wind power generation, stressors expected to 
cause population declines in at least two vulnerable species, little brown bat (Myotis 
lucifugus) and the hoary bat (Lasiurus cinereus). We used multi‐season occupancy 
models with empirically informed prior distributions drawn from previous occupancy 
results (2003–2010) to assess evidence of contemporary decline in these two spe‐
cies. Empirically informed priors provided the bridge across the two monitoring pe‐
riods and increased precision of parameter posterior distributions, but did not alter 
inferences relative to use of vague priors. We found evidence of region‐wide sum‐
mertime decline for the hoary bat ("̂ = 0.86 ± 0.10) since 2010, but no evidence of de‐
cline for the little brown bat ("̂ = 1.1 ± 0.10). White‐nose syndrome was documented 
in the region in 2016 and may not yet have caused regional impact to the little brown 
bat. However, our discovery of hoary bat decline is consistent with the hypothesis 
that the longer duration and greater geographic extent of the wind energy stressor 
(collision and barotrauma) have impacted the species. These hypotheses can be eval‐
uated and updated over time within our framework of pre–post impact monitoring 
and modeling. Our approach provides the foundation for a strategic evidence‐based 
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Abstract. The development and expansion of wind energy is considered a key global threat
to bat populations. Bat carcasses are being found underneath wind turbines across North and
South America, Eurasia, Africa, and the Austro-Pacific. However, relatively little is known
about the comparative impacts of techniques designed to modify turbine operations in ways
that reduce bat fatalities associated with wind energy facilities. This study tests a novel
approach for reducing bat fatalities and curtailment time at a wind energy facility in the United
States, then compares these results to operational mitigation techniques used at other study
sites in North America and Europe. The study was conducted in Wisconsin during 2015 using
a new system of tools for analyzing bat activity and wind speed data to make near real-time
curtailment decisions when bats are detected in the area at control turbines (N = 10) vs. treat-
ment turbines (N = 10). The results show that this smart curtailment approach (referred to
as Turbine Integrated Mortality Reduction, TIMR) significantly reduced fatality estimates
for treatment turbines relative to control turbines for pooled species data, and for each of
five species observed at the study site: pooled data (–84.5%); eastern red bat (Lasiurus borealis,
–82.5%); hoary bat (Lasiurus cinereus, –81.4%); silver-haired bat (Lasionycteris noctivagans,
–90.9%); big brown bat (Eptesicus fuscus, –74.2%); and little brown bat (Myotis lucifugus, –91.4%).
The approach reduced power generation and estimated annual revenue at the wind energy
facility by ≤ 3.2% for treatment turbines relative to control turbines, and we estimate that the
approach would have reduced curtailment time by 48% relative to turbines operated under a
standard curtailment rule used in North America. This approach significantly reduced fatali-
ties associated with all species evaluated, each of which has broad distributions in North Amer-
ica and different ecological affinities, several of which represent species most affected by wind
development in North America. While we recognize that this approach needs to be validated in
other areas experiencing rapid wind energy development, we anticipate that this approach has
the potential to significantly reduce bat fatalities in other ecoregions and with other bat species
assemblages in North America and beyond.

Key words: Chiroptera; operational mitigation; ReBAT; smart curtailment; turbine integrated mortality
reduction; wind energy development; Wisconsin.

INTRODUCTION

The broad adoption of wind-generated power into the
global energy portfolio has the potential to substantially
decrease carbon and greenhouse gasses emitted into the

atmosphere by humans and help build environmentally
sustainable economies (DeCarolis and Keith 2006, Chu
and Majumdar 2012, IPCC 2014, Jacobson et al. 2015).
Despite the promise of wind energy, however, some
stakeholders have expressed concerns that wind energy
facilities can have negative impacts on individual ani-
mals, wildlife populations, species, and ecosystems
(Kuvlesky et al. 2007, Saidur et al. 2011, S!anchez-
Zapata et al. 2016, Banerjee et al. 2017, Gasparatos
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Historic 
DNA reveals 
Anthropocene 
threat to a tropical 
urban fruit bat
Balaji Chattopadhyay1,*, 
Kritika M. Garg1, Ian H. Mendenhall2, 
and Frank E. Rheindt1,3,*

Anthropogenic activities have propelled 
the Earth into a crisis characterized by 
unprecedented levels of environmental 
degradation and habitat loss, 
generating changes in global climatic 
regimes and initiating the planet’s 
Sixth Extinction Catastrophe [1]. 
Loss of population genetic diversity 
is known to be a harbinger of local 
and global extinction events [2]. 
However, there is a lack of direct 
empirical evidence of historic losses 
of genetic diversity through periods of 
anthropogenically linked environmental 
degradation. We present genomic 
DNA information from a population 
of Sunda fruit bats (Cynopterus 
brachyotis) from Singapore, an 
exceptionally well-studied tropical 
rainforest island that has undergone 
substantial environmental degradation 
and fragmentation through the 

Correspondence Anthropocene of the 1930–1950s [3]. 
As an effective pollinator and seed 
disperser, C. brachyotis represents 
an important keystone species in 
Singapore’s ecosystem [4]. Here we 
show that comparison of historic DNA 
from individuals collected in 1931 with 
modern specimens reveals a nearly 30-
fold reduction in effective population 
size and corresponding levels of 
decline in genetic diversity estimates. 
Coalescent population models indicate 
that Singapore’s C. brachyotis bats 
underwent a continuous decline in 
genetic diversity followed by a stark 
bottleneck in approximately the 1940s, 
consistent with the estimated onset 
of the Anthropocene [5]. C. brachyotis 
continues to be considered common 
across Singapore [4], yet our results 
reveal large-scale impacts of the 
Anthropocene on biotic communities, 
even in those species thought to be 
tolerant to the effects of environmental 
degradation.

C. brachyotis (Figure 1A) is widely 
distributed in human-dominated 
landscapes across Southeast Asia 
and is common in Singapore. We 
hypothesized that this bat has 
remained largely insensitive to 
urbanization and deforestation on 
this island. However, Singapore’s 
urban matrix has affected population 
demography even in edge species 
accustomed to disturbed habitats 
[6], raising the possibility of declining 

population genetic diversity during 
the last century. We directly tested 
this hypothesis using a temporal 
sampling approach. If there is indeed 
a change in population demography 
and diversity in this common species, 
the general environmental effects of the 
Anthropocene on natural communities 
may be much more sweeping than 
previously appreciated.

Using DNA extracted from 41 
individuals (Data S1A) across time 
(both contemporary and museum 
samples dating back to 1931), we 
sequenced approximately 2 Mbp of 
the C. brachyotis genome through 
sequence capture of 1,184 loci mined 
specifi cally for this study based 
on a comparison of an in-house 
generated C. brachyotis genome 
(accession ID SSHV00000000) with 
other bat genomes (see Supplemental 
Information). 

We sequenced over 634 million 
150-bp paired-end reads and 
generated multiple datasets: sequence-
based (separate phased alignments 
of 874 and 184 loci) and SNP-based 
(one set of 24,782 genome-wide SNPs, 
and two subsets of transversions 
only — 7,646 and 22,314 SNPs — to 
account for ancient DNA based 
damage). Our observations clearly 
indicate an overall reduction in genetic 
diversity in Singapore’s population of 
C. brachyotis over the past ~90 years 
(Figure 1B). Most summary statistics 

˜0.0012

0.0009

0.0006

H
et

er
oz

yg
os

ity

Samples
from 2011–2012

Samples from
1931

Ne = 58,090

Decline rate = 3.5%

Ne = 1,469

Ne = 58

1,600 years ago

***

1931

1940

2011–2012

A B C

Figure 1. Decrease in genetic diversity and population size during the Anthropocene within a Singaporean population of Cynopterus 
brachyotis. 
(A) Cynopterus brachyotis individuals at Singapore Zoo. Image courtesy of Wikimedia commons: Simon J. Tonge. (B) Loss in genetic diversity of 
Singapore’s population of C. brachyotis as illustrated by a signifi cant reduction in genome-wide probability of heterozygosity (estimated in ANGSD 
considering only transversions) between samples from 1931 and 2012; *** denotes p value < 0.001. (C) Illustration of recent demographic decline 
in C. brachyotis as observed from historical demographic modelling. Orange stippled line depicts the time of historical sampling (11 generations 
ago = ~1931), green stippled line depicts time to bottleneck (9 generations ago = ~1940) and purple stippled line depicts current sampling time 
(2011–2012). Ne: effective population size.
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Historic 
DNA reveals 
Anthropocene 
threat to a tropical 
urban fruit bat
Balaji Chattopadhyay1,*, 
Kritika M. Garg1, Ian H. Mendenhall2, 
and Frank E. Rheindt1,3,*

Anthropogenic activities have propelled 
the Earth into a crisis characterized by 
unprecedented levels of environmental 
degradation and habitat loss, 
generating changes in global climatic 
regimes and initiating the planet’s 
Sixth Extinction Catastrophe [1]. 
Loss of population genetic diversity 
is known to be a harbinger of local 
and global extinction events [2]. 
However, there is a lack of direct 
empirical evidence of historic losses 
of genetic diversity through periods of 
anthropogenically linked environmental 
degradation. We present genomic 
DNA information from a population 
of Sunda fruit bats (Cynopterus 
brachyotis) from Singapore, an 
exceptionally well-studied tropical 
rainforest island that has undergone 
substantial environmental degradation 
and fragmentation through the 

Correspondence Anthropocene of the 1930–1950s [3]. 
As an effective pollinator and seed 
disperser, C. brachyotis represents 
an important keystone species in 
Singapore’s ecosystem [4]. Here we 
show that comparison of historic DNA 
from individuals collected in 1931 with 
modern specimens reveals a nearly 30-
fold reduction in effective population 
size and corresponding levels of 
decline in genetic diversity estimates. 
Coalescent population models indicate 
that Singapore’s C. brachyotis bats 
underwent a continuous decline in 
genetic diversity followed by a stark 
bottleneck in approximately the 1940s, 
consistent with the estimated onset 
of the Anthropocene [5]. C. brachyotis 
continues to be considered common 
across Singapore [4], yet our results 
reveal large-scale impacts of the 
Anthropocene on biotic communities, 
even in those species thought to be 
tolerant to the effects of environmental 
degradation.

C. brachyotis (Figure 1A) is widely 
distributed in human-dominated 
landscapes across Southeast Asia 
and is common in Singapore. We 
hypothesized that this bat has 
remained largely insensitive to 
urbanization and deforestation on 
this island. However, Singapore’s 
urban matrix has affected population 
demography even in edge species 
accustomed to disturbed habitats 
[6], raising the possibility of declining 

population genetic diversity during 
the last century. We directly tested 
this hypothesis using a temporal 
sampling approach. If there is indeed 
a change in population demography 
and diversity in this common species, 
the general environmental effects of the 
Anthropocene on natural communities 
may be much more sweeping than 
previously appreciated.

Using DNA extracted from 41 
individuals (Data S1A) across time 
(both contemporary and museum 
samples dating back to 1931), we 
sequenced approximately 2 Mbp of 
the C. brachyotis genome through 
sequence capture of 1,184 loci mined 
specifi cally for this study based 
on a comparison of an in-house 
generated C. brachyotis genome 
(accession ID SSHV00000000) with 
other bat genomes (see Supplemental 
Information). 

We sequenced over 634 million 
150-bp paired-end reads and 
generated multiple datasets: sequence-
based (separate phased alignments 
of 874 and 184 loci) and SNP-based 
(one set of 24,782 genome-wide SNPs, 
and two subsets of transversions 
only — 7,646 and 22,314 SNPs — to 
account for ancient DNA based 
damage). Our observations clearly 
indicate an overall reduction in genetic 
diversity in Singapore’s population of 
C. brachyotis over the past ~90 years 
(Figure 1B). Most summary statistics 
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Figure 1. Decrease in genetic diversity and population size during the Anthropocene within a Singaporean population of Cynopterus 
brachyotis. 
(A) Cynopterus brachyotis individuals at Singapore Zoo. Image courtesy of Wikimedia commons: Simon J. Tonge. (B) Loss in genetic diversity of 
Singapore’s population of C. brachyotis as illustrated by a signifi cant reduction in genome-wide probability of heterozygosity (estimated in ANGSD 
considering only transversions) between samples from 1931 and 2012; *** denotes p value < 0.001. (C) Illustration of recent demographic decline 
in C. brachyotis as observed from historical demographic modelling. Orange stippled line depicts the time of historical sampling (11 generations 
ago = ~1931), green stippled line depicts time to bottleneck (9 generations ago = ~1940) and purple stippled line depicts current sampling time 
(2011–2012). Ne: effective population size.
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Human-modified landscapes alter mammal resource
and habitat use and trophic structure
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The broad negative consequences of habitat degradation on
biodiversity have been studied, but the complex effects of
natural–agricultural landscape matrices remain poorly understood.
Here we used stable carbon and nitrogen isotopes to detect
changes in mammal resource and habitat use and trophic structure
between preserved areas and human-modified landscapes (HMLs)
in a biodiversity hot spot in South America. We classified mammals
into trophic guilds and compared resource use (in terms of C3- and
C4-derived carbon), isotopic niches, and trophic structure across
the 2 systems. In HMLs, approximately one-third of individuals
fed exclusively on items from the agricultural matrix (C4), while
in preserved areas, ∼68% depended on forest remnant resources
(C3). Herbivores, omnivores, and carnivores were the guilds that
most incorporated C4 carbon in HMLs. Frugivores maintained the
same resource use between systems (C3 resources), while insecti-
vores showed no significant difference. All guilds in HMLs except
insectivores presented larger isotopic niches than those in pre-
served areas. We observed a complex trophic structure in pre-
served areas, with increasing δ15N values from herbivores to
insectivores and carnivores, differing from that in HMLs. This dif-
ference is partially explained by species loss and turnover and
mainly by the behavioral plasticity of resilient species that use
nitrogen-enriched food items. We concluded that the landscape
cannot be seen as a habitat/nonhabitat dichotomy because the
agricultural landscape matrix in HMLs provides mammal habitat
and opportunities for food acquisition. Thus, favorable manage-
ment of the agricultural matrix and slowing the conversion of
forests to agriculture are important for conservation in this region.

stable isotope analysis | landscape matrix | agriculture | diet |
noninvasive sampling

Agriculture is one of the main drivers of habitat loss and
fragmentation (1), especially in tropical forests (2). Land-

scape conversion can cause drastic changes in landscape com-
position, which have selective effects on species, particularly
those that are forest dependent (3), and have reduced species
richness and diversity worldwide (4). Species with high body
mass, large home ranges, and sensitivity to habitat loss and frag-
mentation are the first to vanish from human-modified landscapes
(HMLs) (5, 6). Nonetheless, some species, including various
mammals, persist and use the agricultural landscape matrix
(landscape matrix hereafter) (7). The landscape matrix has the
potential to offer food resources to animals (8, 9), especially
where agricultural fields are present. Use of such resources
might be harder to detect, particularly among elusive species,
such as mammals in tropical forests.
Studies on feeding ecology can contribute to our understanding

of these changes. However, despite providing essential knowledge,
the use of traditional methods (e.g., direct observation, fecal

analysis, and stomach content analysis) can be time consuming
and expensive, especially if the aim is to determine resource origin
and assess temporal variation in the diet. As an alternative and
complementary method, stable isotope analysis (SIA) has gained
prominence in recent decades in applied animal ecology (10), be-
coming a reliable tool to unravel individual-level ecological pro-
cesses and complex community interactions (11).
In comparison to traditional methods, SIA presents many

advantages, including potential for noninvasive sample collection
and assessing several temporal windows with a single sampling
event while also generating information on elusive species (11–13).
Stable carbon (12C and 13C) and nitrogen (14N and 15N) isotopes
are commonly used in studies of feeding ecology, species move-
ment, and trophic processes (11, 13, 14). Specifically, stable carbon
isotopes allow the evaluation of changes in species resource use
according to the differences in the isotopic values of plants exhib-
iting the C3 and C4 photosynthetic cycles, which are reflected in
animal tissues along the trophic chain (15). Stable nitrogen isotopes
are used to obtain information on feeding ecology that is comple-
mentary to that obtained from stable carbon isotope analysis but

Significance

Knowledge of resource and habitat use by wildlife is essential
to support conservation actions. Stable isotope analysis (SIA) is
a useful method for the acquisition of this type of information.
Samples for SIA can be obtained through indirect and non-
invasive methods, which is favorable for studies of threatened
species. We used SIA to compare the resource and habitat use
and trophic structure of mammals between preserved areas
and human-modified landscapes in a tropical rainforest. Our
study shows that mammals in human-modified landscapes
present an altered trophic structure and use food items from
the agricultural matrix, while they depend on forest resources
in preserved areas. Our findings stress the need for favorable
management of the agricultural matrix to support wildlife
survival.
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The broad negative consequences of habitat degradation on
biodiversity have been studied, but the complex effects of
natural–agricultural landscape matrices remain poorly understood.
Here we used stable carbon and nitrogen isotopes to detect
changes in mammal resource and habitat use and trophic structure
between preserved areas and human-modified landscapes (HMLs)
in a biodiversity hot spot in South America. We classified mammals
into trophic guilds and compared resource use (in terms of C3- and
C4-derived carbon), isotopic niches, and trophic structure across
the 2 systems. In HMLs, approximately one-third of individuals
fed exclusively on items from the agricultural matrix (C4), while
in preserved areas, ∼68% depended on forest remnant resources
(C3). Herbivores, omnivores, and carnivores were the guilds that
most incorporated C4 carbon in HMLs. Frugivores maintained the
same resource use between systems (C3 resources), while insecti-
vores showed no significant difference. All guilds in HMLs except
insectivores presented larger isotopic niches than those in pre-
served areas. We observed a complex trophic structure in pre-
served areas, with increasing δ15N values from herbivores to
insectivores and carnivores, differing from that in HMLs. This dif-
ference is partially explained by species loss and turnover and
mainly by the behavioral plasticity of resilient species that use
nitrogen-enriched food items. We concluded that the landscape
cannot be seen as a habitat/nonhabitat dichotomy because the
agricultural landscape matrix in HMLs provides mammal habitat
and opportunities for food acquisition. Thus, favorable manage-
ment of the agricultural matrix and slowing the conversion of
forests to agriculture are important for conservation in this region.

stable isotope analysis | landscape matrix | agriculture | diet |
noninvasive sampling

Agriculture is one of the main drivers of habitat loss and
fragmentation (1), especially in tropical forests (2). Land-

scape conversion can cause drastic changes in landscape com-
position, which have selective effects on species, particularly
those that are forest dependent (3), and have reduced species
richness and diversity worldwide (4). Species with high body
mass, large home ranges, and sensitivity to habitat loss and frag-
mentation are the first to vanish from human-modified landscapes
(HMLs) (5, 6). Nonetheless, some species, including various
mammals, persist and use the agricultural landscape matrix
(landscape matrix hereafter) (7). The landscape matrix has the
potential to offer food resources to animals (8, 9), especially
where agricultural fields are present. Use of such resources
might be harder to detect, particularly among elusive species,
such as mammals in tropical forests.
Studies on feeding ecology can contribute to our understanding

of these changes. However, despite providing essential knowledge,
the use of traditional methods (e.g., direct observation, fecal

analysis, and stomach content analysis) can be time consuming
and expensive, especially if the aim is to determine resource origin
and assess temporal variation in the diet. As an alternative and
complementary method, stable isotope analysis (SIA) has gained
prominence in recent decades in applied animal ecology (10), be-
coming a reliable tool to unravel individual-level ecological pro-
cesses and complex community interactions (11).
In comparison to traditional methods, SIA presents many

advantages, including potential for noninvasive sample collection
and assessing several temporal windows with a single sampling
event while also generating information on elusive species (11–13).
Stable carbon (12C and 13C) and nitrogen (14N and 15N) isotopes
are commonly used in studies of feeding ecology, species move-
ment, and trophic processes (11, 13, 14). Specifically, stable carbon
isotopes allow the evaluation of changes in species resource use
according to the differences in the isotopic values of plants exhib-
iting the C3 and C4 photosynthetic cycles, which are reflected in
animal tissues along the trophic chain (15). Stable nitrogen isotopes
are used to obtain information on feeding ecology that is comple-
mentary to that obtained from stable carbon isotope analysis but

Significance

Knowledge of resource and habitat use by wildlife is essential
to support conservation actions. Stable isotope analysis (SIA) is
a useful method for the acquisition of this type of information.
Samples for SIA can be obtained through indirect and non-
invasive methods, which is favorable for studies of threatened
species. We used SIA to compare the resource and habitat use
and trophic structure of mammals between preserved areas
and human-modified landscapes in a tropical rainforest. Our
study shows that mammals in human-modified landscapes
present an altered trophic structure and use food items from
the agricultural matrix, while they depend on forest resources
in preserved areas. Our findings stress the need for favorable
management of the agricultural matrix to support wildlife
survival.
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Historical records reveal the distinctive associations of
human disturbance and extreme climate change
with local extinction of mammals
Xinru Wana,b,1, Guangshun Jiangc,1, Chuan Yana,b,1, Fangliang Hed,e, Rongsheng Wenf, Jiayin Guc, Xinhai Lia,b,
Jianzhang Mac, Nils Chr. Stensethg, and Zhibin Zhanga,b,2

aState Key Laboratory of Integrated Management of Pest Insects and Rodents, Institute of Zoology, Chinese Academy of Sciences, 100101 Beijing, China;
bUniversity of Chinese Academy of Sciences, 100049 Beijing, China; cFeline Research Center of National Forestry and Grassland Administration, College of
Wildlife and Protected Areas, Northeast Forestry University, 150040 Harbin, China; dECNU-Alberta Joint Lab for Biodiversity Study, Tiantong Forest
Ecosystem National Observation and Research Station, School of Ecology and Environmental Science, East China Normal University, 200241 Shanghai, China;
eDepartment of Renewable Resources, University of Alberta, Edmonton, AB, Canada T6G 2H1; fNational Science Library, Chinese Academy of Sciences,
100190 Beijing, China; and gCentre for Ecological and Evolutionary Synthesis, Department of Biosciences, University of Oslo, N-0316 Oslo, Norway

Edited by Rodolfo Dirzo, Department of Biology, Stanford University, Stanford, CA, and approved August 7, 2019 (received for review October 19, 2018)

Accelerated anthropogenic impacts and climatic changes are
widely considered to be responsible for unprecedented species
extinction. However, determining their effects on extinction is
challenging owing to the lack of long-term data with high spatial
and temporal resolution. In this study, using historical occurrence
records of 11 medium- to large-sized mammal species or groups of
species in China from 905 BC to AD 2006, we quantified the
distinctive associations of anthropogenic stressors (represented by
cropland coverage and human population density) and climatic
stressors (represented by air temperature) with the local extinc-
tion of these mammals. We found that both intensified human
disturbances and extreme climate change were associated with
the increased local extinction of the study mammals. In the cold
phase (the premodern period of China), climate cooling was
positively associated with increased local extinction, while in the
warm phase (the modern period) global warming was associated
with increased local extinction. Interactive effects between human
disturbance and temperature change with the local extinction of
elephants, rhinos, pandas, and water deer were found. Large-sized
mammals, such as elephants, rhinos, and pandas, showed earlier
and larger population declines than small-sized ones. The local
extinction sensitivities of these mammals to the human population
density and standardized temperature were estimated during
1700 to 2000. The quantitative evidence for anthropogenic and
climatic associations with mammalian extinction provided insights
into the driving processes of species extinction, which has
important implications for biodiversity conservation under accel-
erating global changes.

local extinction | mammals | climate change | human disturbance |
conservation

Global biodiversity has been declining rapidly in modern
times (1–5), imposing great threats on natural ecosystems

and our society (6, 7). Anthropogenic disturbance is considered
to be a key factor causing population decline and species ex-
tinction (8). Climate is another major culprit causing range shifts
and local extinctions of animals in their primary habitat (9). The
threat of global warming is particularly serious to species living in
regions of high latitudes (10). Although the applications of var-
ious methods, such as population viability analysis (11), analyses
of historical population decline (8), range contraction (12, 13),
species–area relationships (13, 14), and Red Data lists (15), have
advanced the assessment of species extinction, the quantitative
relationships between local extinction of endangered species and
anthropogenic or climatic factors have been rarely evaluated.
This lack of information prevents us from disentangling the rela-
tive roles of human impacts and climate change in causing ex-
tinctions of these endangered species. Understanding the relative

effects of different stressors on extinction is critical for taking
conservation actions.
China has a long history of recording significant political and

natural events for over 3000 y. Medium- or large-sized mammals,
including panda, elephant, rhino, tiger, and others, were im-
portant attractions owing to their economic value, declarative
usage, or conflict with humans. Sightings of these large animals,
reports of human–animal conflicts, or gifts to the emperor and
captures of these animals were frequently recorded in Chinese
historical literature. Wen (16) compiled a compendium of his-
torical distributions of some endangered mammal species by
extracting original records from official or formally documented
histories (e.g., Twenty-Four Histories, Comprehensive Mirror, and
Aid in Government) and local gazetteers (provincial, prefec-
tural, and district gazetteers), which provide an opportunity for
reconstructing the local extinction of these mammals over past
millennia.
The objectives of this study were to estimate the local ex-

tinction probability of 11 mammal species or groups of species
using historical records of their occurrences by referring to Wen
(16) and other data compiled from various sources (Methods)

Significance

Human impacts and climatic changes are widely considered to
be responsible for rapid species extinction. However, de-
termining their effects is challenging owing to the lack of long-
term spatial–temporal data. In this study, we quantified the
distinctive associations of anthropogenic and climatic stressors
with the local extinction of 11 medium- or large-sized mam-
mals using historical records over the past 3 centuries. We
found that the increased local extinction of mammals was as-
sociated with intensified human disturbance (particularly for
large-sized mammals) and with extreme temperature change
(both cooling and warming). Our results provide insight into
biodiversity conservation during the Anthropocene.
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Accelerated anthropogenic impacts and climatic changes are
widely considered to be responsible for unprecedented species
extinction. However, determining their effects on extinction is
challenging owing to the lack of long-term data with high spatial
and temporal resolution. In this study, using historical occurrence
records of 11 medium- to large-sized mammal species or groups of
species in China from 905 BC to AD 2006, we quantified the
distinctive associations of anthropogenic stressors (represented by
cropland coverage and human population density) and climatic
stressors (represented by air temperature) with the local extinc-
tion of these mammals. We found that both intensified human
disturbances and extreme climate change were associated with
the increased local extinction of the study mammals. In the cold
phase (the premodern period of China), climate cooling was
positively associated with increased local extinction, while in the
warm phase (the modern period) global warming was associated
with increased local extinction. Interactive effects between human
disturbance and temperature change with the local extinction of
elephants, rhinos, pandas, and water deer were found. Large-sized
mammals, such as elephants, rhinos, and pandas, showed earlier
and larger population declines than small-sized ones. The local
extinction sensitivities of these mammals to the human population
density and standardized temperature were estimated during
1700 to 2000. The quantitative evidence for anthropogenic and
climatic associations with mammalian extinction provided insights
into the driving processes of species extinction, which has
important implications for biodiversity conservation under accel-
erating global changes.
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Global biodiversity has been declining rapidly in modern
times (1–5), imposing great threats on natural ecosystems

and our society (6, 7). Anthropogenic disturbance is considered
to be a key factor causing population decline and species ex-
tinction (8). Climate is another major culprit causing range shifts
and local extinctions of animals in their primary habitat (9). The
threat of global warming is particularly serious to species living in
regions of high latitudes (10). Although the applications of var-
ious methods, such as population viability analysis (11), analyses
of historical population decline (8), range contraction (12, 13),
species–area relationships (13, 14), and Red Data lists (15), have
advanced the assessment of species extinction, the quantitative
relationships between local extinction of endangered species and
anthropogenic or climatic factors have been rarely evaluated.
This lack of information prevents us from disentangling the rela-
tive roles of human impacts and climate change in causing ex-
tinctions of these endangered species. Understanding the relative

effects of different stressors on extinction is critical for taking
conservation actions.
China has a long history of recording significant political and

natural events for over 3000 y. Medium- or large-sized mammals,
including panda, elephant, rhino, tiger, and others, were im-
portant attractions owing to their economic value, declarative
usage, or conflict with humans. Sightings of these large animals,
reports of human–animal conflicts, or gifts to the emperor and
captures of these animals were frequently recorded in Chinese
historical literature. Wen (16) compiled a compendium of his-
torical distributions of some endangered mammal species by
extracting original records from official or formally documented
histories (e.g., Twenty-Four Histories, Comprehensive Mirror, and
Aid in Government) and local gazetteers (provincial, prefec-
tural, and district gazetteers), which provide an opportunity for
reconstructing the local extinction of these mammals over past
millennia.
The objectives of this study were to estimate the local ex-

tinction probability of 11 mammal species or groups of species
using historical records of their occurrences by referring to Wen
(16) and other data compiled from various sources (Methods)

Significance

Human impacts and climatic changes are widely considered to
be responsible for rapid species extinction. However, de-
termining their effects is challenging owing to the lack of long-
term spatial–temporal data. In this study, we quantified the
distinctive associations of anthropogenic and climatic stressors
with the local extinction of 11 medium- or large-sized mam-
mals using historical records over the past 3 centuries. We
found that the increased local extinction of mammals was as-
sociated with intensified human disturbance (particularly for
large-sized mammals) and with extreme temperature change
(both cooling and warming). Our results provide insight into
biodiversity conservation during the Anthropocene.
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but not with temperature (n = 38) during AD 900 to 1999 (SI
Appendix, Table S2).
There were significant negative correlations between the body

size (as measured by body mass in kilograms) of the study mam-
mals and their average survival rates over 4 time periods (905 BC
to AD 2000, AD 1000 to 2000, AD 1500 to 2000, and AD 1911 to
2000) (Fig. 2), indicating that large-sized mammals (e.g., elephant,
rhino, and panda) had larger population declines as measured by
the proportion of survived grids than small-sized ones.

Associations of Stressors with the Local Extinction Probability. Using
spatial–temporal generalized additive model (stGAM) analysis,
we found that human population density (representing the hu-
man disturbance) had a significantly positive association with the
local extinction probability of elephant, gibbon, macaque, musk
deer, panda, rhino, tiger, and water deer during 1700 to 2000
(Table 1). For the premodern period, human population density
had significantly positive associations with the local extinction
probability of macaque, musk deer, rhinos, tiger, and water deer
(Table 1 and Fig. 3A); for the modern period, human population
density had positive associations with the local extinction prob-
ability of elephant, gibbon, musk deer, tiger, and water deer
(Table 1 and Fig. 3B). The responses of local extinction proba-
bility (0 to 100%) of these mammals became saturated with in-
creased human population density (Fig. 3B). The local extinction
sensitivity of these mammals to human population density
ranged from 42.11 to 63.53% for the premodern period, with the
order of water deer >musk deer > rhinos >macaque > tiger and
from 34.54 to 99.37% for modern period with the order of ele-
phant > musk deer > gibbon > water deer > tiger (SI Appendix,

Table S3). The local extinction sensitivity of panda to human
population density was 50.62% over the whole study period (SI
Appendix, Fig. S2). No significant association between these
sensitivities and body size was found.
We found that temperature had significantly positive associ-

ations with local extinction probability of gibbon, macaque, and
tiger but negative associations with local extinction probability of
musk deer and panda during 1700 to 2000 (Table 1). For the
premodern period, temperature had significantly negative asso-
ciations with the local extinction probability of gibbon, macaque,
panda, rhino, tiger, and water deer (Table 1 and Fig. 3C). For the
modern period, temperature showed significantly positive asso-
ciations with local extinction probability of gibbon, macaque,
snub-nosed monkey, tiger, and water deer but negative associa-
tions with panda (Table 1 and Fig. 3D). The local extinction
probability of some mammals (panda, water deer, macaque, and
rhinos during the premodern period) had a sigmoid shape with
temperature with a noticeable critical value of extinction at ap-
proximately −0.5 SD for standardized temperature change. The
local extinction sensitivity of mammals to the standardized tem-
perature (equal to the temperature deviation from the mean rel-
ative to SD) during 1700 to 2000 ranged from 34.48 to 67.47% for
mammals in the premodern period. The order of local extinction
sensitivity to climate cooling is water deer > panda > macaque >
rhinos > tiger > gibbon (SI Appendix, Table S3). The local ex-
tinction sensitivity of mammals to the standardized temperature
ranged from 23.85 to 45.75% in the modern period (excluding
panda, which had a negative association with temperature). The
order of local extinction sensitivity to climate warming is ma-
caque > gibbon > water deer > snub-nosed monkey > tiger. The

Fig. 2. Relationship between body mass (kilograms) and the average proportion of survived grids of the 11 mammal species or groups of species during
4 study periods from 905 BC to AD 2000 (A), from AD 1000 to 2000 (B), from AD 1500 to 2000 (C), and from AD 1911 to 2000. (D) Body mass was log-
transformed. Blue shadows are the confidence intervals of the fitted linear regression models (indicated by the blue lines).

Wan et al. PNAS | September 17, 2019 | vol. 116 | no. 38 | 19003

EC
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 IN

IS
T 

C
N

R
S 

on
 N

ov
em

be
r 3

, 2
01

9 

ARTICLE

Habitat degradation and indiscriminate hunting
differentially impact faunal communities in the
Southeast Asian tropical biodiversity hotspot
Andrew Tilker 1,2,10*, Jesse F. Abrams 1,10*, Azlan Mohamed1,3, An Nguyen1,2, Seth T. Wong1,
Rahel Sollmann4, Jürgen Niedballa1, Tejas Bhagwat1, Thomas N.E. Gray5, Benjamin M. Rawson6,
Francois Guegan7, Johnny Kissing8, Martin Wegmann9 & Andreas Wilting 1

Habitat degradation and hunting have caused the widespread loss of larger vertebrate species

(defaunation) from tropical biodiversity hotspots. However, these defaunation drivers impact

vertebrate biodiversity in different ways and, therefore, require different conservation inter-

ventions. We conducted landscape-scale camera-trap surveys across six study sites in

Southeast Asia to assess how moderate degradation and intensive, indiscriminate hunting

differentially impact tropical terrestrial mammals and birds. We found that functional

extinction rates were higher in hunted compared to degraded sites. Species found in both

sites had lower occupancies in the hunted sites. Canopy closure was the main predictor of

occurrence in the degraded sites, while village density primarily influenced occurrence in the

hunted sites. Our findings suggest that intensive, indiscriminate hunting may be a more

immediate threat than moderate habitat degradation for tropical faunal communities, and

that conservation stakeholders should focus as much on overhunting as on habitat con-

servation to address the defaunation crisis.
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Abstract

The rapid expansion of oil palm cultivation in the Neotropics has generated great debate

around possible biodiversity impacts. Colombia, for example, is the largest producer of oil

palm in the Americas, but the effects of oil palm cultivation on native fauna are poorly under-

stood. Here, we compared how richness, abundance and composition of terrestrial mammal

species differ between oil palm plantations and riparian forest in the Colombian Llanos

region. Further, we determined the relationships and influence of landscape and habitat

level variables on those metrics. We found that species richness and composition differed

significantly between riparian forest and oil palm, with site level richness inside oil palm plan-

tations 47% lower, on average, than in riparian forest. Within plantations, mammalian spe-

cies richness was strongly negatively correlated with cattle abundance, and positively

correlated with the density of undergrowth vegetation. Forest structure characteristics

appeared to have weak and similar effects on determining mammal species richness and

composition along riparian forest strips. Composition at the landscape level was significantly

influenced by cover type, percentage of remaining forest and the distance to the nearest

town, whereas within oil palm sites, understory vegetation, cattle relative abundance, and

canopy cover had significant effects on community composition. Species specific abun-

dance responses varied between land cover types, with oil palm having positive effects on

mesopredators, insectivores and grazers. Our findings suggest that increasing habitat com-

plexity, avoiding cattle and retaining native riparian forest–regardless of its structure–inside

oil palm-dominated landscapes would help support higher native mammal richness and

abundance at both local and landscape scales.

Introduction

Habitat loss caused by agricultural expansion is one of the main drivers of global biodiversity
loss [1][2]. For example, between 1980 and 2000, 55% of new arable land in the tropics came at
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(Alouatta seniculus). The first two are considered vulnerable (VU) by the Colombian national
assessment of threatened species [63]

The sampling completeness for mammals in the study area was relatively high, suggesting that
the sampling intensity within sites as well as the number of sites captured most of the total species
expected in the region (mean = 84%; SD = 15.97). Rarefaction curves showed a representative
sample effort with clear asymptotes. Associated confidence intervals of these curves did not over-
lap, indicating that total richness between plantations and forest was significantly different (Fig 2).

The detection frequency (i.e. relative abundance) of the majority of species was low across
the study area (Fig 3). Indeed, eight species had fewer than three independent photographs in
the entire survey (puma, grison, red-brocked deer, collared peccary, mouse, coendu, tayra, and
four-eye opossum; for scientific names refer to S1 Table). Of these the last three were found
exclusively inside riparian forests. Plantations had fewer total species detections than forests
(582 and 2,085, respectively) (S1 Table). For most other species, relative abundance varied
greatly between the two land-cover types and between sites (Fig 3). One species, fox showed
clearly higher abundances inside plantations than in riparian forest. Other species also showed
higher abundances within plantations, but the magnitude of the difference between habitat
types were smaller (i.e. jaguarondi, raccoon and white-tailed deer; S1 Table, Fig 3). All remain-
ing species were detected more frequently in riparian forest sites than in palm plantations (S1
Table, Fig 3). The giant anteater, however, was the only species widely distributed and with rel-
atively high total detections across sites in both plantations and forests (S1 Table).

Drivers of mammal species richness

Landscape level effects. No single model offered the best explanation for species richness
at the landscape level. Results from the averaged model (using 14 suitable candidate models of
Δ AICc <7) revealed that land-cover type was clearly the main driver of differences in species
richness (∑ωi = 100%; Table 1). Model averaged coefficients showed that plantations had a neg-
ative influence on mammal species richness with site level species richness in plantations 47%
lower, on average [(β plantations = -0.74 (SE 0.13)] than that in forests, which showed a high

Fig 2. Sample-based rarefaction curves estimating medium and large terrestrial mammal species richness in
Llanos, Colombia.

https://doi.org/10.1371/journal.pone.0197539.g002
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Risk of biodiversity collapse under 
climate change in the Afro-Arabian 
region
Alaaeldin Soultan  1,2, Martin Wikelski1,2 & Kamran Safi  1,2

For 107 endemic mammal species in the Afro-Arabian region, Sahara-Sahel and Arabian Desert, we 
used ensemble species distribution models to: (1) identify the hotspot areas for conservation, (2) 
assess the potential impact of the projected climate change on the distribution of the focal species, 
and (3) assign IUCN threat categories for the focal species according to the predicted changes in 
their potential distribution range. We identified two main hotspot areas for endemic mammals: the 
Sinai and its surrounding coastal area in the East, and the Mediterranean Coast around Morocco 
in the West. Alarmingly, our results indicate that about 17% of the endemic mammals in the Afro-
Arabian region under the current climate change scenarios could go extinct before 2050. Overall, a 
substantial number of the endemic species will change from the IUCN threat category “Least Concern” 
to “Critically Endangered” or “Extinct” in the coming decades. Accordingly, we call for implementing 
an urgent proactive conservation action for these endemic species, particularly those that face a high 
risk of extinction in the next few years. The results of our study provide conservation managers and 
practitioners with the required information for implementing an effective conservation plan to protect 
the biodiversity of the Afro-Arabian region.

The unprecedented loss of biodiversity, with an estimated extinction of a species every 20 minutes1, indicates 
that a “sixth mass extinction” is under way1–4. There is now overwhelming evidence that both climate change and 
habitat fragmentation are together responsible for this exceptional biodiversity loss5, with further accelerated 
extinction predicted during the next decades2,5. Unless we implement effective conservation measures imme-
diately about two-thirds of the vertebrate populations could vanish by 20203. Accordingly, the Convention on 
Biological Diversity listed strategic goals to forestall the ongoing loss of biodiversity6. Assessing the current and 
future biodiversity status and future trends are imperative to achieve these goals7,8.

Previous empirical studies show that species’ ecological traits influence their response to climate change 
and that response varies across species9,10. Traits that may increase risk of extinction because of climate change 
include: (1) narrow distribution ranges; (2) limited dispersal ability; (3) high level of specialisation, and (4) low 
reproductive performance11. Narrow-ranged species, tend to possess most of these traits, and are therefore more 
vulnerable to climate change than other species11,12. Accordingly, assessing the potential impact of climate change 
on biodiversity patterns and species distribution is essential to determine the most vulnerable species and areas, 
which would allow for prioritising conservation efforts. Several assessments at global and continental scales12–16 
have been carried out; however, effective conservation plans require information at the more local scale of biomes 
or ecoregions17,18.

The warm desert biome has been neglected in conservation ecology2,8,19. Yet, the warm desert biome encom-
passing the Sahara and the Arabian Desert (Fig. 1; henceforth referred to as the “Afro-Arabian” region) harbours 
a unique mix of fauna and flora shaped by the harsh climatic conditions and the long-term geographical connec-
tivity between Africa and Asia20. Therefore, many of the Afro-Arabian species are endemic and uniquely adapted 
to extreme environmental conditions2,8,19,21.

Climatic conditions limit mammal distribution by influencing physiological processes and vegetation condi-
tions, which in turn determine resource availability22. The mammal fauna of the Afro-Arabian region, and in par-
ticular the endemic species, are among the most adapted to the extreme and harsh environmental conditions8,23. 
However, evidence suggests that the genetic adaptation in mammals can not keep pace with the current rate of 
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Figure 2. Species richness areas of the endemic mammal species in the Afro-Arabian region along three 
time slices. The “Current” refers to the contemporary status of the species richness, 2050 and 2070 refer to the 
predicted status in those years. The scale bar shows the score of the species richness, where zero means almost 
no species and 30 means the number of species in the pixel.

Figure 3. Temporal species turnover of the endemic mammal species in the Afro-Arabian region. The zero 
value indicates no change in species composition over time (2050 and 2070) and the value of one indicates a 
complete change in species composition.
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Human activities currently play a dominant role in shaping and
eroding Earth’s biodiversity, but the historical dynamics leading to
this situation are poorly understood and contentious. Importantly,
these dynamics are often studied and discussed without an em-
phasis on cultural evolution, despite its potential importance for
past and present biodiversity dynamics. Here, we investigate
whether cultural filtering, defined as the impact of cultural evolu-
tion on species presence, has driven the range dynamics of
five historically widespread megafauna taxa (Asiatic elephant, rhi-
noceroses, tiger, Asiatic black bear, and brown bear) across China
over the past 2 millennia. Data on megafauna and sociocultural
history were compiled from Chinese administrative records. While
faunal dynamics in China are often linked to climate change at these
time scales, our results reveal cultural filtering as the dominant
driver of range contractions in all five taxa. This finding suggests
that the millennia-long spread of agricultural land and agricultural
intensification, often accompanied by expansion of the Han culture,
has been responsible for the extirpation of thesemegafauna species
from much of China. Our results suggest that cultural filtering is
important for understanding society’s role in the assembly of con-
temporary communities from historical regional species pools. Our
study provides direct evidence that cultural evolution since ancient
times has overshadowed climate change in shaping broadscale
megafauna biodiversity patterns, reflecting the strong and increas-
ing importance of sociocultural processes in the biosphere.

extinction | cultural evolution | human migration | agricultural
intensification | biodiversity conservation

The loss of biodiversity is one of the most worrying ecological
consequences of Homo sapiens’ widespread activities, not

only in the contemporary human-dominated biosphere with its
strong extinction and extirpation trends (1), but also further back
into the Holocene and the Late Pleistocene (2, 3), with climate
change often argued as being a competing driver in both the
present (4) and the past (5). According to the species pool model
for community assembly across scales (6–8) (SI Appendix, Fig.
S1A), the loss of species in a given area can be understood by
considering dispersal, environmental, and biotic filters. How-
ever, it is increasingly clear that we have to elucidate humans’
role in driving species range dynamics at multiple spatiotemporal
scales (2, 9–11).
One important causal process—cultural evolution—has been

highlighted to explain H. sapiens’ unique ecological success (12,
13), with culture defined as information acquired through social
learning that affects individual behavior (Methods). The adaptive
and cumulative evolutionary process of socially learned culture
has enabled humans to thrive in, shape, and coevolve with a wide
range of ecological conditions via context-specific ecosystem-
engineering behavior and strategies for subsistence, leading to
sociocultural activities scaling up to the eventual emergence of
H. sapiens as a force of global transformation with enduring
ecological consequences (14). In this sense, ecological theories
that do not consider anthropogenic impacts driven by cultural
evolution are unlikely to explain and predict ecological patterns

and processes in a biosphere increasingly shaped by human-
mediated forces.
There are a growing number of studies that investigate asso-

ciations between current ecological patterns and past human
activities (2, 15), and it is sensible to recognize local landscapes
as legacies of long-term culture–nature interactions. Neverthe-
less, human-related ecological dynamics at larger spatial scales
are usually discussed in the context of generalized anthropogenic
impacts, without an emphasis on the underlying cultural evolu-
tion (16–19), with a few exceptions from other related fields
(e.g., refs. 20–23).
To better understand the role of cultural evolution in ecology,

empirical studies are required to provide detailed information on
the unfolding of culture–nature interactions across broad geo-
graphical extents. Although China’s long history and continuous,
well-preserved written records (17–19, 22, 24), as well as accu-
mulating archeological findings (25–27), provide a unique oppor-
tunity to test the role of cultural evolution in shaping broadscale
ecological patterns across millennia, relevant quantitative research
drawing on these historical data sources is still lacking.
Here, we first extend the classic species pool model by adding

a cultural filter component to represent the impact of cultural
evolution on the assembly of local communities from regional
species pools (SI Appendix, Fig. S1 B and C). Furthermore, we
investigate the quantitative effects of cultural filtering by using
data (SI Appendix, Table S1) on the historical dynamics of the
climate, human populations, agricultural intensification, cultural

Significance

Human activities have played an important role in driving
biodiversity loss throughout history, but the nature of these
dynamics remains unclear. Importantly, the role of cultural
evolution is mostly ignored, despite strong societal changes
over time worldwide. Here, we show that megafauna range
contractions across China in the last 2 millennia have been
dominated by the spread of farming and agricultural in-
tensification, often associated with expansion of the Han cul-
ture, with little or no direct importance of climate change. Our
findings demonstrate that cultural evolution is important for
shaping the assembly of contemporary communities from his-
torical regional species pools and has long overshadowed cli-
mate change in driving even broadscale biodiversity patterns.
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whether cultural filtering, defined as the impact of cultural evolu-
tion on species presence, has driven the range dynamics of
five historically widespread megafauna taxa (Asiatic elephant, rhi-
noceroses, tiger, Asiatic black bear, and brown bear) across China
over the past 2 millennia. Data on megafauna and sociocultural
history were compiled from Chinese administrative records. While
faunal dynamics in China are often linked to climate change at these
time scales, our results reveal cultural filtering as the dominant
driver of range contractions in all five taxa. This finding suggests
that the millennia-long spread of agricultural land and agricultural
intensification, often accompanied by expansion of the Han culture,
has been responsible for the extirpation of thesemegafauna species
from much of China. Our results suggest that cultural filtering is
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times has overshadowed climate change in shaping broadscale
megafauna biodiversity patterns, reflecting the strong and increas-
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The loss of biodiversity is one of the most worrying ecological
consequences of Homo sapiens’ widespread activities, not

only in the contemporary human-dominated biosphere with its
strong extinction and extirpation trends (1), but also further back
into the Holocene and the Late Pleistocene (2, 3), with climate
change often argued as being a competing driver in both the
present (4) and the past (5). According to the species pool model
for community assembly across scales (6–8) (SI Appendix, Fig.
S1A), the loss of species in a given area can be understood by
considering dispersal, environmental, and biotic filters. How-
ever, it is increasingly clear that we have to elucidate humans’
role in driving species range dynamics at multiple spatiotemporal
scales (2, 9–11).
One important causal process—cultural evolution—has been

highlighted to explain H. sapiens’ unique ecological success (12,
13), with culture defined as information acquired through social
learning that affects individual behavior (Methods). The adaptive
and cumulative evolutionary process of socially learned culture
has enabled humans to thrive in, shape, and coevolve with a wide
range of ecological conditions via context-specific ecosystem-
engineering behavior and strategies for subsistence, leading to
sociocultural activities scaling up to the eventual emergence of
H. sapiens as a force of global transformation with enduring
ecological consequences (14). In this sense, ecological theories
that do not consider anthropogenic impacts driven by cultural
evolution are unlikely to explain and predict ecological patterns

and processes in a biosphere increasingly shaped by human-
mediated forces.
There are a growing number of studies that investigate asso-

ciations between current ecological patterns and past human
activities (2, 15), and it is sensible to recognize local landscapes
as legacies of long-term culture–nature interactions. Neverthe-
less, human-related ecological dynamics at larger spatial scales
are usually discussed in the context of generalized anthropogenic
impacts, without an emphasis on the underlying cultural evolu-
tion (16–19), with a few exceptions from other related fields
(e.g., refs. 20–23).
To better understand the role of cultural evolution in ecology,

empirical studies are required to provide detailed information on
the unfolding of culture–nature interactions across broad geo-
graphical extents. Although China’s long history and continuous,
well-preserved written records (17–19, 22, 24), as well as accu-
mulating archeological findings (25–27), provide a unique oppor-
tunity to test the role of cultural evolution in shaping broadscale
ecological patterns across millennia, relevant quantitative research
drawing on these historical data sources is still lacking.
Here, we first extend the classic species pool model by adding

a cultural filter component to represent the impact of cultural
evolution on the assembly of local communities from regional
species pools (SI Appendix, Fig. S1 B and C). Furthermore, we
investigate the quantitative effects of cultural filtering by using
data (SI Appendix, Table S1) on the historical dynamics of the
climate, human populations, agricultural intensification, cultural
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across the late 19th to the mid-20th century. The overall spatial
gradient of temperature in eastern China has remained largely
stable over the past 2 millennia (Fig. 1), with only minor tem-
poral trend shifts and local variations, inconsistent with the
strong range dynamics of these megafauna species.

Sociocultural Development in Ancient China. We reconstructed
maps (Fig. 2) for variables of human population density, agri-
cultural intensification, and major cultural groups (Han vs. non-
Han; see SI Appendix, Supplementary text for explanation) to
represent factors that may drive cultural filtering. Cultural filtering
can function via pathways of between- and within-society evolu-
tion, as well as culturally learned behavior of individuals. In
our multiple-regression analysis (Methods), human population
density represents the individual behavior pathway through land
alteration for farming, while agricultural intensity represents
the within-society evolutionary pathway through sociocultural
changes associated with increasing societal complexity. Finally,
the major cultural groups capture the between-society evolu-
tionary pathway through intersocietal interactions. Human pop-
ulation density is expected to be negatively related to megafauna
presence, given the associated conversion of wildlife habitat to
agricultural land (28, 29). The effects of agricultural intensification
are less straightforward, given the simultaneous higher land-use
efficiency and greater societal demands for ecosystem services
(30), but an overall negative relationship with megafauna distri-

butions is expected (31). The effects of the Han culture are
expected to be more noticeable than those of non-Han cultures, as
the classic Han culture has a more aggressive attitude toward
nature than non-Han cultures do (22, 24).
Two thousand years ago, dense human populations supported

by intensive agricultural practices with the Han culture were
mainly clustered on the North China Plain (Fig. 2). Eleven
centuries later, agricultural intensification and the Han culture
spread southward, and multiple hotspots of dense human pop-
ulations emerged in southern China as well as in the north. As a
result of subsequent demographic and societal dynamics, most
lowland areas and some upland areas became densely populated
before the 20th century, concurrent with the further spread of
the Han culture. Most arable land in modern China has been
under highly intensive agricultural use since the mid-1950s.

Drivers of Megafauna Range Contractions. We applied fixed-effects
logit models to assess the effects of climatic and cultural filtering
on species presence (Methods). The statistical results show that
variables representing sociocultural processes explained the
range contractions of all five taxa and were the only variables
with explanatory power for four taxa, namely, the Asiatic ele-
phant, rhinoceroses, the Asiatic black bear, and the brown bear
(Table 1). For the tiger, temperature was also important. At the
cultural macroevolutionary level, only the Asiatic elephant had a
simple negative response to the Han culture variable, which also

Fig. 2. Spatial patterns of human population density, agricultural intensity, and the Han culture in eastern China over the past 2 millennia. These three variables
represent factors that may drive cultural filtering (Methods) via pathways of individual behavior, within-, and between-society evolution, respectively. Population
density 29 and 70 are used as threshold values to classify the color ramp into three levels of agricultural intensity (see SI Appendix, Supplementary text for details).

488 | www.pnas.org/cgi/doi/10.1073/pnas.1909896116 Teng et al.
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This finding suggests that 
the millennia-long spread 
of agricultural land and 
agricultural 
intensification, often 
accompanied by 
expansion of the Han 
culture, has been 
responsible for the 
extirpation of these 
megafauna species 
(Asiatic elephant, 
rhinoceroses, tiger, Asiatic 
black bear, and brown 
bear) from much of China. 
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Anthropogenic trade and development have broken down dispersal barriers, facilitating the
spread of diseases that threaten Earth’s biodiversity.We present a global, quantitative
assessment of the amphibian chytridiomycosis panzootic, one of the most impactful examples
of disease spread, and demonstrate its role in the decline of at least 501 amphibian species
over the past half-century, including 90 presumed extinctions.The effects of chytridiomycosis
have been greatest in large-bodied, range-restricted anurans in wet climates in the Americas
and Australia. Declines peaked in the 1980s, and only 12% of declined species show signs
of recovery, whereas 39% are experiencing ongoing decline. There is risk of further
chytridiomycosis outbreaks in new areas. The chytridiomycosis panzootic represents the
greatest recorded loss of biodiversity attributable to a disease.

H
ighly virulent wildlife diseases are con-
tributing to Earth’s sixth mass extinction
(1). One of these is chytridiomycosis, which
has causedmass amphibian die-offsworld-
wide (2, 3). Chytridiomycosis is caused by

two fungal species,Batrachochytriumdendrobatidis
[discovered in 1998, (4)] and B. salamandrivorans
[discovered in 2013, (5)]. Both Batrachochytrium
species likely originated in Asia, and their recent
spread has been facilitated by humans (5, 6).
Twenty years after the discovery of chytridio-

mycosis, substantial research has yielded insights
about its epidemiology (2, 3, 7, 8), yet major
knowledge gaps remain. First, the global extent
of species declines associated with chytridio-
mycosis is unknown [see (2, 9) for initial assess-
ments]. Second, although some regional declines
are well studied, global spatial and temporal pat-
terns of chytridiomycosis impacts remain poorly
quantified. Third, ecological and life history traits
have been examined only for a portion of declined
species (10, 11). Finally, after initial declines, it is

unknown what proportion of declined species
exhibit recovery, stabilize at lower abundance, or
continue to decline. Here we present a global
epidemiological analysis of the spatial and tem-
poral extent of amphibian biodiversity loss caused
by chytridiomycosis.
We conducted a comprehensive examination

of evidence from multiple sources, including the
International Union for Conservation of Nature
(IUCN) Red List of Threatened Species (12), peer-
reviewed literature, and consultation with am-
phibian experts worldwide (data S1).We classified
declined species into five decline-severity catego-
ries corresponding to reductions in abundance.
Species declines were attributed to chytridiomy-
cosis on the basis of diagnosis of infection causing
mortalities in the wild or, if this was unavailable,
evidence consistent with key epidemiological char-
acteristics of this disease. Most evidence is retro-
spective becausemany species declined before the
discovery of chytridiomycosis (data S1).
We conservatively report that chytridiomycosis

has contributed to the decline of at least 501 am-
phibian species (6.5% of described amphibian
species; Figs. 1 and 2). This represents the greatest
documented loss of biodiversity attributable to a
pathogen and places B. dendrobatidis among the
most destructive invasive species, comparable to
rodents (threatening 420 species) and cats (Felis
catus) (threatening 430 species) (13). Losses
associated with chytridiomycosis are orders
ofmagnitude greater than for other high-profile
wildlife pathogens, such as white-nose syndrome
(Pseudogymnoascus destructans) in bats (six
species) (14) orWest Nile virus (Flavivirus sp.) in
birds (23 species) (15). Of the 501 declined am-
phibian species, 90 (18%) are confirmed or pre-
sumed extinct in the wild, with a further 124
(25%) experiencing a >90% reduction in abun-
dance (Figs. 1 and 2). The declines of all species
except one (Salamandra salamandra affected
by B. salamandrivorans) were attributed to
B. dendrobatidis.
Declines were proportional to taxonomic

abundance, with anurans having 93% of severe
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Anthropogenic trade and development have broken down dispersal barriers, facilitating the
spread of diseases that threaten Earth’s biodiversity.We present a global, quantitative
assessment of the amphibian chytridiomycosis panzootic, one of the most impactful examples
of disease spread, and demonstrate its role in the decline of at least 501 amphibian species
over the past half-century, including 90 presumed extinctions.The effects of chytridiomycosis
have been greatest in large-bodied, range-restricted anurans in wet climates in the Americas
and Australia. Declines peaked in the 1980s, and only 12% of declined species show signs
of recovery, whereas 39% are experiencing ongoing decline. There is risk of further
chytridiomycosis outbreaks in new areas. The chytridiomycosis panzootic represents the
greatest recorded loss of biodiversity attributable to a disease.

H
ighly virulent wildlife diseases are con-
tributing to Earth’s sixth mass extinction
(1). One of these is chytridiomycosis, which
has causedmass amphibian die-offsworld-
wide (2, 3). Chytridiomycosis is caused by

two fungal species,Batrachochytriumdendrobatidis
[discovered in 1998, (4)] and B. salamandrivorans
[discovered in 2013, (5)]. Both Batrachochytrium
species likely originated in Asia, and their recent
spread has been facilitated by humans (5, 6).
Twenty years after the discovery of chytridio-

mycosis, substantial research has yielded insights
about its epidemiology (2, 3, 7, 8), yet major
knowledge gaps remain. First, the global extent
of species declines associated with chytridio-
mycosis is unknown [see (2, 9) for initial assess-
ments]. Second, although some regional declines
are well studied, global spatial and temporal pat-
terns of chytridiomycosis impacts remain poorly
quantified. Third, ecological and life history traits
have been examined only for a portion of declined
species (10, 11). Finally, after initial declines, it is

unknown what proportion of declined species
exhibit recovery, stabilize at lower abundance, or
continue to decline. Here we present a global
epidemiological analysis of the spatial and tem-
poral extent of amphibian biodiversity loss caused
by chytridiomycosis.
We conducted a comprehensive examination

of evidence from multiple sources, including the
International Union for Conservation of Nature
(IUCN) Red List of Threatened Species (12), peer-
reviewed literature, and consultation with am-
phibian experts worldwide (data S1).We classified
declined species into five decline-severity catego-
ries corresponding to reductions in abundance.
Species declines were attributed to chytridiomy-
cosis on the basis of diagnosis of infection causing
mortalities in the wild or, if this was unavailable,
evidence consistent with key epidemiological char-
acteristics of this disease. Most evidence is retro-
spective becausemany species declined before the
discovery of chytridiomycosis (data S1).
We conservatively report that chytridiomycosis

has contributed to the decline of at least 501 am-
phibian species (6.5% of described amphibian
species; Figs. 1 and 2). This represents the greatest
documented loss of biodiversity attributable to a
pathogen and places B. dendrobatidis among the
most destructive invasive species, comparable to
rodents (threatening 420 species) and cats (Felis
catus) (threatening 430 species) (13). Losses
associated with chytridiomycosis are orders
ofmagnitude greater than for other high-profile
wildlife pathogens, such as white-nose syndrome
(Pseudogymnoascus destructans) in bats (six
species) (14) orWest Nile virus (Flavivirus sp.) in
birds (23 species) (15). Of the 501 declined am-
phibian species, 90 (18%) are confirmed or pre-
sumed extinct in the wild, with a further 124
(25%) experiencing a >90% reduction in abun-
dance (Figs. 1 and 2). The declines of all species
except one (Salamandra salamandra affected
by B. salamandrivorans) were attributed to
B. dendrobatidis.
Declines were proportional to taxonomic

abundance, with anurans having 93% of severe
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declines (they comprise 89% of all amphibian
species). Within anurans, there has beenmarked
taxonomic clustering of declines, with 45% of
severe declines and extinctions occurring in the
Neotropical genera Atelopus, Craugastor, and
Telmatobius (Fig. 2) (16). Chytridiomycosis is
lethal to caecilians (17), but there have been no
caeciliandeclines due to the disease, althoughdata
are limited. The capacity for B. dendrobatidis
to causemajor declines is attributable to its main-
tenance of high pathogenicity (2, 18), broad host
range (8), high transmission rate within and
among host species (2, 7), and persistence in re-
servoir host species and the environment (19).
For many species, chytridiomycosis is the princi-
pal driver of decline, exemplified by precipitous
mass mortalities in undisturbed environments
(2). In other species, chytridiomycosis acts in
concert with habitat loss, altered climatic con-
ditions, and invasive species to exacerbate species
declines (20).
Most amphibian declines have occurred in the

tropics of Australia, Mesoamerica, and South
America (Fig. 1), supporting the hypothesis that
B. dendrobatidis spread from Asia into the New
World (6). Asia, Africa, Europe, andNorthAmerica
have had notably low numbers of declines at-
tributable to chytridiomycosis, despite widespread
occurrence ofB. dendrobatidis (8). Relative lack of
documented declines could reflect less knowledge
of amphibian populations in Asia and Africa
(3, 21), early introduction and potential coevolu-
tion of amphibians and B. dendrobatidis in parts
of Africa and the Americas [e.g., (22)], the com-
paratively recent emergence of B. dendrobatidis
in Western and Northeast Africa (6), or unsuit-

able conditions for chytridiomycosis. It remains
unknown whether chytridiomycosis contributed
to widespread amphibian declines reported in
North America and Europe in the 1950s to 1960s
(3, 21, 22) or current enigmatic salamander de-
clines in eastern North America. Although the
number of new declines has now eased (Fig. 3),
additional declines could occur ifB. dendrobatidis
or B. salamandrivorans are introduced into new
areas, highly virulent lineages are introduced into
areas that currently have less-virulent lineages (6),
and/or environmental changes alter previously
stable pathogen-host dynamics (3).
Chytridiomycosis-associated declines peaked

globally in the 1980s, between one and two de-
cades before the discovery of the disease (Fig. 3
and table S1), and coincident with anecdotal rec-
ognition of amphibian declines in the 1990s (23).
A second, smaller peak occurred in the early
2000s, associated with an increase in declines in
western South America (Fig. 3 and fig. S1). Re-
gionally, temporal patterns of decline are variable
(fig. S1). For example, in some areas of South
America and Australia, declines commenced in
the late 1970s (2, 24), whereas in other areas, de-
clines started in the 2000s (25). B. dendrobatidis
is associated with ongoing declines in 197 as-
sessed species. Ongoing declines after a transi-
tion to enzootic disease dynamics (19) might be
driven by a lack of effective host defenses, main-
tenance of high pathogenicity (18), and presence
ofB. dendrobatidis in amphibian and nonamphib-
ian reservoirs (7, 19).
We examined host life history traits and en-

vironmental conditions to understandwhy some
species declinedmore severely than others, using

multinomial logistic regression and accounting
for the degree of evidence that chytridiomycosis
was implicated in each species’s decline (fig. S2
and table S2). Decline severity was greatest for
larger-bodied species, those occurring in consist-
ently wet regions, and those strongly associated
with perennial aquatic habitats. These patterns
are likely due to favorable environmental con-
ditions for B. dendrobatidis in wet regions (7),
because the fungus dies when desiccated, as well
as the general pattern of increased time to ma-
turity in large-bodied amphibians resulting in
less reproductive potential to offset mortality
due to chytridiomycosis (26). Declines were less
severe for species with large geographic and
elevational ranges (Fig. 4), potentially owing to
the greater chance of their range encompass-
ing environmental conditions unfavorable for
B. dendrobatidis (3) and/or information bias,
because population extinctions can be assessed
withmore certainty in restricted-range species.
Our results are consistent with previous studies
that show that the risk of chytridiomycosis is as-
sociatedwith host aquatic habitat use, large body
size, and narrow elevational range (10, 11).
Encouragingly, of the 292 surviving species for

which population trends are known, 60 (20%)
have shown initial signs of recovery. However,
recoveries generally represent small increases
in abundance of individual populations, not
complete recovery at the species level. Logistic
regression showed the probability of recovery
was lower for species that experienced more re-
cent or more severe declines, for large-bodied or
nocturnal species, and for species occurring at
higher elevations (fig. S2 and table S3). When
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Fig. 1. Global distribution of chytridiomycosis-associated amphibian
species declines. Bar plots indicate the number (N) of declined species,
grouped by continental area and classified by decline severity. Brazilian
species are plotted separately from all other South American species
(South America W); Mesoamerica includes Central America, Mexico, and
the Caribbean Islands; and Oceania includes Australia and New Zealand.

No declines have been reported in Asia. n, total number of declines by
region. [Photo credits (clockwise from top left): Anaxyrus boreas, C.
Brown, U.S. Geological Survey; Atelopus varius, B.G.; Salamandra salaman-
dra, D. Descouens, Wikimedia Commons; Telmatobius sanborni, I.D.l.R;
Cycloramphus boraceiensis, L.F.T.; Cardioglossa melanogaster, M.H.; and
Pseudophryne corroboree, C. Doughty]
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technologies are needed to identify mechanisms
of species recovery and develop new mitigation
actions for declining species.
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Fig. 3. Timing of chytridiomycosis-associated amphibian declines. (A) Declines by year.
Bars indicate the number of declines in a given year, stacked by decline severity. For species for
which the exact year of decline is uncertain, the figure shows the middle year of the interval of
uncertainty, as stated by experts or inferred from available data. (B) Cumulative declines. Curves
indicate the cumulative number of declines in each decline-severity category over time. In (A)
and (B), the arrows mark the discovery of chytridiomycosis in 1998.
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holding those predictors of recovery at their
mean value, the chance of a species recovering
from a severe (>90%) decline was less than 1 in
10. Low probability of recovery for high-elevation
species might be related to suitable climatic con-
ditions for fungal persistence as well as limited
connectivity to source populations and/or longer
host generation time (26). Some recoveries may
be underpinned by selection for increased host

resistance (18), whereas management of concur-
rent threatsmay have facilitated other recoveries
(a promising avenue for conservation interven-
tions) (27). Unfortunately, the remaining 232
species have shown no signs of recovery.
The unprecedented lethality of a single dis-

ease affecting an entire vertebrate class high-
lights the threat from the spread of pathogens
in a globalized world. Global trade has recreated

a functional Pangaea for infectious diseases in
wildlife, with far-reaching impacts on biodi-
versity (this study), livestock (28), and human
health (29). Effective biosecurity and an im-
mediate reduction in wildlife trade are urgently
needed to reduce the risk of pathogen spread.
As mitigation of chytridiomycosis in nature
remains unproven (30), new research and
intensive monitoring that utilizes emerging
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inner to outer, order (Caudata or Anura), family, and genus. Full names
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respectively; details for all taxa are in table S4. Within each
taxonomic level, sublevels are ordered alphabetically. Protruding
bars indicate species for which there is evidence of recovery.
[Photo credits (left to right): Telmatobius bolivianus, I.D.l.R.;
Atelopus zeteki, B.G.; and Craugastor crassidigitus, B.G.]
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Biodiversity loss is one major outcome of human-mediated ecosys-
tem disturbance. One way that humans have triggered wildlife
declines is by transporting disease-causing agents to remote areas of
the world. Amphibians have been hit particularly hard by disease
due in part to a globally distributed pathogenic chytrid fungus
(Batrachochytrium dendrobatidis [Bd]). Prior research has revealed
important insights into the biology and distribution of Bd; however,
there are still many outstanding questions in this system. Although
we know that there are multiple divergent lineages of Bd that differ
in pathogenicity, we know little about how these lineages are dis-
tributed around the world and where lineages may be coming into
contact. Here, we implement a custom genotyping method for a
global set of Bd samples. This method is optimized to amplify and
sequence degraded DNA from noninvasive skin swab samples. We
describe a divergent lineage of Bd, which we call BdASIA3, that
appears to be widespread in Southeast Asia. This lineage co-occurs
with the global panzootic lineage (BdGPL) in multiple localities. Addi-
tionally, we shed light on the global distribution of BdGPL and highlight
the expanded range of another lineage, BdCAPE. Finally, we argue that
more monitoring needs to take place where Bd lineages are coming
into contact and where we know little about Bd lineage diversity.
Monitoring need not use expensive or difficult field techniques but
can use archived swab samples to further explore the history—and
predict the future impacts—of this devastating pathogen.

Batrachochytrium dendrobatidis | amphibian | conservation |
genetic monitoring

Emerging infectious diseases are increasingly recognized as a
threat to both human and wildlife health (1–3). One reason

emerging infectious diseases are on the rise is the facilitated
spread of pathogen propagules via globalized trade. With the aid of
modern shipping, pathogens have been introduced to naïve remote
areas (4). These new introductions can have grave consequences, in
some cases causing mass mortality in wildlife populations (e.g.,
refs. 4 and 5). Understanding the pathways for disease spread is
critical to predicting and addressing disease outbreaks (1).

Amphibians have been hit particularly hard by emerging infectious
disease in the last century. Hundreds of amphibian species have
been impacted by the pathogenic chytrid fungus Batrachochytrium

Significance

Batrachochytrium dendrobatidis [Bd] is one of the most dev-
astating wildlife pathogens ever documented. Most surveys for
Bd report only the presence/absence of the pathogen. How-
ever, Bd has distinct genetic lineages that vary in geographic
extent and virulence, thus reporting Bd presence alone is not
particularly informative. Our study uses a custom method for
genotyping degraded Bd DNA samples, such as those non-
destructively collected from live animal or museum specimen
skin swabs, and presents the discovery of a divergent lineage
of Bd—BdASIA3. This study advances our understanding of the
evolutionary origins of Bd, highlights areas of the world where
Bd lineages are coming into contact, and opens the door to
affordable, rapid genetic monitoring of this pathogen.
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Biodiversity loss is one major outcome of human-mediated ecosys-
tem disturbance. One way that humans have triggered wildlife
declines is by transporting disease-causing agents to remote areas of
the world. Amphibians have been hit particularly hard by disease
due in part to a globally distributed pathogenic chytrid fungus
(Batrachochytrium dendrobatidis [Bd]). Prior research has revealed
important insights into the biology and distribution of Bd; however,
there are still many outstanding questions in this system. Although
we know that there are multiple divergent lineages of Bd that differ
in pathogenicity, we know little about how these lineages are dis-
tributed around the world and where lineages may be coming into
contact. Here, we implement a custom genotyping method for a
global set of Bd samples. This method is optimized to amplify and
sequence degraded DNA from noninvasive skin swab samples. We
describe a divergent lineage of Bd, which we call BdASIA3, that
appears to be widespread in Southeast Asia. This lineage co-occurs
with the global panzootic lineage (BdGPL) in multiple localities. Addi-
tionally, we shed light on the global distribution of BdGPL and highlight
the expanded range of another lineage, BdCAPE. Finally, we argue that
more monitoring needs to take place where Bd lineages are coming
into contact and where we know little about Bd lineage diversity.
Monitoring need not use expensive or difficult field techniques but
can use archived swab samples to further explore the history—and
predict the future impacts—of this devastating pathogen.
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spread of pathogen propagules via globalized trade. With the aid of
modern shipping, pathogens have been introduced to naïve remote
areas (4). These new introductions can have grave consequences, in
some cases causing mass mortality in wildlife populations (e.g.,
refs. 4 and 5). Understanding the pathways for disease spread is
critical to predicting and addressing disease outbreaks (1).
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astating wildlife pathogens ever documented. Most surveys for
Bd report only the presence/absence of the pathogen. How-
ever, Bd has distinct genetic lineages that vary in geographic
extent and virulence, thus reporting Bd presence alone is not
particularly informative. Our study uses a custom method for
genotyping degraded Bd DNA samples, such as those non-
destructively collected from live animal or museum specimen
skin swabs, and presents the discovery of a divergent lineage
of Bd—BdASIA3. This study advances our understanding of the
evolutionary origins of Bd, highlights areas of the world where
Bd lineages are coming into contact, and opens the door to
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documented in a prior study (18). Remarkably, we found that 4
swabs collected from bullfrogs (R. catesbeiana) in The Nether-
lands carried the BdCAPE genotype. This expands the known
range of BdCAPE in Europe.

Africa. In Africa, we found that the BdCAPE lineage is ubiqui-
tous in Cameroon, while BdGPL dominates nearby parts of West
Africa and previously uncharacterized parts of Central Africa (Fig.
2C). All 25 Bd samples collected from Cameroon are members of
the BdCAPE lineage, indicating BdCAPE is the dominant, and
perhaps exclusive, Bd lineage in Cameroon. Furthermore, we
found additional support for previous studies documenting the
presence of BdGPL in Madagascar (22) and provide a report of
BdGPL in Burundi and Kenya. In Burundi, 43% (3/7) of samples
were in the BdGPL lineage and 57% (4/7) of samples were of an
undetermined lineage. To further understand why these ambigu-
ous samples did not group with a major lineage, we plotted the

average number of alleles sequenced per locus (Fig. 3). We found
that the ambiguous samples from Burundi had a significantly
higher average allele per locus than BdCAPE and BdGPL
samples (Mann–Whitney U test: P < 0.01). These samples were
most similar in average number of alleles per locus to an ex-
perimental mixture of 2 divergent Bd isolates and so may be
instances of coinfection or hybridization.

Americas. BdGPL is the dominant lineage in the Americas (ex-
cluding Brazil, where both BdGPL and BdASIA2/Brazil are
found). However, we report BdCAPE—a lineage that pre-
vious studies have found only in Africa and Europe—in Latin
America (Fig. 2D). We found that 11% (2/19) of Bd samples
collected from Cusuco National Park in Honduras in 2014
were BdCAPE, whereas 89% (17/19) of samples were BdGPL.
BdCAPE may be newly introduced (or detected) in the Americas
and occurs in very close proximity to BdGPL in Honduras. All

0 . 0 0 20.002

ASIA1 previously published
ASIA2/Brazil previously published
ASIA3 new data
CAPE new data
CAPE previously published
GPL new data
GPL previously published
Hybrid/Undetermined new data
Hybrid/Undetermined previously published
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Fig. 1. (A) Global map of Bd genotypes. Points within 100 m are dispersed to decrease overlap and demonstrate sampling effort; therefore, map point
locations are approximate. Colors indicate major Bd lineage, circles are newly genotyped samples (n = 222), and squares are previously published Bd genotype
data (n = 334; data from refs. 14–17 and 27). (B) Best scoring unrooted maximum-likelihood tree estimated from 172 concatenated nuclear loci (23,651 bp)
and 100 bootstrap replicates performed in RAxML. Branches on phylogeny are colored by major Bd lineage. This tree includes newly sequenced samples with
at least 84 loci (n = 131) and whole-genome data (n = 47). Nodes with bootstrap support <50 have been collapsed and nodes >70 bootstrap support are
labeled. Phylogeny with tip labels is available in SI Appendix, Fig. S1.
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Batrachochytrium dendrobatidis [Bd] is 
one of the most devastating wildlife 
pathogens ever documented. Most 
surveys for Bd report only the 
presence/absence of the pathogen. How-
ever, Bd has distinct genetic lineages 
that vary in geographic extent and 
virulence, thus reporting Bd presence 
alone is not particularly informative. 
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Habitat transformations caused by human land-use change 
are considered major drivers of ongoing biodiversity loss1–3, 
and their impact on biodiversity is expected to increase  
further this century4–6. Here, we used global decadal 
land-use projections to year 2070 for a range of shared 
socioeconomic pathways, which are linked to particular rep-
resentative concentration pathways, to evaluate potential 
losses in range-wide suitable habitat and extinction risks 
for approximately 19,400 species of amphibians, birds and 
mammals. Substantial declines in suitable habitat are identi-
fied for species worldwide, with approximately 1,700 species 
expected to become imperilled due to land-use change alone. 
National stewardship for species highlights certain South 
American, Southeast Asian and African countries that are 
in particular need of proactive conservation planning. These 
geographically explicit projections and model workflows 
embedded in the Map of Life infrastructure are provided to 
facilitate the scrutiny, improvements and future updates 
needed for an ongoing and readily updated assessment of 
changing biodiversity. These forward-looking assessments 
and informatics tools are intended to support national con-
servation action and policies for addressing climate change 
and land-use change impacts on biodiversity.

Human encroachment on habitats is a major cause of biodi-
versity change1–3, and determining the specifics of these impacts 
is a key priority for biodiversity science and conservation. Recent 
work using climate and land-use change scenarios to project 
biodiversity trends has signalled steep declines, particularly 
under business-as-usual conditions6,7. For instance, under such 
a scenario, 440 mammalian carnivores and ungulate species 
were predicted to decline in abundance by 18–35% and increase 
in extinction risk by 8–23% by 20506, and 27 European large  
mammal species were predicted to lose 25% of their habitat by 
20507. Recent projections of worldwide deforestation suggest a 
potentially substantial increase in the extinction risk of forest-
associated vertebrate species8. Identifying species and locations 
most exposed to changing habitats is key for prioritizing the 
reduction and management of biodiversity threats. However, they 
have usually remained taxonomically or geographically restricted, 
with a focus on large-bodied or temperate species. With declared 
international policy goals to prevent extinctions and global assess-
ment processes of the Intergovernmental Platform for Biodiversity 
and Ecosystem Services (IPBES) underway, there is a need for a  
more comprehensive evaluation, ideally accompanied by infra-
structure and workflows that enable ongoing updates as scenarios 
and data change.

Here we build on recent harmonized projections of anticipated 
changes in land-use to assess how the expected decrease of suitable 
habitat reduces geographic ranges and affects the extinction risk of 
terrestrial birds (N = 9,290), mammals (N = 4,594) and amphibians 
(N = 5,482) worldwide. We first established a refined baseline esti-
mate of geographical distributions and minimized the range size 
overestimates for the available expert-drawn range characteriza-
tions9,10. Building on earlier work4, but with much extended data, we 
specifically related expert information on species habitat suitabil-
ity and elevations to 1 km resolution remote sensing-based layers 
of fractional tree cover, minimum and maximum elevation11, and 
also fractional land cover for 2015 at 0.25 ° resolution (derived from 
projected land-use states) to estimate the habitat-suitable range 
(HSR) in 2015. We then linked the same species habitat suitability 
information to future land-cover projections to estimate decadal 
changes in HSR from 2015 to 2070. We assumed that once pixels 
had transformed to being unsuitable they remained unsuitable in 
the future (no-regain assumption) or could secondarily be repopu-
lated (regain assumption). The land-use projections informing land 
cover and suitable habitat are based on the newly released Land 
Use Harmonization dataset v2 (http://luh.umd.edu/)12–14. To deter-
mine how the implications for biodiversity may vary among differ-
ent scenarios, we evaluated projections under four different shared 
socioeconomic pathways (SSPs)14–16. These connect to a specific 
representative concentration pathway (RCP), as provided by the 
associated integrated assessment models, specifically SSP1 (RCP2.6, 
IMAGE), SSP3 (RCP7.0, AIM), SSP5 (RCP8.5, MAGPIE) and SSP2 
(RCP4.5, MESSAGE). Finally, we related the absolute levels and 
rates of change in HSR to the International Union for Conservation 
of Nature (IUCN) Red List Criteria17 to characterize potential future 
trends in species threat status and to identify the regions of greatest, 
aggregate concern.

Figure 1 shows the approach and projected changes for four spe-
cies (and the no-regain assumption) under SSP2, which represents 
a middle-of-the-road scenario of intermediate land-use change. 
Overall, we found large projected losses in HSR ranging from −6.2 
to −10.7% per decade (Fig. 1; Supplementary Table 1). For exam-
ple, the Lombok cross frog (Oreophryne monticola; https://mol.org/
en/species/projection/landuse/Oreophryne_monticola), restricted 
to the islands of Bali and Lombok, is projected to lose over half its 
2015 HSR by 2070, with only 190 km2 of its estimated initial 403 km2 
HSR remaining. If standardized criteria that relate absolute amounts 
and rates of change in HSR to a putative Red List threat status 
(Supplementary Table 2) were applied, the species would be up-listed 
to Critically Endangered (CR) in 2070 – it currently has a Red List  
status of Endangered (EN) and is projected to lose more than 50%  

Global habitat loss and extinction risk of 
terrestrial vertebrates under future  
land-use-change scenarios
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and their impact on biodiversity is expected to increase  
further this century4–6. Here, we used global decadal 
land-use projections to year 2070 for a range of shared 
socioeconomic pathways, which are linked to particular rep-
resentative concentration pathways, to evaluate potential 
losses in range-wide suitable habitat and extinction risks 
for approximately 19,400 species of amphibians, birds and 
mammals. Substantial declines in suitable habitat are identi-
fied for species worldwide, with approximately 1,700 species 
expected to become imperilled due to land-use change alone. 
National stewardship for species highlights certain South 
American, Southeast Asian and African countries that are 
in particular need of proactive conservation planning. These 
geographically explicit projections and model workflows 
embedded in the Map of Life infrastructure are provided to 
facilitate the scrutiny, improvements and future updates 
needed for an ongoing and readily updated assessment of 
changing biodiversity. These forward-looking assessments 
and informatics tools are intended to support national con-
servation action and policies for addressing climate change 
and land-use change impacts on biodiversity.

Human encroachment on habitats is a major cause of biodi-
versity change1–3, and determining the specifics of these impacts 
is a key priority for biodiversity science and conservation. Recent 
work using climate and land-use change scenarios to project 
biodiversity trends has signalled steep declines, particularly 
under business-as-usual conditions6,7. For instance, under such 
a scenario, 440 mammalian carnivores and ungulate species 
were predicted to decline in abundance by 18–35% and increase 
in extinction risk by 8–23% by 20506, and 27 European large  
mammal species were predicted to lose 25% of their habitat by 
20507. Recent projections of worldwide deforestation suggest a 
potentially substantial increase in the extinction risk of forest-
associated vertebrate species8. Identifying species and locations 
most exposed to changing habitats is key for prioritizing the 
reduction and management of biodiversity threats. However, they 
have usually remained taxonomically or geographically restricted, 
with a focus on large-bodied or temperate species. With declared 
international policy goals to prevent extinctions and global assess-
ment processes of the Intergovernmental Platform for Biodiversity 
and Ecosystem Services (IPBES) underway, there is a need for a  
more comprehensive evaluation, ideally accompanied by infra-
structure and workflows that enable ongoing updates as scenarios 
and data change.

Here we build on recent harmonized projections of anticipated 
changes in land-use to assess how the expected decrease of suitable 
habitat reduces geographic ranges and affects the extinction risk of 
terrestrial birds (N = 9,290), mammals (N = 4,594) and amphibians 
(N = 5,482) worldwide. We first established a refined baseline esti-
mate of geographical distributions and minimized the range size 
overestimates for the available expert-drawn range characteriza-
tions9,10. Building on earlier work4, but with much extended data, we 
specifically related expert information on species habitat suitabil-
ity and elevations to 1 km resolution remote sensing-based layers 
of fractional tree cover, minimum and maximum elevation11, and 
also fractional land cover for 2015 at 0.25 ° resolution (derived from 
projected land-use states) to estimate the habitat-suitable range 
(HSR) in 2015. We then linked the same species habitat suitability 
information to future land-cover projections to estimate decadal 
changes in HSR from 2015 to 2070. We assumed that once pixels 
had transformed to being unsuitable they remained unsuitable in 
the future (no-regain assumption) or could secondarily be repopu-
lated (regain assumption). The land-use projections informing land 
cover and suitable habitat are based on the newly released Land 
Use Harmonization dataset v2 (http://luh.umd.edu/)12–14. To deter-
mine how the implications for biodiversity may vary among differ-
ent scenarios, we evaluated projections under four different shared 
socioeconomic pathways (SSPs)14–16. These connect to a specific 
representative concentration pathway (RCP), as provided by the 
associated integrated assessment models, specifically SSP1 (RCP2.6, 
IMAGE), SSP3 (RCP7.0, AIM), SSP5 (RCP8.5, MAGPIE) and SSP2 
(RCP4.5, MESSAGE). Finally, we related the absolute levels and 
rates of change in HSR to the International Union for Conservation 
of Nature (IUCN) Red List Criteria17 to characterize potential future 
trends in species threat status and to identify the regions of greatest, 
aggregate concern.

Figure 1 shows the approach and projected changes for four spe-
cies (and the no-regain assumption) under SSP2, which represents 
a middle-of-the-road scenario of intermediate land-use change. 
Overall, we found large projected losses in HSR ranging from −6.2 
to −10.7% per decade (Fig. 1; Supplementary Table 1). For exam-
ple, the Lombok cross frog (Oreophryne monticola; https://mol.org/
en/species/projection/landuse/Oreophryne_monticola), restricted 
to the islands of Bali and Lombok, is projected to lose over half its 
2015 HSR by 2070, with only 190 km2 of its estimated initial 403 km2 
HSR remaining. If standardized criteria that relate absolute amounts 
and rates of change in HSR to a putative Red List threat status 
(Supplementary Table 2) were applied, the species would be up-listed 
to Critically Endangered (CR) in 2070 – it currently has a Red List  
status of Endangered (EN) and is projected to lose more than 50%  
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of its original 2015 HSR by 2070 (Supplementary Table 1). The Nile 
lechwe (Kobus megaceros; URL) is expected to be up-listed to CR by 
2060. The Pale-browed treehunter (Cichlocolaptes leucophrus; URL) 
and the Curve-billed reedhaunter (Limnornis curvirostris; URL) would 
be up-listed to Near Threatened (NT) by 2050 and 2030, respectively, 
under Red List Criterion B1 because they are projected to have a 
restricted range (HSR <20,000 km2) and will undergo a range decline 
(>10% projected loss of 2015 HSR). Extending this evaluation to all 
19,366 species, we observe frequent decreases in HSR, and many  
species are expected to have an elevated extinction risk (Fig. 2).  
For SSP2 and the no-regain assumption, expected HSR contraction/
loss during the 2015–2070 period range from −8.4% for amphibians 
(95% confidence intervals (CI): −8.1% to −8.7%) to −6.7% for birds 
(95% CI: −6.5% to −6.9%) and −5.5% for mammals (95% CI: −5.2% 
to −5.8%). The number of species projected to be up-listed under  
SSP2 and the no-regain assumption is highest for amphibians  

(886 species), but also includes 436 birds and 376 mammals. Many 
of them are currently listed as Least Concern (LC) or Data Deficient 
(DD). These results confirm previous assertions about the particular 
threats faced by amphibians18,19, with substantial habitat shrinkage pro-
jected to affect often already very small ranges (HSR <20 km2). These 
habitat losses add to the reliance of amphibians on microhabitats, 
hydrological regimes and their limited dispersal abilities, which exac-
erbate their susceptibility to anticipated climate and land-use change20.

Extending this evaluation to the three other SSPs illustrates the 
sensitivity of these outcomes to the specific future societal pathways 
and socioeconomic scenarios. Under SSP3 in particular, which fore-
sees highly separate societies with substantial challenges to climate 
change mitigation and adaptation14,15, dramatically higher losses in 
suitable habitat are projected and greater up-listing especially of 
already threatened species is expected. Despite being associated with 
a higher RCP, the fossil-fuelled but more collaboratively developed 
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Substantial declines in suitable 
habitat are identified for 
species worldwide, with 
approximately 1,700 species 
expected to become imperilled 
due to land-use change alone. 
National stewardship for 
species highlights certain South 
American, Southeast Asian and 
African countries that are in 
particular need of proactive 
conservation planning. 
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TROPHIC CASCADES

Cascading impacts of large-carnivore
extirpation in an African ecosystem
Justine L. Atkins1*, Ryan A. Long2, Johan Pansu1,3,4, Joshua H. Daskin1†,
Arjun B. Potter1, Marc E. Stalmans5, Corina E. Tarnita1, Robert M. Pringle1*

Populations of the world’s largest carnivores are declining and now occupy
mere fractions of their historical ranges. Theory predicts that when apex predators
disappear, large herbivores become less fearful, occupy new habitats, and
modify those habitats by eating new food plants. Yet experimental support for
this prediction has been difficult to obtain in large-mammal systems. After the
extirpation of leopards and African wild dogs from Mozambique’s Gorongosa
National Park, forest-dwelling antelopes [bushbuck (Tragelaphus sylvaticus)]
expanded into treeless floodplains, where they consumed novel diets and
suppressed a common food plant [waterwort (Bergia mossambicensis)]. By
experimentally simulating predation risk, we demonstrate that this behavior was
reversible. Thus, whereas anthropogenic predator extinction disrupted a trophic
cascade by enabling rapid differentiation of prey behavior, carnivore restoration
may just as rapidly reestablish that cascade.

T
he worldwide decline in populations of
large mammalian carnivores is a major
environmental concern (1, 2), in part be-
cause apex predators can exert a defining
influence on ecosystems via trophic cas-

cades (3). A trophic cascade occurs when pred-
ators indirectly affect plants through either of
two mechanisms: by consumptively reducing
prey abundance (4) or by imposing “landscapes
of fear” in which prey modify their behavior to
reduce predation risk. In landscapes of fear, prey
are expected to forego foraging opportunities in
resource-rich habitats that are risky, thereby
creating spaces where palatable food plants can
thrive (5, 6). Accordingly, the extirpation of top
carnivores should create “landscapes of fearless-
ness” where large herbivores seek out the nu-
tritional benefits of previously risky habitats,
suppressing food-plant abundance in the pro-
cess (5); conversely, the reestablishment of real
or perceived predation risk should reverse this
behavior (7). Although behaviorally mediated
trophic cascades have been documented fre-
quently for relatively small consumer species
(8–10), there are few unequivocal examples
involving large mammalian carnivores and her-
bivores (11–13). This gap reflects the difficulty
of experimentally manipulating predation risk
and quantifying its downstream effects at scales

relevant to large mammals. Correlative and com-
parative analyses generally cannot rule out po-
tentially confounding factors, which has fueled
debates (14–18) and prompted calls for stronger
mechanistic inference in the study ofmegafaunal
trophic cascades (19).
Ecosystems in which top predators have been

extirpated present valuable opportunities to test
predictions of trophic-cascade theory (4, 14, 20).
InMozambique’s GorongosaNational Park, large-
mammal populations were severely reduced dur-
ing the Mozambican Civil War (1977 to 1992),
with >90% declines across all monitored species
(21–23). Large-herbivore populations have sub-
sequently increased, but leopards (Panthera
pardus), wild dogs (Lycaon pictus), and hyenas
(Crocuta crocuta) were extirpated, while lions
(P. leo) persisted at low abundance (23, 24) (table
S1). In this carnivore-depleted system, we eval-
uated evidence for a behaviorally mediated tro-
phic cascade by using field manipulations of
predator cues and herbivory, GPS telemetry of
herbivoremovements, spatially explicit wildlife-
count data, DNA-based diet analysis, and body-
condition measurements.
Gorongosa’s central valley (Fig. 1, A and B)

encompasses the ~750-km2 Lake Urema flood-
plain and surrounding savanna woodlands (25).
During the dry season (May to November), the
floodplain is a flat, largely treeless landscape,
dominated by grasses and forbs and dotted with
leguminous subshrubs. Such open habitat is typ-
ically avoided by herbivores that rely on crypsis,
tree cover, and known escape trails to avoid
detection and capture by predators. One such
herbivore species is bushbuck (Tragelaphus
sylvaticus). This midsized antelope is a closed-
habitat specialist that is “dependent on thick
cover” (26) and “concealment to avoid predators”
(27) and “is not found on open plains or any-
where without sufficient cover to conceal it” (28)

from key predators such as leopards and wild
dogs (29). Previous studies of African ungulates
have emphasized the comparative safety of open
areas with high visibility (11, 13). For secretive
forest browsers such as bushbuck, however, tree-
less areas should be riskier, and relaxation of
predation pressure might embolden individuals
to exploit what would otherwise be prohibitively
dangerous open habitat. Bushbuck in Gorongosa
were historically confined to woodland and thicket
habitat (30), but in the largely predator-free con-
temporary environment, we have observed them
venturing into the open Urema floodplain.
We quantified these initial observations by

fitting GPS collars to 11 bushbuck in 2015 and
collecting hourly locations for up to 8 months.
The data revealed two broad patterns in habitat
use. One subset of individuals was largely con-
fined to densely wooded home ranges; another
occupied the sparsely wooded floodplain margin
and routinely forayed into treeless floodplain
habitat, both at night and throughout the day
(Fig. 1, C to E)—behavior never documented
prior to predator extirpation (30). All available
evidence indicates that this habitat shift cannot
be explained by competitive interactions. In prin-
ciple, carnivore extirpationmight have increased
woodland bushbuck densities, prompting indi-
viduals to move into the floodplain to mitigate
intraspecific competition, as predicted by ideal
free distribution theory (31). We explored this
possibility by using data from six helicopter
counts conducted between 2002 and 2016, when
all ungulate populations were recovering from
similarly severe war-induced declines (21–23, 30).
If competition caused the habitat shift, then we
would expect floodplain bushbuck densities to
be negligible during the earliest counts, to in-
crease only after woodland densities reached
some threshold, and to remain lower than wood-
land densities throughout. To the contrary, flood-
plain bushbuck density was already ~50% of
woodland bushbuck density in 2002, and by 2016,
density was ~15% higher in the floodplain (Fig.
1F). Moreover, densities of other ungulates were
also highest in the floodplain (21). Thus, the ob-
served habitat shift cannot obviously be explained
by either intra- or interspecific competition.
To directly test the hypothesis that predator

extirpation has promoted the use of open habitat
by bushbuck, we experimentally assessed the re-
sponses of GPS-collared floodplain (n = 7) and
woodland (n = 5) bushbuck to simulated pre-
dator presence in August and September 2016.
Habitat affiliations were determined on the basis
of capture location andwere subsequently verified
with reference to GPS-collar locations and diet
composition data (figs. S1 and S2). We exposed
each individual to both predator and procedural-
control cues in separate trials (in randomized
order), with collars recording locations every 15min
(32). Treatments comprised both auditory and
scent cues within thehome range of each collared
individual (fig. S3). Because both felids and canids
prey on bushbuck, we aimed to create generalized
hot spots of perceived predation risk by deploying
several cues that collectively simulated multiple
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Populations of the world’s largest carnivores are declining and now occupy
mere fractions of their historical ranges. Theory predicts that when apex predators
disappear, large herbivores become less fearful, occupy new habitats, and
modify those habitats by eating new food plants. Yet experimental support for
this prediction has been difficult to obtain in large-mammal systems. After the
extirpation of leopards and African wild dogs from Mozambique’s Gorongosa
National Park, forest-dwelling antelopes [bushbuck (Tragelaphus sylvaticus)]
expanded into treeless floodplains, where they consumed novel diets and
suppressed a common food plant [waterwort (Bergia mossambicensis)]. By
experimentally simulating predation risk, we demonstrate that this behavior was
reversible. Thus, whereas anthropogenic predator extinction disrupted a trophic
cascade by enabling rapid differentiation of prey behavior, carnivore restoration
may just as rapidly reestablish that cascade.

T
he worldwide decline in populations of
large mammalian carnivores is a major
environmental concern (1, 2), in part be-
cause apex predators can exert a defining
influence on ecosystems via trophic cas-

cades (3). A trophic cascade occurs when pred-
ators indirectly affect plants through either of
two mechanisms: by consumptively reducing
prey abundance (4) or by imposing “landscapes
of fear” in which prey modify their behavior to
reduce predation risk. In landscapes of fear, prey
are expected to forego foraging opportunities in
resource-rich habitats that are risky, thereby
creating spaces where palatable food plants can
thrive (5, 6). Accordingly, the extirpation of top
carnivores should create “landscapes of fearless-
ness” where large herbivores seek out the nu-
tritional benefits of previously risky habitats,
suppressing food-plant abundance in the pro-
cess (5); conversely, the reestablishment of real
or perceived predation risk should reverse this
behavior (7). Although behaviorally mediated
trophic cascades have been documented fre-
quently for relatively small consumer species
(8–10), there are few unequivocal examples
involving large mammalian carnivores and her-
bivores (11–13). This gap reflects the difficulty
of experimentally manipulating predation risk
and quantifying its downstream effects at scales

relevant to large mammals. Correlative and com-
parative analyses generally cannot rule out po-
tentially confounding factors, which has fueled
debates (14–18) and prompted calls for stronger
mechanistic inference in the study ofmegafaunal
trophic cascades (19).
Ecosystems in which top predators have been

extirpated present valuable opportunities to test
predictions of trophic-cascade theory (4, 14, 20).
InMozambique’s GorongosaNational Park, large-
mammal populations were severely reduced dur-
ing the Mozambican Civil War (1977 to 1992),
with >90% declines across all monitored species
(21–23). Large-herbivore populations have sub-
sequently increased, but leopards (Panthera
pardus), wild dogs (Lycaon pictus), and hyenas
(Crocuta crocuta) were extirpated, while lions
(P. leo) persisted at low abundance (23, 24) (table
S1). In this carnivore-depleted system, we eval-
uated evidence for a behaviorally mediated tro-
phic cascade by using field manipulations of
predator cues and herbivory, GPS telemetry of
herbivoremovements, spatially explicit wildlife-
count data, DNA-based diet analysis, and body-
condition measurements.
Gorongosa’s central valley (Fig. 1, A and B)

encompasses the ~750-km2 Lake Urema flood-
plain and surrounding savanna woodlands (25).
During the dry season (May to November), the
floodplain is a flat, largely treeless landscape,
dominated by grasses and forbs and dotted with
leguminous subshrubs. Such open habitat is typ-
ically avoided by herbivores that rely on crypsis,
tree cover, and known escape trails to avoid
detection and capture by predators. One such
herbivore species is bushbuck (Tragelaphus
sylvaticus). This midsized antelope is a closed-
habitat specialist that is “dependent on thick
cover” (26) and “concealment to avoid predators”
(27) and “is not found on open plains or any-
where without sufficient cover to conceal it” (28)

from key predators such as leopards and wild
dogs (29). Previous studies of African ungulates
have emphasized the comparative safety of open
areas with high visibility (11, 13). For secretive
forest browsers such as bushbuck, however, tree-
less areas should be riskier, and relaxation of
predation pressure might embolden individuals
to exploit what would otherwise be prohibitively
dangerous open habitat. Bushbuck in Gorongosa
were historically confined to woodland and thicket
habitat (30), but in the largely predator-free con-
temporary environment, we have observed them
venturing into the open Urema floodplain.
We quantified these initial observations by

fitting GPS collars to 11 bushbuck in 2015 and
collecting hourly locations for up to 8 months.
The data revealed two broad patterns in habitat
use. One subset of individuals was largely con-
fined to densely wooded home ranges; another
occupied the sparsely wooded floodplain margin
and routinely forayed into treeless floodplain
habitat, both at night and throughout the day
(Fig. 1, C to E)—behavior never documented
prior to predator extirpation (30). All available
evidence indicates that this habitat shift cannot
be explained by competitive interactions. In prin-
ciple, carnivore extirpationmight have increased
woodland bushbuck densities, prompting indi-
viduals to move into the floodplain to mitigate
intraspecific competition, as predicted by ideal
free distribution theory (31). We explored this
possibility by using data from six helicopter
counts conducted between 2002 and 2016, when
all ungulate populations were recovering from
similarly severe war-induced declines (21–23, 30).
If competition caused the habitat shift, then we
would expect floodplain bushbuck densities to
be negligible during the earliest counts, to in-
crease only after woodland densities reached
some threshold, and to remain lower than wood-
land densities throughout. To the contrary, flood-
plain bushbuck density was already ~50% of
woodland bushbuck density in 2002, and by 2016,
density was ~15% higher in the floodplain (Fig.
1F). Moreover, densities of other ungulates were
also highest in the floodplain (21). Thus, the ob-
served habitat shift cannot obviously be explained
by either intra- or interspecific competition.
To directly test the hypothesis that predator

extirpation has promoted the use of open habitat
by bushbuck, we experimentally assessed the re-
sponses of GPS-collared floodplain (n = 7) and
woodland (n = 5) bushbuck to simulated pre-
dator presence in August and September 2016.
Habitat affiliations were determined on the basis
of capture location andwere subsequently verified
with reference to GPS-collar locations and diet
composition data (figs. S1 and S2). We exposed
each individual to both predator and procedural-
control cues in separate trials (in randomized
order), with collars recording locations every 15min
(32). Treatments comprised both auditory and
scent cues within thehome range of each collared
individual (fig. S3). Because both felids and canids
prey on bushbuck, we aimed to create generalized
hot spots of perceived predation risk by deploying
several cues that collectively simulated multiple
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Whereas anthropogenic 
predator extinction disrupted a 
trophic cascade by enabling 
rapid differentiation of prey 
behavior, carnivore restoration 
may just as rapidly reestablish
that cascade. 

Southeast Brazil, Malaysia, and Indonesia are the second most impacted biome, followed by
the tropical and subtropical dry broadleaf forests in India, Myanmar, and Thailand (35 and 34
species impacted per 900 km2 grid cell).

Global coolspots of threat refugia

We mapped threat refugia for threatened vertebrates by combining the unimpacted parts of
each species’ distribution. Almost the entire Earth’s surface (97%) hosts at least one unim-
pacted threatened species, acting as a potential refugium for that species (Fig 4); however,
impacted and unimpacted species co-occur across 80% of Earth’s surface, identifying places
where species with divergent sensitivities to threatening processes are present. There is strong
spatial variation in the intensity of threat refugia for threatened species and between coolspots
for different taxa (S5 Fig). Threat refugia often follow similar patterns to hotspots of impact,
with Southeast Asia again the dominant global coolspot. Although counterintuitive, our results
are largely driven by species richness and individual species’ different sensitivities to threats.
Therefore, in species-rich areas, it is logical that many species will be impacted, whilst many
others remain unimpacted. The highest average threat refugia score is in Brunei (49 species
unimpacted per grid cell), but the highest score for an individual grid cell occurs in Malaysia,
where 144 species are unimpacted. Encouragingly, there are 12 grid cells (10,800 km2) in

Fig 3. Cumulative human impacts on threatened and near-threatened terrestrial vertebrates (n = 5,457). Legend indicates the number of species in
a grid cell impacted by at least one threat. Maps use a 30 km × 30 km grid and a Mollweide equal area projection. The data underlying this figure are
freely available [31] (doi:10.1594/PANGAEA.897391).

https://doi.org/10.1371/journal.pbio.3000158.g003
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Abstract

Conserving threatened species requires identifying where across their range they are being

impacted by threats, yet this remains unresolved across most of Earth. Here, we present a

global analysis of cumulative human impacts on threatened species by using a spatial

framework that jointly considers the co-occurrence of eight threatening processes and the

distribution of 5,457 terrestrial vertebrates. We show that impacts to species are wide-

spread, occurring across 84% of Earth’s surface, and identify hotspots of impacted species

richness and coolspots of unimpacted species richness. Almost one-quarter of assessed

species are impacted across >90% of their distribution, and approximately 7% are impacted

across their entire range. These results foreshadow localised extirpations and potential

extinctions without conservation action. The spatial framework developed here offers a tool

for defining strategies to directly mitigate the threats driving species’ declines, providing

essential information for future national and global conservation agendas.

Author summary

The biggest drivers of global biodiversity loss are hunting, harvesting, and the conversion
of natural habitats for agriculture, urbanisation, and other industrial activity. However,
our understanding of where these ‘threats’ actually impact sensitive species is extremely
limited across Earth. Here, we map the distribution of threats within the known ranges of
5,457 terrestrial birds, mammals, and amphibians globally. We map only those threats
within a species range that are known to specifically endanger that species. We show that
threats are extensive across the majority of species’ ranges, severely limiting the area
within which species can survive. Concerningly, 1,237 species (almost one-quarter of
those assessed) are impacted by threats across >90% of their distribution, and 395 species
are impacted by threats across their entire range. These species will almost certainly face
extinction without conservation intervention to remove threats. We identify global
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Southeast Brazil, Malaysia, and Indonesia are the second most impacted biome, followed by
the tropical and subtropical dry broadleaf forests in India, Myanmar, and Thailand (35 and 34
species impacted per 900 km2 grid cell).

Global coolspots of threat refugia

We mapped threat refugia for threatened vertebrates by combining the unimpacted parts of
each species’ distribution. Almost the entire Earth’s surface (97%) hosts at least one unim-
pacted threatened species, acting as a potential refugium for that species (Fig 4); however,
impacted and unimpacted species co-occur across 80% of Earth’s surface, identifying places
where species with divergent sensitivities to threatening processes are present. There is strong
spatial variation in the intensity of threat refugia for threatened species and between coolspots
for different taxa (S5 Fig). Threat refugia often follow similar patterns to hotspots of impact,
with Southeast Asia again the dominant global coolspot. Although counterintuitive, our results
are largely driven by species richness and individual species’ different sensitivities to threats.
Therefore, in species-rich areas, it is logical that many species will be impacted, whilst many
others remain unimpacted. The highest average threat refugia score is in Brunei (49 species
unimpacted per grid cell), but the highest score for an individual grid cell occurs in Malaysia,
where 144 species are unimpacted. Encouragingly, there are 12 grid cells (10,800 km2) in

Fig 3. Cumulative human impacts on threatened and near-threatened terrestrial vertebrates (n = 5,457). Legend indicates the number of species in
a grid cell impacted by at least one threat. Maps use a 30 km × 30 km grid and a Mollweide equal area projection. The data underlying this figure are
freely available [31] (doi:10.1594/PANGAEA.897391).

https://doi.org/10.1371/journal.pbio.3000158.g003

Human impacts on threatened vertebrates
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At	each	trapping	 location,	we	set	two	Xenon	white	flash	camera	
traps	(models:	Capture,	Ambush	and	Attack;	Cuddeback)	with	passive	
infrared	trigger	mechanisms	to	photograph	both	flanks	of	an	animal.	
We	checked	camera	traps	weekly	to	change	memory	cards,	batteries	
and	to	remove	fresh	snow	after	heavy	snowfall.	Based	on	unique	coat	
patterns,	we	identified	individual	lynx	on	photographs	(Zimmermann	
&	Foresti,	2016).	The	recognition	of	individual	was	computer-induced,	
not	 fully	 automated.	We	 used	 the	 Extract-compare©	 software	 that	
compares	the	lynx	spot	pattern	with	a	library	of	previously	extracted	
pattern	and	proposes	potential	matches	according	to	a	score	(http://
conse	rvati	onres	earch.org.uk/Home/Extra	ctCom	pare).	 The	 observer	
can	 confirm	 the	 lynx	 identification	 or	 not	 and	 browse	 through	 the	
highest-ranking	proposed	matches.	The	final	decision	is	made	by	the	
observer	based	on	an	additional	visual	examination	of	the	entire	pho-
tograph	set	for	this	particular	lynx.	Pictures	for	which	no	match	was	
found	with	the	software	were	visually	checked	against	our	entire	pho-
tograph	library.	Only	when	the	match	was	undeniable	was	the	individ-
ual	recorded	as	a	match,	otherwise	it	was	recorded	as	a	new	individual.	
All	 captures	 that	 did	 not	 fit	 automated	 or	 associated	 visual	 confir-
mation	with	no	doubt,	because	of	a	poor	picture	quality	(e.g.,	blurry,	
overexposed),	were	classified	as	“unconfirmed”	and	excluded	from	the	
analyses.	We	recorded	the	date,	time,	sex	whenever	possible,	and	lo-
cation	of	each	photographic	capture	of	a	lynx.	During	the	time	of	year	
our	study	took	place,	juvenile	lynx	(<1	year	old)	can	still	be	with	their	
mother	(Zimmermann,	Breitenmoser-Würsten,	&	Breitenmoser,	2005).	
In	our	analysis,	we	retained	only	independent	lynx,	that	is,	adult	lynx	

or	emancipated	 individuals	based	on	physical	 characteristics	or	pre-
vious	knowledge	of	their	age	or	status	(from	photographic	evidence).	
We	defined	a	capture	occasion	as	5	successive	trap	nights	 (Blanc	et	
al.,	2013),	dissociating	trapping	events	from	individual	photograph	to	
avoid	pseudo-replications.

2.3 | Spatial capture–recapture analyses

We	used	spatial	 capture–recapture	 (SCR)	models	 to	estimate	 lynx	
densities	(Royle	et	al.,	2014).	In	contrast	with	standard	(nonspatial)	
capture–recapture	models,	SCR	models	use	the	spatial	locations	of	
captures	 to	 infer	 the	activity	center	 (or	home	range)	of	each	 indi-
vidual.	We	assumed	that	individual	encounters	are	Bernoulli	random	
variables	with	 individual-	and	trap-specific	detection	probabilities.	
More	 precisely,	 the	 detection	 probability	 pij	 of	 an	 individual	 i	 at	
trap	 j	 is	assumed	to	decrease	as	 the	distance	 (dij)	 from	 its	activity	
center	 increases	 according	 to	 a	 detection	 function.	We	 used	 the	
half-normal	detection	 function,	pij = p0	 exp(−d

2

ij
/(2σ2)),	where	p0	 is	

the	probability	of	detecting	an	 individual	when	the	trap	 is	 located	
exactly	at	 its	center	of	activity	and	σ	 is	the	spatial	scale	(or	move-
ment)	parameter	that	controls	the	shape	of	the	detection	function.	
For	one	of	the	two	study	areas	in	the	French	Jura	mountains	in	years	
2011	and	2013,	we	detected	only	a	few	individuals	(see	the	columns	
Doubs	 in	Table	1).	To	 increase	 the	effective	sample	size,	we	com-
bined	the	data	from	these	two	sampling	areas	using	common	detec-
tion	and	spatial	parameters	for	both	areas,	while	estimating	density	

F I G U R E  1  Map	of	the	study	area	in	
the	French	Jura	and	Vosges	mountains.	
The	study	area	encompassed	seven	
counties	(Ain,	Jura	and	Doubs	in	the	
Jura	mountains	and	Vosges,	Haut-Rhin,	
Bas-Rhin	and	Moselle	in	the	Vosges	
mountains)	that	were	monitored	through	
413	camera	trapping	sites	(298	in	the	
Jura	mountains	and	115	in	the	Vosges	
mountains;	two	camera	traps	were	set	per	
site),	each	within	a	2.7	×	2.7	km	cell.	The	
inset	map	represents	the	French	counties	
(gray	borders),	the	counties	that	were	
considered	in	the	study	(black	borders),	
the	Jura	mountains	(green	shaded	area)	
and	the	Vosges	mountains	(red	shaded	
area)
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Abstract
Obtaining	estimates	of	animal	population	density	 is	a	key	step	 in	providing	sound	
conservation	and	management	strategies	for	wildlife.	For	many	large	carnivores	how-
ever,	estimating	density	is	difficult	because	these	species	are	elusive	and	wide-rang-
ing.	Here,	we	focus	on	providing	the	first	density	estimates	of	the	Eurasian	lynx	(Lynx 
lynx)	 in	the	French	Jura	and	Vosges	mountains.	We	sampled	a	total	of	413	camera	
trapping	sites	(with	two	cameras	per	site)	between	January	2011	and	April	2016	in	
seven	study	areas	across	seven	counties	of	the	French	Jura	and	Vosges	mountains.	
We	obtained	592	lynx	detections	over	19,035	trap	days	in	the	Jura	mountains	and	
0	detection	over	6,804	trap	days	in	the	Vosges	mountains.	Based	on	coat	patterns,	
we	identified	a	total	number	of	92	unique	individuals	from	photographs,	including	16	
females,	13	males,	and	63	individuals	of	unknown	sex.	Using	spatial	capture–recap-
ture	(SCR)	models,	we	estimated	abundance	in	the	study	areas	between	5	(SE	=	0.1)	
and	29	(0.2)	lynx	and	density	between	0.24	(SE	=	0.02)	and	0.91	(SE	=	0.03)	lynx	per	
100	km2.	We	also	provide	a	comparison	with	nonspatial	density	estimates	and	dis-
cuss	the	observed	discrepancies.	Our	study	is	yet	another	example	of	the	advantage	
of	combining	SCR	methods	and	noninvasive	sampling	techniques	to	estimate	den-
sity	for	elusive	and	wide-ranging	species,	like	large	carnivores.	While	the	estimated	
densities	 in	 the	 French	 Jura	mountains	 are	 comparable	 to	 other	 lynx	 populations	
in	Europe,	 the	fact	 that	we	detected	no	 lynx	 in	 the	Vosges	mountains	 is	alarming.	
Connectivity	should	be	encouraged	between	the	French	Jura	mountains,	the	Vosges	
mountains,	and	the	Palatinate	Forest	in	Germany	where	a	reintroduction	program	is	
currently	ongoing.	Our	density	estimates	will	help	in	setting	a	baseline	conservation	
status	for	the	lynx	population	in	France.
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While the estimated densities in the 
French Jura mountains are comparable 
to other lynx populations in Europe, the 
fact that we detected no lynx in the 
Vosges mountains is alarming. 
Connectivity should be encouraged 
between the French Jura mountains, the 
Vosges mountains, and the Palatinate 
Forest in Germany where a 
reintroduction program is currently 
ongoing. Our density estimates will help 
in setting a baseline conservation status 
for the lynx population in France. 
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Le lynx dans les Vosges :

- 21 individus relâchés
- 10 individus 

fondateurs
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de braconnage
- Un plan régional 

d’action ambitieux
- Une espèce éligible 

aux PNA…
Bilan = Il resterait 3
mâles venus d’ailleurs…
E. Germain, comm. Pers.
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WILDLIFE TRADE

Global wildlife trade across the tree of life
Brett R. Scheffers1*†, Brunno F. Oliveira1,2*, Ieuan Lamb3, David P. Edwards3†

Wildlife trade is a multibillion dollar industry that is driving species toward extinction. Of >31,500
terrestrial bird, mammal, amphibian, and squamate reptile species, ~18% (N = 5579) are traded globally.
Trade is strongly phylogenetically conserved, and the hotspots of this trade are concentrated in the
biologically diverse tropics. Using different assessment approaches, we predict that, owing to their
phylogenetic replacement and trait similarity to currently traded species, future trade will affect up to
3196 additional species—totaling 8775 species at risk of extinction from trade. Our assessment
underscores the need for a strategic plan to combat trade with policies that are proactive rather than
reactive, which is especially important because species can quickly transition from being safe to being
endangered as humans continue to harvest and trade across the tree of life.

T
he tree of life is being pruned by human
activities at an unprecedented rate (1).
Yet, although we understand the global
footprint of land degradation and deforest-
ation and how that manifests in species

loss (2), we have a limited understanding of the
global extent and patterns of thewildlife trade.
The trade of wildlife for luxury foods andmedic-
inal parts and as pets is now so substantial that
it represents one of themost prominent drivers
of vertebrate extinction risk globally (3). Each
year, billions of wild plants and animals are
traded to meet a rapidly expanding global de-
mand (4, 5), a demandso insatiable that, globally,
US$8 billion to $21 billion is reaped annually
from the illegal trade, making it one of the
world’s largest illegitimate businesses (5, 6).
The high demand for wildlife products and

pets has driven pronounced losses in enigmatic
species such as tigers, elephants, rhinos, and poi-
son dart frogs (7). Some subspecies are already
extinct [e.g., the last Javan rhino, Rhinoceros
sondaicus annamiticus, was shot for its horn
in 2010 in Vietnam (8)] or on the cusp of extinc-
tion in the wild (e.g., Bali myna, Leucopsar
rothschildi)—all because of trade. There is an
insidious aspect to this market force in that
these emblematic species only represent a tiny,
thoughwell publicized, fraction of animal species
traded. If cultural preferences change, wildlife
trade can rapidly drive a species toward extinc-
tion. For instance, the emergence of widespread
demand in East Asia for pangolin scales and
meat has triggeredmajor declines in some spe-
cies [e.g., Sunda pangolin (Manis javanica)] in
just two decades (9), and growing demand for

the ivory-like casque of the helmeted hornbill
(Rhinoplax vigil) resulted in tens of thousands
of birds traded annually since around 2012 (10).
Both species are now critically endangered (11).
Moreover, wildlife trade indirectly places sub-
stantial pressure on biodiversity through the
introduction of pathogens, including the glob-
ally lethal amphibian fungusBatrachochytrium
dendrobatidis (12), and invasive species, such
as the Burmese python (Python bivittatus) in
Florida, USA (13).
The enormous trade inwildlife begs the ques-

tionwhether we can better protect species from
human demand, a concern that is at the fore-
front of thewildlife trade crisis. Combatingwild-
life trade requires, first, the identification of

what species are being traded and, second, the
identification of where traded species occur. In
this study,we searched the Convention on Inter-
national Trade in Endangered Species of Wild
Fauna and Flora (CITES) and the International
Union for Conservation of Nature Red List of
Threatened Species (IUCNRed List) databases
to identify traded terrestrial vertebrate species
(birds, mammals, amphibians, and squamate
reptiles). Using our compiled list, we provide an
evaluation of the global extent of wildlife trade
across the tree of life to determinewhether trade
targets specific evolutionary branches. We then
used species range maps to identify global hot-
spots of wildlife exploitation and to determine
how those hotspots vary between trade for pets
or products (i.e., medicine, luxury foods, skins).
Although emerging gene- and web-based tech-
niques can help to identify the precise sources
of traded individuals, our approach allows us to
identify the likely global epicenters of diversity
in traded animals.

What species are traded?

Trade in wildlife affects ~18% of all extant ter-
restrial vertebrate species on Earth. Our assess-
ment shows that 5579 of the 31,745 vertebrate
species have been reported as traded, with a
higher percentage of all birds (23% of 10,278
species) and mammals (27% of 5420 species)
globally traded than reptiles (12% of 9563
species) and amphibians (9% of 6484 species)
(Fig. 1 and table S1). Our assessment across
the CITES and IUCN databases yields a total
that is 40 to 60% higher than prior recorded
estimates [e.g., (3, 14, 15)]. Traded species are
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Fig. 1. Wildlife trade in terrestrial vertebrates (birds, mammals, amphibians, and reptiles)
affects ~18% of species globally. Numbers in brackets are the total number of traded species.
IUCN threat status codes: data deficient, DD; least concern, LC; near threatened, NT; vulnerable,
VU; endangered, EN; and critically endangered, CR.
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WILDLIFE TRADE

Global wildlife trade across the tree of life
Brett R. Scheffers1*†, Brunno F. Oliveira1,2*, Ieuan Lamb3, David P. Edwards3†

Wildlife trade is a multibillion dollar industry that is driving species toward extinction. Of >31,500
terrestrial bird, mammal, amphibian, and squamate reptile species, ~18% (N = 5579) are traded globally.
Trade is strongly phylogenetically conserved, and the hotspots of this trade are concentrated in the
biologically diverse tropics. Using different assessment approaches, we predict that, owing to their
phylogenetic replacement and trait similarity to currently traded species, future trade will affect up to
3196 additional species—totaling 8775 species at risk of extinction from trade. Our assessment
underscores the need for a strategic plan to combat trade with policies that are proactive rather than
reactive, which is especially important because species can quickly transition from being safe to being
endangered as humans continue to harvest and trade across the tree of life.

T
he tree of life is being pruned by human
activities at an unprecedented rate (1).
Yet, although we understand the global
footprint of land degradation and deforest-
ation and how that manifests in species

loss (2), we have a limited understanding of the
global extent and patterns of thewildlife trade.
The trade of wildlife for luxury foods andmedic-
inal parts and as pets is now so substantial that
it represents one of themost prominent drivers
of vertebrate extinction risk globally (3). Each
year, billions of wild plants and animals are
traded to meet a rapidly expanding global de-
mand (4, 5), a demandso insatiable that, globally,
US$8 billion to $21 billion is reaped annually
from the illegal trade, making it one of the
world’s largest illegitimate businesses (5, 6).
The high demand for wildlife products and

pets has driven pronounced losses in enigmatic
species such as tigers, elephants, rhinos, and poi-
son dart frogs (7). Some subspecies are already
extinct [e.g., the last Javan rhino, Rhinoceros
sondaicus annamiticus, was shot for its horn
in 2010 in Vietnam (8)] or on the cusp of extinc-
tion in the wild (e.g., Bali myna, Leucopsar
rothschildi)—all because of trade. There is an
insidious aspect to this market force in that
these emblematic species only represent a tiny,
thoughwell publicized, fraction of animal species
traded. If cultural preferences change, wildlife
trade can rapidly drive a species toward extinc-
tion. For instance, the emergence of widespread
demand in East Asia for pangolin scales and
meat has triggeredmajor declines in some spe-
cies [e.g., Sunda pangolin (Manis javanica)] in
just two decades (9), and growing demand for

the ivory-like casque of the helmeted hornbill
(Rhinoplax vigil) resulted in tens of thousands
of birds traded annually since around 2012 (10).
Both species are now critically endangered (11).
Moreover, wildlife trade indirectly places sub-
stantial pressure on biodiversity through the
introduction of pathogens, including the glob-
ally lethal amphibian fungusBatrachochytrium
dendrobatidis (12), and invasive species, such
as the Burmese python (Python bivittatus) in
Florida, USA (13).
The enormous trade inwildlife begs the ques-

tionwhether we can better protect species from
human demand, a concern that is at the fore-
front of thewildlife trade crisis. Combatingwild-
life trade requires, first, the identification of

what species are being traded and, second, the
identification of where traded species occur. In
this study,we searched the Convention on Inter-
national Trade in Endangered Species of Wild
Fauna and Flora (CITES) and the International
Union for Conservation of Nature Red List of
Threatened Species (IUCNRed List) databases
to identify traded terrestrial vertebrate species
(birds, mammals, amphibians, and squamate
reptiles). Using our compiled list, we provide an
evaluation of the global extent of wildlife trade
across the tree of life to determinewhether trade
targets specific evolutionary branches. We then
used species range maps to identify global hot-
spots of wildlife exploitation and to determine
how those hotspots vary between trade for pets
or products (i.e., medicine, luxury foods, skins).
Although emerging gene- and web-based tech-
niques can help to identify the precise sources
of traded individuals, our approach allows us to
identify the likely global epicenters of diversity
in traded animals.

What species are traded?

Trade in wildlife affects ~18% of all extant ter-
restrial vertebrate species on Earth. Our assess-
ment shows that 5579 of the 31,745 vertebrate
species have been reported as traded, with a
higher percentage of all birds (23% of 10,278
species) and mammals (27% of 5420 species)
globally traded than reptiles (12% of 9563
species) and amphibians (9% of 6484 species)
(Fig. 1 and table S1). Our assessment across
the CITES and IUCN databases yields a total
that is 40 to 60% higher than prior recorded
estimates [e.g., (3, 14, 15)]. Traded species are
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Fig. 1. Wildlife trade in terrestrial vertebrates (birds, mammals, amphibians, and reptiles)
affects ~18% of species globally. Numbers in brackets are the total number of traded species.
IUCN threat status codes: data deficient, DD; least concern, LC; near threatened, NT; vulnerable,
VU; endangered, EN; and critically endangered, CR.
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in higher categories of threat compared with
nontraded species (especially among mam-
mals and birds; Fig. 1 and table S2), confirm-
ingwildlife trade as a driver of extinction risk.
We found that trade occurs in 65% of all ter-

restrial vertebrate families (312 of 482 families;
table S1). This pattern is evident across all ter-
restrial vertebrate groups considered,withmam-
mals and reptiles showing the highest percentage
of families traded (mammals: 81%, N = 110;
reptiles: 73%,N = 53), followed by amphibians
(55%,N = 41) and birds (55%,N = 108). Despite
this broad exploitation, humans are targeting
specific components of the tree of life (Fig. 2
and fig. S1), as indicated by a significant phy-
logenetic signal in wildlife trade for all taxa
(fig. S2). Mammals and birds showed a signal

as strong as expected under a Brownianmotion
model of evolution (fig. S2), indicating higher
levels of phylogenetic clustering relative to reptiles
and amphibians (16). Highly traded families—
those with >50% of their species traded—make
up more than one quarter (27%; 128 of 482
families) of the total families,whichbreaks down
to 51% ofmammal (N = 69), 32% of reptile (N =
23), 16% of bird (N = 32), and 5% of amphibian
(N = 4) families (tables S1 and S3).
Nonrandomness in trade across the tree of

life implies high susceptibility for select clades,
likely because of similar traits (such as voice
quality, folklore, ivory, etc.). In exploring this, we
found that large-bodied species aremore traded
than small-bodied species, a pattern that holds
regardless of IUCN threat category (fig. S3 and

table S4), and that the probability of being traded
is positively related to body size (fig. S4). Over
millennia, primitive human societies affected
large-bodied species through hunting for sub-
sistence, which changed contemporary biogeo-
graphical patterns of animal body size (17, 18).
Our analysis shows that this pattern continues
withmodern humans through thewildlife trade.
Trade also targets species that are unique

and/or distinctive in traits. In our assessment
of evolutionary distinctiveness (a measure of
phylogenetic isolation) (19), which may yield
species with unique traits (19, 20), our results
suggest that, for birds—but not for mammals,
amphibians, or reptiles—traded species are
more evolutionarily distinctive than non-
traded species (fig. S5). Furthermore, mean
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Fig. 2. Wildlife trade occurs across the tree of life, but some clades are
more heavily targeted than others. Phylogeny branches for (A) birds,
(B) mammals, (C) amphibians, and (D) reptiles are colored to represent the
impact of wildlife trade up to each node (i.e., clade). Warmer colors (red)
represent heavily traded branches (i.e., high percent of traded species).
The 20 highest traded families are labeled (bold name indicates high richness,

nonbold name indicates both high richness and proportion of total). The
first outer band indicates threatened (VU, EN, CR, and DD; orange) and non-
threatened (LC and NT; yellow) species. DD species were considered
threatened because of their small geographic range size. The second outer
band indicates traded (red) and nontraded (pink) species. Gray concentric
circles scale a 20-million-year period.
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reptile species, ~18% (N = 5579) are 
traded globally. Trade is strongly 
phylogenetically conserved, and the 
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we predict that, owing to their 
phylogenetic replacement and trait 
similarity to currently traded species, , 
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A third of the tropical African flora is potentially 
threatened with extinction
T. Stévart1,2,3*, G. Dauby4,5,6*, P. P. Lowry II1, A. Blach-Overgaard7,8, V. Droissart4, D. J. Harris9, 
B. A. Mackinder9,10, G. E. Schatz1, B. Sonké11, M. S. M. Sosef3, J.-C. Svenning7,8,  
J. J. Wieringa12, T. L. P. Couvreur13*†

Preserving tropical biodiversity is an urgent challenge when faced with the growing needs of countries. Despite 
their crucial importance for terrestrial ecosystems, most tropical plant species lack extinction risk assessments, 
limiting our ability to identify conservation priorities. Using a novel approach aligned with IUCN Red List criteria, 
we conducted a continental-scale preliminary conservation assessment of 22,036 vascular plant species in tropical 
Africa. Our results underline the high level of extinction risk of the tropical African flora. Thirty-three percent of 
the species are potentially threatened with extinction, and another third of species are likely rare, potentially be-
coming threatened in the near future. Four regions are highlighted with a high proportion (>40%) of potentially 
threatened species: Ethiopia, West Africa, central Tanzania, and southern Democratic Republic of the Congo. Our 
approach represents a first step toward data-driven conservation assessments applicable at continental scales 
providing crucial information for sustainable economic development prioritization.

INTRODUCTION
Major threats to biodiversity, especially in areas of exceptional plant 
diversity, primarily in the tropics, are often linked to industrial-scale 
activities such as timber exploitation or large plantations, mining, and 
agriculture (1). Article 14 of the United Nations Convention on Bio-
logical Diversity (www.cbd.int/) explicitly indicates that environmental 
impact assessments (EIAs) should be conducted before implementing 
these projects. To reduce risks linked to environmental concerns, EIAs 
should identify adverse impacts on biodiversity by projects and indicate 
measures to avoid, minimize, and offset impacts. A growing realization 
that environmental impacts represent risks not only to biodiversity but 
also to operational, financial, and reputational aspects of projects has 
led extractive industries, agro-business, financial institutions, govern-
ments, and civil society, inter alia, to identify and adopt best practices 
for managing biodiversity. Threatened species are one of the key elements 
[e.g., (2)] that may be affected by these proposed projects.

Assessing the “risk of extinction” of a species using the standardized 
procedure developed by the International Union for Conservation of 
Nature (IUCN, www.iucn.org) is widely recognized as the most 
objective and comprehensive approach for identifying conservation 
priorities and targeting conservation actions (3). The IUCN Red List 

of Threatened Species (www.iucnredlist.org) provides information 
on the taxonomy, distribution, and conservation status of plants, fungi, 
and animals based on the IUCN Red List Categories and Criteria. The 
main aim of this procedure is to determine, using a rigorous and ob-
jective method, the risk of extinction for a species and thereby iden-
tify which species are of highest conservation concern. The IUCN 
Red List has been widely adopted as a standard for identifying species 
that require special attention when planning and implementing pro-
jects with an environmental impact (3). For example, Red List status 
represents a key criterion for identifying “critical habitat,” as defined 
by Performance Standard 6 (PS6) of the International Finance Corpora-
tion (IFC) (www.ifc.org/). PS6 establishes the standards that private 
company projects are required to adopt regarding biodiversity conser-
vation and sustainable management of living natural resources (4). 
Failure to explicitly follow PS6 guidelines will compromise IFC funding 
(5), which amounted to $23.3 billion invested in 2018 (www.ifc.org). 
Red List assessments also contribute to meeting Objective 2 of the 
Global Strategy for Plant Conservation (GSPC), which calls for an as-
sessment of the conservation status of all known plant species by 2020.

Generating IUCN Red List assessments must be done on a species- 
by-species basis and requires both reliable data and the careful, knowl-
edgeable application of the Red List criteria, a process that takes 
considerable time. This is reflected by the fact that there are substantial 
gaps in the Red List (www.iucnredlist.org). While the conservation 
status of most species in large vertebrate groups has been assessed 
[e.g., mammals: 5792 of ca. 6500 species (86%) and birds: 11,133 of ca. 
18,000 (61%); www.iucnredlist.org, accessed 20 June 2019], this is 
not the case for plants, despite their crucial importance for terrestrial 
ecosystems. Only 28,114 vascular plant species (www.iucnredlist.org, 
accessed 20 June 2019), representing less than 8% of the estimated 
352,000 species worldwide (6) have been assessed to date. This knowl-
edge gap results, in large part, from the very high level of species 
diversity in plants, making it a time-consuming proposition to eval-
uate the threats faced by plants, especially in the many tropical areas 
where the flora is poorly documented (7, 8). Hence, while the IUCN 
is on track to achieve its target of 38,500 plant species assessments 

1Missouri Botanical Garden, Africa & Madagascar Department, P.O. Box 299, St. Louis, 
MO 63166-0299, USA. 2Herbarium et Bibliothèque de Botanique Africaine, Université 
Libre de Bruxelles, Boulevard du Triomphe, B-1050 Bruxelles, Belgium. 3Botanic Garden 
Meise, Nieuwelaan 38, BE-1860 Meise, Belgium. 4AMAP Lab, IRD, CIRAD, CNRS, INRA, 
Univ Montpellier, Montpellier, France. 5Laboratoire d’Évolution biologique et Écologie, 
Faculté des Sciences, Université Libre de Bruxelles, Brussels, Belgium. 6FRB–CESAB 5, rue 
de l’École de Médecine, 34000 Montpellier, France. 7Center for Biodiversity Dynamics 
in a Changing World (BIOCHANGE), Department of Bioscience, Aarhus University, Ny 
Munkegade 114, DK-8000 Aarhus C, Denmark. 8Section for Ecoinformatics and 
Biodiversity, Department of Bioscience, Aarhus University, Ny Munkegade 114, DK-8000 
Aarhus C, Denmark. 9Royal Botanic Garden Edinburgh, 20A Inverleith Row, Edinburgh 
EH3 5LR, UK. 10Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3AE, UK. 11Plant 
Systematic and Ecology Laboratory, Department of Biology, Higher Teachers' Training 
College B.P. 047, University of Yaounde I. 12Naturalis Biodiversity Center, Darwinweg 2, 
2333 CR Leiden, Netherlands. 13DIADE, IRD, Univ Montpellier, Montpellier, France.
*These authors contributed equally to this work.
†Corresponding author. Email: thomas.couvreur@ird.fr

Copyright © 2019 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

 on N
ovem

ber 21, 2019
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

Stévart et al., Sci. Adv. 2019; 5 : eaax9444     20 November 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 13

A P P L I E D  E C O L O G Y

A third of the tropical African flora is potentially 
threatened with extinction
T. Stévart1,2,3*, G. Dauby4,5,6*, P. P. Lowry II1, A. Blach-Overgaard7,8, V. Droissart4, D. J. Harris9, 
B. A. Mackinder9,10, G. E. Schatz1, B. Sonké11, M. S. M. Sosef3, J.-C. Svenning7,8,  
J. J. Wieringa12, T. L. P. Couvreur13*†

Preserving tropical biodiversity is an urgent challenge when faced with the growing needs of countries. Despite 
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in West Africa, the Ethiopian highlands, and, to a lesser extent, in 
western Cameroon and Gabon, Katanga [southern Democratic Re-
public of the Congo (DRC)], and the Albertine rift. The total number 
of species assessed as Threatened (LT/PT) under Criterion B (fig. S1) 
is locally greater in Katanga and in southwest Cameroon. Last, high 
concentrations of species assessed as Rare (LR/PR) are found mainly 
in several regions of Tanzania and along the Cameroon volcanic 
line (fig. S2). However, the total numbers of Threatened and Rare 
species are significantly correlated with sampling effort (Pearson R 

coefficients ranging between 0.54 and 0.64), indicating that our in-
ference of threat is partly biased by sampling, unless collectors have 
tended to visit areas with rare or threatened species, which seems 
plausible.

To control for the heterogeneous sampling effort, we calculated 
the proportions of Threatened/Rare species among the total num-
ber of species assessed per grid cell, excluding cells with fewer than 
100 records. The proportion assessed as LT/PT under either Criterion 
A or Criterion B highlights different regions (Fig. 2, A and B). For 
Criterion A, more than 65% of the species in tropical rain forests of 
West Africa and parts of the Ethiopian highlands were found to be 
Threatened (Fig. 2A). By contrast, the assessments made under Cri-
terion B highlight Katanga and Zambia as well as parts of Ethiopia, 
central Tanzania, and Kenya (Fig. 2A). The proportion of Threatened 
species under Criterion A tends to be much higher than under Cri-
terion B (up to 80% for Criterion A compared to a maximum of 32% 
for Criterion B). These contrasting ranges of values explain why the 
map showing the proportion of Threatened species under both cri-
teria (Fig. 2C) is very similar to that under Criterion A (Fig. 2A), 
mostly highlighting the rain forests of western Africa and the Ethiopian 
highlands. By contrast, the Central African rain forests, parts of 
eastern Tanzania, and parts of western DRC display low propor-
tions of LT/PT species (Fig. 2C). The proportion of Rare species 
(LR/PR) shows a different pattern, reaching 50% of species (Fig. 3), 
with especially high values in southern Ethiopia and Kenya, Angola, 
southern DRC, and the islands of São Tomé and Príncipe.

The top 10 countries showing the highest proportion of Threat-
ened species include eight countries from West Africa along with 
Ethiopia and Uganda (Table 2). Sierra Leone, The Gambia, and 
Ethiopia have the highest proportions of species assessed as LT/PT 
under both Criteria A and B, whereas Equatorial Guinea, São Tomé 
and Príncipe, and the Republic of the Congo have the lowest (table S1). 
By contrast, Tanzania, DRC, Ethiopia, Cameroon, and Ivory Coast, 
in decreasing order, have the highest total number of LT/PT species 
under both Criteria A and B (table S2). At the ecoregion level, more 
than half of the plant species in Ethiopian montane moorlands, 
Western Guinean lowland forests, Guinean montane forests, Ethiopian 
montane grasslands, and woodlands are LT/PT under Criterion A 
or B (Table 2 and table S3). 

Comparison with published IUCN assessments
To evaluate how well the PACA approach agrees with full IUCN 
Red List assessments, we retrieved all published assessments avail-
able on the Red List website for species in our dataset. We found full 
assessments for 2856 plant species among those in our study set, of 
which 600 were published before 2001 or were thus performed using 
outdated IUCN categories (i.e., LR/NT) (fig. S3). Comparisons were 
therefore restricted to 2009 species (i.e., 9.1% of the total number of 
species assessed in our study). The proportions of species catego-
rized on the Red List as either CR or EN (i.e., analogous to LT in the 
PACA system of categories) and VU (analogous to PT) are 26.1 and 
14.7%, respectively, while the PACA approach based on all species 
provided 17.3 and 14.4%, respectively (Table 1).

We tested how well PACA predicted full IUCN Red List assess-
ments. When considering PNT species (thus including species assessed 
as Rare; see Fig. 1), the Kappa coefficient, which evaluates the clas-
sification agreement between both approaches, was very low (0.01). 
A total of 446 of the 2009 species considered as Extinct (EX)/CR/EN 
based on published IUCN assessments were classified as PNT by the 

Fig. 2. Spatial distribution of threatened plant species across tropical Africa. 
Proportion of species preliminarily assessed as (A) LT or PT following criterion A; (B) LT 
or PT following criterion B; and (C) LT or PT following both criteria A and B. Values 
are based on adaptive resolution sampling unit (SU) (for explanation, see text).
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in West Africa, the Ethiopian highlands, and, to a lesser extent, in 
western Cameroon and Gabon, Katanga [southern Democratic Re-
public of the Congo (DRC)], and the Albertine rift. The total number 
of species assessed as Threatened (LT/PT) under Criterion B (fig. S1) 
is locally greater in Katanga and in southwest Cameroon. Last, high 
concentrations of species assessed as Rare (LR/PR) are found mainly 
in several regions of Tanzania and along the Cameroon volcanic 
line (fig. S2). However, the total numbers of Threatened and Rare 
species are significantly correlated with sampling effort (Pearson R 

coefficients ranging between 0.54 and 0.64), indicating that our in-
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terion B highlight Katanga and Zambia as well as parts of Ethiopia, 
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Western Guinean lowland forests, Guinean montane forests, Ethiopian 
montane grasslands, and woodlands are LT/PT under Criterion A 
or B (Table 2 and table S3). 

Comparison with published IUCN assessments
To evaluate how well the PACA approach agrees with full IUCN 
Red List assessments, we retrieved all published assessments avail-
able on the Red List website for species in our dataset. We found full 
assessments for 2856 plant species among those in our study set, of 
which 600 were published before 2001 or were thus performed using 
outdated IUCN categories (i.e., LR/NT) (fig. S3). Comparisons were 
therefore restricted to 2009 species (i.e., 9.1% of the total number of 
species assessed in our study). The proportions of species catego-
rized on the Red List as either CR or EN (i.e., analogous to LT in the 
PACA system of categories) and VU (analogous to PT) are 26.1 and 
14.7%, respectively, while the PACA approach based on all species 
provided 17.3 and 14.4%, respectively (Table 1).

We tested how well PACA predicted full IUCN Red List assess-
ments. When considering PNT species (thus including species assessed 
as Rare; see Fig. 1), the Kappa coefficient, which evaluates the clas-
sification agreement between both approaches, was very low (0.01). 
A total of 446 of the 2009 species considered as Extinct (EX)/CR/EN 
based on published IUCN assessments were classified as PNT by the 

Fig. 2. Spatial distribution of threatened plant species across tropical Africa. 
Proportion of species preliminarily assessed as (A) LT or PT following criterion A; (B) LT 
or PT following criterion B; and (C) LT or PT following both criteria A and B. Values 
are based on adaptive resolution sampling unit (SU) (for explanation, see text).
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PACA approach (Table 3). When considering LNT species and in-
cluding species preliminarily assessed as Rare among the Threat-
ened categories, the Kappa coefficient was much higher (0.29). Only 
25 species among the 2009 taxa assessed as EX/CR/EN were not 
identified as LT according to the PACA approach (Table 4). Hence, 
the sensitivity of the LT category (i.e., the probability of correctly 
identifying EX/CR/EN species when using the PACA approach) 
was very good (0.84). On the other hand, the sensitivity of the PT 
category (i.e., the probability of correctly identifying VU species us-
ing PACA) was much lower (0.27). 

Threat estimates across plant habits
The proportion of LT/PT species was estimated for four different 
habits, namely, tree, shrub, herb, and liana. Overall, the proportion 
of LT/PT species varied little across habit (Table 4), ranging, for 
example, from 26.7% for shrubs to 36.8% for herbs under both 
Criteria A and B. Herbaceous species showed higher levels of threat, 
while tree species had lower levels (Table 4). Spatial patterns of LT/PT 
species per habit show some differences (fig. S4). Those of trees 
and shrubs are similar to the general pattern (Fig. 2) except that 
risk level is lower in Ethiopia for trees and shrubs. Herbs have a 
much higher proportion of LT/PT species in Ethiopia and East 
Africa, while the converse is true for lianas. This indicates that the 
high overall proportion of LT/PT species in Ethiopia mainly in-
volves herbs.

DISCUSSION
High levels of threat to the tropical African flora
By applying our novel PACA approach to a large, taxonomically 
and geographically verified database of vascular plant occurrences 
in tropical Africa (12), we conducted the first ever evaluation of the 
potential conservation status of an entire flora on a continental scale 
using key criteria used for IUCN Red List assessments. Our results 
suggest that around one-third (31.7%) of tropical African vascular 

plant species are potentially or likely threatened by extinction (17.3% 
as LT and 14.4% as PT, Table 1). Our study thus provides further 
evidence that the flora of tropical Africa will be highly vulnerable in 
the future (17–19). This situation will no doubt be magnified by the 
effects of climate change, which is one of the most important assump-
tions influencing extinction risk (20).

Our estimate of 31.7% exceeds the figure of 22.3% of green plant 
species in tropical Africa assessed as threatened using the Red List 
criteria (21). The latter value was, however, inferred using the Sampled 
Red List approach based on full IUCN Red List assessments of a small 
sample (713) of tropical African plant species (21). In a different study, 
full IUCN assessments of the entire African palm (Arecaceae) flora 
revealed that just 10% of the 60 species were threatened (22). By con-
trast, a recent study of extinction risk in the genus Coffea (Rubiaceae), 
mainly from tropical Africa and Madagascar, found that 60% of species 
were threatened with extinction (23). These studies show that signif-
icant variability is found when estimating proportions of threatened 
species, depending on the sampling method used and the taxonomic 
or geographical scope of the group considered. Unfortunately, iden-
tifying the proportion of threatened species in a given area using the 
IUCN Red List is complicated by the fact that only a small propor-
tion of plant species have been assessed to date (as illustrated by the 
fact that only 9.1% of the species in our dataset have full post-2001 
assessments). Moreover, Red List efforts have often focused primarily 
or exclusively on narrow-range species, yielding biased results (24) 
that preclude an accurate estimate of the proportion of threatened 
species, a situation that justifies the rapid and preliminary conser-
vation assessment batch procedure developed here. In our study, we 
undertook preliminary assessments for 22,036 vascular plant species, 
representing around 68% of the tropical African diversity (25). Auto-
mated conservation assessment approaches like the one used here 
were recently shown to perform well in correctly assessing threat 
categories when compared to full assessments (26). Together, our 
estimate that one-third of tropical African vascular plant species are 
threatened thus seems quite accurate.

Fig. 3. Spatial distribution of rare plant species across tropical Africa. Proportion of species preliminarily assessed as LR/PR following Criterion B. Values are based on 
adaptive resolution SU (for explanation, see text).
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PACA approach (Table 3). When considering LNT species and in-
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ened categories, the Kappa coefficient was much higher (0.29). Only 
25 species among the 2009 taxa assessed as EX/CR/EN were not 
identified as LT according to the PACA approach (Table 4). Hence, 
the sensitivity of the LT category (i.e., the probability of correctly 
identifying EX/CR/EN species when using the PACA approach) 
was very good (0.84). On the other hand, the sensitivity of the PT 
category (i.e., the probability of correctly identifying VU species us-
ing PACA) was much lower (0.27). 

Threat estimates across plant habits
The proportion of LT/PT species was estimated for four different 
habits, namely, tree, shrub, herb, and liana. Overall, the proportion 
of LT/PT species varied little across habit (Table 4), ranging, for 
example, from 26.7% for shrubs to 36.8% for herbs under both 
Criteria A and B. Herbaceous species showed higher levels of threat, 
while tree species had lower levels (Table 4). Spatial patterns of LT/PT 
species per habit show some differences (fig. S4). Those of trees 
and shrubs are similar to the general pattern (Fig. 2) except that 
risk level is lower in Ethiopia for trees and shrubs. Herbs have a 
much higher proportion of LT/PT species in Ethiopia and East 
Africa, while the converse is true for lianas. This indicates that the 
high overall proportion of LT/PT species in Ethiopia mainly in-
volves herbs.

DISCUSSION
High levels of threat to the tropical African flora
By applying our novel PACA approach to a large, taxonomically 
and geographically verified database of vascular plant occurrences 
in tropical Africa (12), we conducted the first ever evaluation of the 
potential conservation status of an entire flora on a continental scale 
using key criteria used for IUCN Red List assessments. Our results 
suggest that around one-third (31.7%) of tropical African vascular 

plant species are potentially or likely threatened by extinction (17.3% 
as LT and 14.4% as PT, Table 1). Our study thus provides further 
evidence that the flora of tropical Africa will be highly vulnerable in 
the future (17–19). This situation will no doubt be magnified by the 
effects of climate change, which is one of the most important assump-
tions influencing extinction risk (20).

Our estimate of 31.7% exceeds the figure of 22.3% of green plant 
species in tropical Africa assessed as threatened using the Red List 
criteria (21). The latter value was, however, inferred using the Sampled 
Red List approach based on full IUCN Red List assessments of a small 
sample (713) of tropical African plant species (21). In a different study, 
full IUCN assessments of the entire African palm (Arecaceae) flora 
revealed that just 10% of the 60 species were threatened (22). By con-
trast, a recent study of extinction risk in the genus Coffea (Rubiaceae), 
mainly from tropical Africa and Madagascar, found that 60% of species 
were threatened with extinction (23). These studies show that signif-
icant variability is found when estimating proportions of threatened 
species, depending on the sampling method used and the taxonomic 
or geographical scope of the group considered. Unfortunately, iden-
tifying the proportion of threatened species in a given area using the 
IUCN Red List is complicated by the fact that only a small propor-
tion of plant species have been assessed to date (as illustrated by the 
fact that only 9.1% of the species in our dataset have full post-2001 
assessments). Moreover, Red List efforts have often focused primarily 
or exclusively on narrow-range species, yielding biased results (24) 
that preclude an accurate estimate of the proportion of threatened 
species, a situation that justifies the rapid and preliminary conser-
vation assessment batch procedure developed here. In our study, we 
undertook preliminary assessments for 22,036 vascular plant species, 
representing around 68% of the tropical African diversity (25). Auto-
mated conservation assessment approaches like the one used here 
were recently shown to perform well in correctly assessing threat 
categories when compared to full assessments (26). Together, our 
estimate that one-third of tropical African vascular plant species are 
threatened thus seems quite accurate.

Fig. 3. Spatial distribution of rare plant species across tropical Africa. Proportion of species preliminarily assessed as LR/PR following Criterion B. Values are based on 
adaptive resolution SU (for explanation, see text).
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Thirty-three percent of the species 
are potentially threatened with 
extinction, and another third of 
species are likely rare, potentially 
becoming threatened in the near 
future. 
Four regions are highlighted with a 
high proportion (>40%) of 
potentially threatened species: 
Ethiopia, West Africa, central 
Tanzania, and southern Democratic 
Republic of the Congo. 
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This is because areas with concentrations of rare species have pre-
viously been characterized by relatively more stable climates, but 
under the predicted climate change under RCP8.5, they will now 
experience velocities as high as the rest of the globe (see fig. S5).

Predicted changes of rarity indices
With the previously calibrated OLS and SAR full models, we made 
predictions of rarity indices under future projected climate. These 
showed worldwide decreases in rarity indices (Fig. 6), with the southern 
Andes and Southeast Asia predicted to experience the largest decreases. 
These decreases were likely due to the accelerated future climate 
velocities under RCP8.5, which are two orders of magnitude higher 

than those experienced from LGM [~21 thousand years (ka) ago] 
to the present day (see fig. S5). Note, however, that future velocities 
are estimated over a shorter time frame, which will tend to produce 
higher estimates.

DISCUSSION
Our dataset represents the most comprehensive assembly of global 
plant diversity data to date, comprising both plots and herbarium 
specimens, from far more sources than previously available. Large 
quantities of primary biodiversity data have still not been mobilized, 
and those data that are available are subject to various forms of 

Fig. 4. Where are rare species distributed geographically? Plotting the geographic coordinates for all the observations for species with three observations or fewer at 
a coarse, 1° resolution reveals several patterns. The sampling background is shown (grey cells are areas with no georeferenced botanical sampling records, while yellow 
cells indicate regions with observation records but no rare species). Colored cells correspond to areas with rare species (species with three observations or fewer) rarified 
to the sampling intensity using the Margalef index (see the Supplementary Materials). Areas with a proportionally high number of rare species are dark brown (“hotspots of 
rarity”), while areas with relatively low numbers of rare species are yellow to orange. Areas with a high number of rare species tend to be clustered in a small number of 
locations including mountainous tropical and subtropical regions including New Guinea, Indonesia, southwestern China, Madagascar, the Andes (in Ecuador, Columbia, 
and Peru), Central America (Costa Rica and Panama), and southern Mexico. In addition, several notable temperate zone locations including the Fynbos in South Africa and 
southwest Australia, Northern Iran/Georgia/Turkey, and the Iberian Peninsula.
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The commonness of rarity: Global and future 
distribution of rarity across land plants
Brian J. Enquist1,2*, Xiao Feng3, Brad Boyle1, Brian Maitner1, Erica A. Newman1,3,  
Peter Møller Jørgensen4, Patrick R. Roehrdanz5 , Barbara M. Thiers6, Joseph R. Burger3,  
Richard T. Corlett7 , Thomas L. P. Couvreur8 , Gilles Dauby9 , John C. Donoghue10 ,  
Wendy Foden11, Jon C. Lovett12,13, Pablo A. Marquet2,14,15 , Cory Merow16, Guy Midgley17 , 
Naia Morueta-Holme18 , Danilo M. Neves19 , Ary T. Oliveira-Filho19 , Nathan J. B. Kraft20 , 
Daniel S. Park21, Robert K. Peet22, Michiel Pillet1, Josep M. Serra-Diaz23, Brody Sandel24, 
Mark Schildhauer25 , Irena Šímová26,27 , Cyrille Violle28 , Jan J. Wieringa29 , Susan K. Wiser30 , 
Lee Hannah5 , Jens-Christian Svenning31, Brian J. McGill32

A key feature of life’s diversity is that some species are common but many more are rare. Nonetheless, at global 
scales, we do not know what fraction of biodiversity consists of rare species. Here, we present the largest compi-
lation of global plant diversity to quantify the fraction of Earth’s plant biodiversity that are rare. A large fraction, 
~36.5% of Earth’s ~435,000 plant species, are exceedingly rare. Sampling biases and prominent models, such as 
neutral theory and the k-niche model, cannot account for the observed prevalence of rarity. Our results indicate 
that (i) climatically more stable regions have harbored rare species and hence a large fraction of Earth’s plant 
species via reduced extinction risk but that (ii) climate change and human land use are now disproportionately 
impacting rare species. Estimates of global species abundance distributions have important implications for risk 
assessments and conservation planning in this era of rapid global change.

INTRODUCTION
Why some species are common and others are rare has intrigued 
ecologists (1, 2), at least, since Darwin (3). Rare species are orders of 
magnitude more likely to go extinct (4, 5), making it puzzling how 
so many rare species can be maintained (6). Understanding rarity 
and the maintenance of rare species is also central to conservation 
biology [e.g., (7)] and to understanding current and future changes 
in biodiversity due to global change (8). Despite this importance, we 
know unexpectedly little about the causes of commonness and rarity 
and their maintenance at a global scale (9, 10).

Most quantifications of species abundance use abundances in local 
communities because estimates of global taxon abundance are difficult 
to obtain. However, there are two major limitations to focusing solely 
on local abundance. First, most species tend to be simultaneously 
common in a few parts of their ranges and rare in most of their ranges 
(11, 12), making estimates of local abundance a noisy and a poor 
measure of how truly rare a species is globally. Second, at a global 

scale, a measure of rarity results from a combination of the average local 
abundance and the number of sites occupied throughout the species 
geographic range. Local species abundance and species occupancy 
across the geographic range tend to be correlated (12–14), so locally 
rare species tend to also show up in only a few local communities. 
This makes it likely that estimates of global abundance will be more 
skewed to the rare, but this has rarely been tested (15). A global 
estimate of rarity can therefore minimize the potential problems 
associated with assessing whether a species is rare. Fortunately, with 
the rapid development of biodiversity databases and networks in the 
past decade, it is becoming increasingly possible to quantify continental 
and global patterns of biodiversity and test competing models for 
the origin and maintenance of these patterns at a global scale (16).

Here, we use a global botanical database of unprecedented coverage 
to (i) assess global patterns of plant rarity, (ii) test several proposed 
hypotheses underlying the generation and persistence of rare species, 
(iii) identify regions that harbor hotspots of rare species and explore 
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to (i) assess global patterns of plant rarity, (ii) test several proposed 
hypotheses underlying the generation and persistence of rare species, 
(iii) identify regions that harbor hotspots of rare species and explore 
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This is because areas with concentrations of rare species have pre-
viously been characterized by relatively more stable climates, but 
under the predicted climate change under RCP8.5, they will now 
experience velocities as high as the rest of the globe (see fig. S5).

Predicted changes of rarity indices
With the previously calibrated OLS and SAR full models, we made 
predictions of rarity indices under future projected climate. These 
showed worldwide decreases in rarity indices (Fig. 6), with the southern 
Andes and Southeast Asia predicted to experience the largest decreases. 
These decreases were likely due to the accelerated future climate 
velocities under RCP8.5, which are two orders of magnitude higher 

than those experienced from LGM [~21 thousand years (ka) ago] 
to the present day (see fig. S5). Note, however, that future velocities 
are estimated over a shorter time frame, which will tend to produce 
higher estimates.

DISCUSSION
Our dataset represents the most comprehensive assembly of global 
plant diversity data to date, comprising both plots and herbarium 
specimens, from far more sources than previously available. Large 
quantities of primary biodiversity data have still not been mobilized, 
and those data that are available are subject to various forms of 

Fig. 4. Where are rare species distributed geographically? Plotting the geographic coordinates for all the observations for species with three observations or fewer at 
a coarse, 1° resolution reveals several patterns. The sampling background is shown (grey cells are areas with no georeferenced botanical sampling records, while yellow 
cells indicate regions with observation records but no rare species). Colored cells correspond to areas with rare species (species with three observations or fewer) rarified 
to the sampling intensity using the Margalef index (see the Supplementary Materials). Areas with a proportionally high number of rare species are dark brown (“hotspots of 
rarity”), while areas with relatively low numbers of rare species are yellow to orange. Areas with a high number of rare species tend to be clustered in a small number of 
locations including mountainous tropical and subtropical regions including New Guinea, Indonesia, southwestern China, Madagascar, the Andes (in Ecuador, Columbia, 
and Peru), Central America (Costa Rica and Panama), and southern Mexico. In addition, several notable temperate zone locations including the Fynbos in South Africa and 
southwest Australia, Northern Iran/Georgia/Turkey, and the Iberian Peninsula.
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A large fraction, ~36.5% of Earth’s 
~435,000 plant species, are 
exceedingly rare. Our results 
indicate that 
(i) climatically more stable 

regions have harbored rare 
species and hence a large 
fraction of Earth’s plant 
species via reduced extinction 
risk but that 

(ii) climate change and human 
land use are now 
disproportionately impacting 
rare species. 
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Mutualistic interactions reshuffle the effects of climate
change on plants across the tree of life
Jordi Bascompte1*†, María B. García2†, Raúl Ortega1, Enrico L. Rezende3‡, Samuel Pironon2§

Climatically induced local species extinctions may trigger coextinction cascades, thus driving many more species to
extinction than originally predicted by species distribution models. Using seven pollination networks across Europe
that include the phylogeny and life history traits of plants, we show a substantial variability across networks in
climatically predicted plant extinction—and particularly the subsequent coextinction—rates, with much higher
values in Mediterranean than Eurosiberian networks. While geographic location best predicts the probability of
a plant species to be driven to extinction by climate change, subsequent coextinctions are best predicted by
the local network of interactions. These coextinctions not only increase the total number of plant species being
driven to extinction but also add a bias in the way the major taxonomic and functional groups are pruned.

INTRODUCTION
Climate change affects the physiology, abundance, and distribution of
species (1–4), and recent evidence suggests that it may also affect spe-
cies interactions (5, 6). A remaining challenge, however, is to be able
to predict these effects when progressing from pairwise interactions all
the way to species-rich networks (5). Extinctions induced by climate
change may trigger coextinction cascades—groups of species disap-
pearing as a consequence of the extinction of species they depend on—
thus driving many more species to extinction than originally predicted
(7). The magnitude of these coextinctions may depend on the web of
mutual dependencies among species and how this web affects com-
munity persistence (8, 9). Species distribution models (10), however,
have traditionally treated species independently from each other. The
gap between research on climate change and ecological networks is
only now beginning to be reduced (7, 11–14). A first approach
has added species interactions (oftentimes inferred through species
co-occurrences) as an additional filter to improve species distribution
forecasts (12–14). A second approach, in turn, has started to explore
the effects of climate change on network structure (11, 15) and robust-
ness (7). For example, mutualistic networks, such as those between
plants and their pollinators or seed dispersers, have been found to
be more sensitive to climatically projected plant (rather than animal)
extinctions (7). It remains to be seen, however, to what degree the
factors predicting direct extinctions are decoupled from those predict-
ing subsequent coextinctions and whether the presence of coextinc-
tion results in different pruning of the taxonomic and functional groups.
This information is important if wewant to understand the consequences
of these coextinctions for the functioning of these networks and their
potential to adapt, which very much hinge on their functional and phy-
logenetic diversity. Here, we use climatically informed local plant extinc-
tion sequences in different communities and examine how subsequent
coextinction cascades erodeplant taxonomic, phylogenetic, and function-
al diversity. Our network approach is similar to that of previous work

using species distribution models in that our model includes neither
potential adaptation nor immigration (10).

Our study is based on a dataset of seven European pollinator
networks compiled from the web-of-life dataset (see Materials and
Methods), for which phylogenetic relationships (figs. S1 and S2)
and information about plants’ functional traits (database S1) were
gathered from various sources. Specifically, the seven networks be-
long to Mediterranean (2) and Eurosiberian (5) biogeographic regions
(Fig. 1), ranging from 52 to 797 species (plants and pollinators), and
contain information about the following plant traits: clonal reproduc-
tion (yes/no), seed dispersal (wind/animal/others), flower shape limits
pollen exchange by animals (yes/no), seven classes of flower color, and
five types of Raunkiaer life-form (see Materials and Methods and
database S1). These are functional traits central to plant life history.
For example, the seed bank may allow a species to persist across un-
favorable years, seed dispersal may allow colonizing distant habitats,
and floral shapemay condition the degree of dependence onpollinators.

We collected geographic distribution data for the 244 distinct plant
species of the seven pollinator networks (see Materials and Methods
and database S1). Subsequently, we considered the projected climatic
conditions for time horizons 2050 and 2080 [through the main text
and figures, we are considering the A1b socioeconomic scenario (SRES)
using the RCA30 regional climate model (RCM) driven by the
ECHAM5 global circulation model (GCM) and ensembles of six dif-
ferent species distributionmodels (seeMaterials andMethods). How-
ever, we have also explored other scenarios and combinations (see
Materials and Methods) with qualitatively similar results (figs. S3
and S4 and tables S1 and S2).] (see Materials and Methods, Fig. 1,
and fig. S5). For each time horizon, we ran species distributionmodels
to assign climatic suitability to each plant species at each one of the
seven locations where it is present. From this information, we estimate
an extinction probability based on the degree to which the predicted
future local climate at the network location is similar to the plant’s
climatic range, measured across its current Euro-Mediterranean dis-
tribution (see Materials and Methods and database S2). At this stage,
several plant species may have gone locally extinct due to the direct
effects of climate change. As a consequence, their interactions in the
pollination network are no longer present. Since a species experiencing
a reduction in the number of partners it depends on may have reduced
fitness, we further imposed a probability of coextinction as follows. Each
plant and animal species that has faced a reduction on its number of
partners is assigned a coextinction probability proportional to the
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Mutualistic interactions reshuffle the effects of climate
change on plants across the tree of life
Jordi Bascompte1*†, María B. García2†, Raúl Ortega1, Enrico L. Rezende3‡, Samuel Pironon2§

Climatically induced local species extinctions may trigger coextinction cascades, thus driving many more species to
extinction than originally predicted by species distribution models. Using seven pollination networks across Europe
that include the phylogeny and life history traits of plants, we show a substantial variability across networks in
climatically predicted plant extinction—and particularly the subsequent coextinction—rates, with much higher
values in Mediterranean than Eurosiberian networks. While geographic location best predicts the probability of
a plant species to be driven to extinction by climate change, subsequent coextinctions are best predicted by
the local network of interactions. These coextinctions not only increase the total number of plant species being
driven to extinction but also add a bias in the way the major taxonomic and functional groups are pruned.

INTRODUCTION
Climate change affects the physiology, abundance, and distribution of
species (1–4), and recent evidence suggests that it may also affect spe-
cies interactions (5, 6). A remaining challenge, however, is to be able
to predict these effects when progressing from pairwise interactions all
the way to species-rich networks (5). Extinctions induced by climate
change may trigger coextinction cascades—groups of species disap-
pearing as a consequence of the extinction of species they depend on—
thus driving many more species to extinction than originally predicted
(7). The magnitude of these coextinctions may depend on the web of
mutual dependencies among species and how this web affects com-
munity persistence (8, 9). Species distribution models (10), however,
have traditionally treated species independently from each other. The
gap between research on climate change and ecological networks is
only now beginning to be reduced (7, 11–14). A first approach
has added species interactions (oftentimes inferred through species
co-occurrences) as an additional filter to improve species distribution
forecasts (12–14). A second approach, in turn, has started to explore
the effects of climate change on network structure (11, 15) and robust-
ness (7). For example, mutualistic networks, such as those between
plants and their pollinators or seed dispersers, have been found to
be more sensitive to climatically projected plant (rather than animal)
extinctions (7). It remains to be seen, however, to what degree the
factors predicting direct extinctions are decoupled from those predict-
ing subsequent coextinctions and whether the presence of coextinc-
tion results in different pruning of the taxonomic and functional groups.
This information is important if wewant to understand the consequences
of these coextinctions for the functioning of these networks and their
potential to adapt, which very much hinge on their functional and phy-
logenetic diversity. Here, we use climatically informed local plant extinc-
tion sequences in different communities and examine how subsequent
coextinction cascades erodeplant taxonomic, phylogenetic, and function-
al diversity. Our network approach is similar to that of previous work

using species distribution models in that our model includes neither
potential adaptation nor immigration (10).

Our study is based on a dataset of seven European pollinator
networks compiled from the web-of-life dataset (see Materials and
Methods), for which phylogenetic relationships (figs. S1 and S2)
and information about plants’ functional traits (database S1) were
gathered from various sources. Specifically, the seven networks be-
long to Mediterranean (2) and Eurosiberian (5) biogeographic regions
(Fig. 1), ranging from 52 to 797 species (plants and pollinators), and
contain information about the following plant traits: clonal reproduc-
tion (yes/no), seed dispersal (wind/animal/others), flower shape limits
pollen exchange by animals (yes/no), seven classes of flower color, and
five types of Raunkiaer life-form (see Materials and Methods and
database S1). These are functional traits central to plant life history.
For example, the seed bank may allow a species to persist across un-
favorable years, seed dispersal may allow colonizing distant habitats,
and floral shapemay condition the degree of dependence onpollinators.

We collected geographic distribution data for the 244 distinct plant
species of the seven pollinator networks (see Materials and Methods
and database S1). Subsequently, we considered the projected climatic
conditions for time horizons 2050 and 2080 [through the main text
and figures, we are considering the A1b socioeconomic scenario (SRES)
using the RCA30 regional climate model (RCM) driven by the
ECHAM5 global circulation model (GCM) and ensembles of six dif-
ferent species distributionmodels (seeMaterials andMethods). How-
ever, we have also explored other scenarios and combinations (see
Materials and Methods) with qualitatively similar results (figs. S3
and S4 and tables S1 and S2).] (see Materials and Methods, Fig. 1,
and fig. S5). For each time horizon, we ran species distributionmodels
to assign climatic suitability to each plant species at each one of the
seven locations where it is present. From this information, we estimate
an extinction probability based on the degree to which the predicted
future local climate at the network location is similar to the plant’s
climatic range, measured across its current Euro-Mediterranean dis-
tribution (see Materials and Methods and database S2). At this stage,
several plant species may have gone locally extinct due to the direct
effects of climate change. As a consequence, their interactions in the
pollination network are no longer present. Since a species experiencing
a reduction in the number of partners it depends on may have reduced
fitness, we further imposed a probability of coextinction as follows. Each
plant and animal species that has faced a reduction on its number of
partners is assigned a coextinction probability proportional to the
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trigger coextinction cascades, thus driving many 
more species to extinction than originally 
predicted by species distribution models. While 
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best predicted by the local network of 
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Climate drives loss of phylogenetic diversity in a
grassland community
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Contributed by Susan Harrison, August 14, 2019 (sent for review July 17, 2019; reviewed by Nancy C. Emery and Kathleen M. Kay)

While climate change has already profoundly influenced biodiver-
sity through local extinctions, range shifts, and altered interac-
tions, its effects on the evolutionary history contained within sets
of coexisting species—or phylogenetic community diversity—have
yet to be documented. Phylogenetic community diversity may be a
proxy for the diversity of functional strategies that can help sus-
tain ecological systems in the face of disturbances. Under climatic
warming, phylogenetic diversity may be especially vulnerable to
decline in plant communities in warm, water-limited regions, as
intensified water stress eliminates drought-intolerant species that
may be relicts of past wetter climates and may be distantly related
to coexisting species. Here, we document a 19-y decline of phylo-
genetic diversity in a grassland community as moisture became
less abundant and predictable at a critical time of the year. This
decline was strongest in native forbs, particularly those with high
specific leaf area, a trait indicating drought sensitivity. This decline
occurred at the small spatial scale where species interact, but the
larger regional community has so far been buffered against loss of
phylogenetic diversity by its high levels of physical and biotic
heterogeneity.

aridification | climate change | drought | evolutionary history |
functional traits

Climate change is exerting increasingly strong effects on bio-
diversity at multiple organizational levels and spatial scales

(1, 2). In warm and water-limited climates, further warming may
cause plant species to disappear as their drought tolerances are
exceeded (3–5). In colder environments, where warming relaxes
the dominant limitation to growth, slow-growing resident plant
species may be overtaken by faster growing ecological generalists
(6), and changes in community diversity may be further shaped by
dispersal and herbivory (7, 8). How these and other climate-driven
changes to plant communities will affect phylogenetic diversity, or
biodiversity at deeper levels in the evolutionary tree of life than
the species (9, 10), is as yet largely unknown. Phylogenetic com-
munity diversity may indicate the diversity in functional strategies
(11) that stabilizes communities in the face of environmental
perturbations (12). Therefore, a better understanding of the ef-
fects of climate change on phylogenetic diversity is critical to
forecasting the future of biodiversity and ecosystem services.
Climate change will likely alter phylogenetic diversity non-

randomly because climate tolerances tend to be shared among
close relatives (13, 14). Plant phylogenetic diversity tends to be
highest where mesic lineages dependent on mild temperatures and
abundant water are found (15). Within water-limited regions,
community phylogenetic diversity may decrease along gradients of
increasing water limitation, reflecting the strong filter imposed by
aridity against older lineages with conserved traits conferring
drought intolerance (16). Declines in community phylogenetic
diversity thus may be expected within water-limited climates as
these become effectively drier and lose their mesic-adapted species
(3, 17, 18). Indeed, using contemporary relationships of phyloge-
netic diversity to climate and projecting into a warmer future, a
recent model predicted that phylogenetic diversity would decline
in warm and water-limited southern Europe, while showing more

complex trends in northern Europe (19). Another modeling study
predicted declines in phylogenetic diversity of eucalypts in Aus-
tralia (20). However, empirical evidence of climate-driven declines
in phylogenetic diversity is scarce.
Here, we report a case of climate-driven decline in phylogenetic

community diversity. Our 19-y study encompassed an episode of
“precipitation whiplash,” a long sequence of drier than average
growing seasons punctuated by a bout of extreme rainfall, as is
increasingly expected in California and other semiarid regions (21,
22). Winter precipitation, cloud cover, and humidity declined over
most of this period, while other climate variables did not change
significantly (23). From 2000 to 2018, we recorded community
composition at 80 sites in a 2,800-ha grassland landscape with high
heterogeneity of soils and species composition and little extrinsic
disturbance. Species richness and diversity at the community
(5-m2 site) scale declined over this time period, regardless of grazing
or fire history, soil type, or the abundance and diversity of exotic
species (23, 24). Native forb species with high mean values of
specific leaf area (SLA; leaf area/dry mass), a trait linked to
drought intolerance, were disproportionately lost. Precipitation
in winter (December 1 to March 1), when annuals are present as
small seedlings, declined over most of the period and was a highly
significant driver of the plant community changes (23, 24). The
winter of 2016 to 2017 was exceptionally wet. Nonetheless, diversity
did not rebound as it had in earlier wet years such as 2005 to 2006.

Significance

Models have predicted that drier climates could reduce the
amount of evolutionary history contained within ecological
communities (i.e., phylogenetic diversity), but clear empirical
evidence is still lacking. We report a drought-induced erosion of
the phylogenetic diversity of grassland plant communities. Dur-
ing a long period of drier than normal growing seasons, many
species, especially those with drought-intolerant functional
traits, were lost from communities and contributed to the de-
clines in phylogenetic diversity. Our study represents one of the
first demonstrations that climate-induced loss of diversity may
extend beyond the level of the species. However, our study also
indicates the positive value of physically and biologically com-
plex landscapes as refuges for maintaining biodiversity in a
changing world.
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While climate change has already profoundly influenced biodiver-
sity through local extinctions, range shifts, and altered interac-
tions, its effects on the evolutionary history contained within sets
of coexisting species—or phylogenetic community diversity—have
yet to be documented. Phylogenetic community diversity may be a
proxy for the diversity of functional strategies that can help sus-
tain ecological systems in the face of disturbances. Under climatic
warming, phylogenetic diversity may be especially vulnerable to
decline in plant communities in warm, water-limited regions, as
intensified water stress eliminates drought-intolerant species that
may be relicts of past wetter climates and may be distantly related
to coexisting species. Here, we document a 19-y decline of phylo-
genetic diversity in a grassland community as moisture became
less abundant and predictable at a critical time of the year. This
decline was strongest in native forbs, particularly those with high
specific leaf area, a trait indicating drought sensitivity. This decline
occurred at the small spatial scale where species interact, but the
larger regional community has so far been buffered against loss of
phylogenetic diversity by its high levels of physical and biotic
heterogeneity.
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functional traits

Climate change is exerting increasingly strong effects on bio-
diversity at multiple organizational levels and spatial scales

(1, 2). In warm and water-limited climates, further warming may
cause plant species to disappear as their drought tolerances are
exceeded (3–5). In colder environments, where warming relaxes
the dominant limitation to growth, slow-growing resident plant
species may be overtaken by faster growing ecological generalists
(6), and changes in community diversity may be further shaped by
dispersal and herbivory (7, 8). How these and other climate-driven
changes to plant communities will affect phylogenetic diversity, or
biodiversity at deeper levels in the evolutionary tree of life than
the species (9, 10), is as yet largely unknown. Phylogenetic com-
munity diversity may indicate the diversity in functional strategies
(11) that stabilizes communities in the face of environmental
perturbations (12). Therefore, a better understanding of the ef-
fects of climate change on phylogenetic diversity is critical to
forecasting the future of biodiversity and ecosystem services.
Climate change will likely alter phylogenetic diversity non-

randomly because climate tolerances tend to be shared among
close relatives (13, 14). Plant phylogenetic diversity tends to be
highest where mesic lineages dependent on mild temperatures and
abundant water are found (15). Within water-limited regions,
community phylogenetic diversity may decrease along gradients of
increasing water limitation, reflecting the strong filter imposed by
aridity against older lineages with conserved traits conferring
drought intolerance (16). Declines in community phylogenetic
diversity thus may be expected within water-limited climates as
these become effectively drier and lose their mesic-adapted species
(3, 17, 18). Indeed, using contemporary relationships of phyloge-
netic diversity to climate and projecting into a warmer future, a
recent model predicted that phylogenetic diversity would decline
in warm and water-limited southern Europe, while showing more

complex trends in northern Europe (19). Another modeling study
predicted declines in phylogenetic diversity of eucalypts in Aus-
tralia (20). However, empirical evidence of climate-driven declines
in phylogenetic diversity is scarce.
Here, we report a case of climate-driven decline in phylogenetic

community diversity. Our 19-y study encompassed an episode of
“precipitation whiplash,” a long sequence of drier than average
growing seasons punctuated by a bout of extreme rainfall, as is
increasingly expected in California and other semiarid regions (21,
22). Winter precipitation, cloud cover, and humidity declined over
most of this period, while other climate variables did not change
significantly (23). From 2000 to 2018, we recorded community
composition at 80 sites in a 2,800-ha grassland landscape with high
heterogeneity of soils and species composition and little extrinsic
disturbance. Species richness and diversity at the community
(5-m2 site) scale declined over this time period, regardless of grazing
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significant driver of the plant community changes (23, 24). The
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Significance

Models have predicted that drier climates could reduce the
amount of evolutionary history contained within ecological
communities (i.e., phylogenetic diversity), but clear empirical
evidence is still lacking. We report a drought-induced erosion of
the phylogenetic diversity of grassland plant communities. Dur-
ing a long period of drier than normal growing seasons, many
species, especially those with drought-intolerant functional
traits, were lost from communities and contributed to the de-
clines in phylogenetic diversity. Our study represents one of the
first demonstrations that climate-induced loss of diversity may
extend beyond the level of the species. However, our study also
indicates the positive value of physically and biologically com-
plex landscapes as refuges for maintaining biodiversity in a
changing world.
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Most people can name a mammal or bird that has become 
extinct in recent centuries, but few can name a recently extinct 
plant. We present a comprehensive, global analysis of modern 
extinction in plants. Almost 600!species have become extinct, 
at a higher rate than background extinction, but almost as 
many have been erroneously declared extinct and then been 
rediscovered. Reports of extinction on islands, in the tropics 
and of shrubs, trees or species with narrow ranges are least 
likely to be refuted by rediscovery. Plant extinctions endan-
ger other organisms, ecosystems and human well-being, and 
must be understood for effective conservation planning.

Extinction of biodiversity is a central part of our planet’s past, 
present and future. Current understanding of ongoing extinc-
tion comes primarily from projections or assessments of extinc-
tion risk1–4. Direct data on modern extinction (having occurred 
in recent centuries) are scarce but relatively well documented for 
birds and mammals4. These data have been used to assess the sever-
ity of ongoing species extinction5, but extrapolations from verte-
brates underestimate ongoing losses in invertebrates6,7. A general 
understanding of modern extinction clearly requires analysis of a 
broad sample of biodiversity. To date, however, no global analysis 
has included plants (but see refs. 8,9). This is problematic if we are 
to make accurate predictions of future losses of plants, as well as of 
other organisms, because extinctions are not expected in one group 
of organisms independently of others (for example, co-extinction of 
insects and their host plants6,10).

Here we analyse a previously unpublished database of seed plants 
that have become extinct since Linnaeus’ Species Plantarum11. The 
database is a complete list of species reported as extinct, based 
on continuous literature review complementing data from the 
International Union for Conservation of Nature (IUCN) Red List of 
Threatened Species4 (hereafter, Red List) over almost three decades 
(see Methods and Supplementary Dataset 1). We used this database 

as a starting point for increasing understanding of modern extinc-
tion in plants, by testing whether what is known about modern 
extinction in animals and extinction risk in plants is true also for 
documented modern extinction of plants. We expected plant extinc-
tions to be: (1) more numerous than currently recorded by the Red 
List, the global authority on species extinction risk, but incomplete 
for most groups2,12; (2) elevated in rate above background extinction 
rates, because this has been shown for animals13,14; (3) dispropor-
tionately high on isolated, oceanic islands because of the vulner-
ability of island biotas to anthropogenic change8,15,16; (4) mostly of 
woody species and mostly from the wet tropics, reflecting extinc-
tion risk in plants2,4; and (5) phylogenetically clustered (that is, 
concentrated in certain evolutionary groups), as shown for modern 
extinction of mammals17. Finally, we compared the geographic and 
phylogenetic distribution of extinct species with species that have 
been erroneously declared extinct and subsequently rediscovered.

We show that the number of known seed plant extinctions is 
more than four times that on the Red List, and that the status of 
50 species listed as extinct needs updating due mainly to rediscovery 
or taxonomic change (Supplementary Dataset 2 and Supplementary 
Information). In addition, we list 491 extinct species not on the Red 
List. In total, we document 571 known cases of modern extinction 
in plants (Supplementary Dataset 1), originating from 1,319 species 
once published as extinct and representing 1,234 currently accepted 
species (571 extinct, 431 rediscovered and 232 synonymized spe-
cies). Fewer than 50% of reported species extinctions are therefore 
still presumed accurate.

Extinction of seed plants is occurring at a faster rate than the 
normal turnover of species. We found that, on average, 2.3 species 
have become extinct each year for the past 2.5 centuries. However, 
most species have not been known for 250 years, recently described 
species may have higher extinction rates than those described 
earlier14 and species may become extinct before being formally 

Global dataset shows geography and life form 
predict modern plant extinction and rediscovery
Aelys M. Humphreys! !1,2*, Rafaël Govaerts! !3*, Sarah Z. Ficinski1, Eimear Nic Lughadha4 and 
Maria S. Vorontsova! !1

Table 1 | Rates of modern extinction in seed plants compared to vertebrates

Total number 
of seed plant 
species described

Number of 
seed plant 
species extinct

Average seed plant 
taxonomic age 
(years)a

Seed plant 
extinction rate 
(E/MSY)a

Amphibian 
extinction rate 
(E/MSY)b

Bird extinction 
rate (E/MSY)b

Mammal 
extinction rate 
(E/MSY)b

Before 1900 129,529 256 171 (195) 11.6 (10.1) 66 49 (73c) 72

1900–2018 204,793 315 60 (84) 25.6 (18.3) 107 132 243

Extinction rate is expressed as E/MSY. aEstimates without and, in brackets, with correction for the lag time between collection and description as a new species (24!years on average18). bEstimates from ref. 
14. cEstimate from ref. 13.
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Climate change effects on plant-soil feedbacks 
and consequences for biodiversity and functioning 
of terrestrial ecosystems
Francisco I. Pugnaire1,2*, José A. Morillo1,2, Josep Peñuelas3,4 , Peter B. Reich5,6 ,  
Richard D. Bardgett7 , Aurora Gaxiola2,8,9 , David A. Wardle10 , Wim H. van der Putten11,12

Plant-soil feedbacks (PSFs) are interactions among plants, soil organisms, and abiotic soil conditions that influence 
plant performance, plant species diversity, and community structure, ultimately driving ecosystem processes. We 
review how climate change will alter PSFs and their potential consequences for ecosystem functioning. Climate 
change influences PSFs through the performance of interacting species and altered community composition 
resulting from changes in species distributions. Climate change thus affects plant inputs into the soil subsystem 
via litter and rhizodeposits and alters the composition of the living plant roots with which mutualistic symbionts, 
decomposers, and their natural enemies interact. Many of these plant-soil interactions are species-specific and are 
greatly affected by temperature, moisture, and other climate-related factors. We make a number of predictions 
concerning climate change effects on PSFs and consequences for vegetation-soil-climate feedbacks while 
acknowledging that they may be context-dependent, spatially heterogeneous, and temporally variable.

INTRODUCTION
Plants and soils are inextricably linked. Plants alter soil properties, 
which, in turn, influence plant performance, displaying a variety of 
effects on each other. These effects of plants on themselves, their 
offspring, and other plant species through influences on soil organisms 
and abiotic soil conditions are termed plant-soil feedbacks (PSFs) (1–5). 
The interaction between plants and their associated soil biota can lead 
to complex feedbacks that regulate plant community dynamics and 
ecosystem processes. The net outcome of PSFs on plant growth depends 
on the balance between antagonistic and beneficial interactions with 
the extant plant and soil microbial communities, which can vary 
depending on both biotic (e.g., plant functional traits) and abiotic 
(e.g., soil pH, physical structure, and nutrient availability) factors (6).

Climate is one of the main drivers of organism growth and species 
distributions; thus, a changing climate has the potential to alter the 
composition of plant and soil communities and the interactions between 
them. However, very little is known about the underlying mechanisms 
involved and the consequences for feedbacks to climate. In particular, 
most studies of PSFs have examined the role of soil microbial 
communities, focusing on net effects of all microbes involved in 
influencing plant performance positively and negatively (7). Identifying 

the microbial processes that underlie changes in PSFs, such as climate 
change–induced alterations in the balance of pathogenic and mutualistic 
taxa or saprophytic microbial taxa that mediate plant nutrient supply, 
is challenging and requires identifying the individual contribution 
of the various soil biotic components to PSFs (8).

Here, we address the responses of PSFs to climate change and their 
consequences for biodiversity, ecosystem functioning, and potential 
feedback effects to climate change. We first consider how soil microbes 
control PSFs, because the vast diversity of beneficial and pathogenic 
microorganisms that interact with plant roots or feed on detritus and 
rhizodeposits can directly affect plant performance (9, 10). We then focus 
on how climate change may alter primary and secondary succession by 
affecting PSFs, which are often important drivers of plant species re-
placement. Soil communities contain a myriad of species that comprise 
a trophic network of primary producers and consumers, and of 
secondary and higher-level consumers (11) that could be altered by 
changing climate (12). We thus focus on how climate change affects PSFs 
and soil food webs, with emphasis on both the impacts of increased 
temperature and climate extremes, especially drought (12). We then 
outline how climate change will affect litterfall and the production 
of root exudates, which control the structure and dynamics of soil 
communities. Last, we focus on how increased levels of atmospheric 
CO2 directly (i.e., not indirectly via a changing climate) influence PSFs, 
which will occur simultaneously with its feedback effects to climate.

By discussing PSFs and climate in combination, and the con-
sequences for feedbacks from vegetation-soil to climate, our over-
riding goals are to anticipate how climate change may affect plant 
and soil communities, to derive some generalizations about how 
a changing climate may affect PSFs and consequences for key 
community and ecosystem-level properties and climate, as well as 
to identify important knowledge gaps.

MICROBIAL CONTROLS ON PSFs
Soil microorganisms can affect PSFs in complex ways. For example, 
the accumulation of host-specific pathogenic fungi in the rhizosphere 
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temperature and climate extremes, especially drought (12). We then 
outline how climate change will affect litterfall and the production 
of root exudates, which control the structure and dynamics of soil 
communities. Last, we focus on how increased levels of atmospheric 
CO2 directly (i.e., not indirectly via a changing climate) influence PSFs, 
which will occur simultaneously with its feedback effects to climate.

By discussing PSFs and climate in combination, and the con-
sequences for feedbacks from vegetation-soil to climate, our over-
riding goals are to anticipate how climate change may affect plant 
and soil communities, to derive some generalizations about how 
a changing climate may affect PSFs and consequences for key 
community and ecosystem-level properties and climate, as well as 
to identify important knowledge gaps.

MICROBIAL CONTROLS ON PSFs
Soil microorganisms can affect PSFs in complex ways. For example, 
the accumulation of host-specific pathogenic fungi in the rhizosphere 
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Increasing aridity can cause large changes in nutrient cycling and 
enhances the impact of ultraviolet radiation on litter decomposition 
(45, 46), which may cause an imbalance in nutrient cycling with 
negative effects on plant diversity (47). Decreases in plant growth 
and belowground carbon allocation in grasslands as a consequence 
of drought have also been reported (48), and drought has legacy 
effects on soil microbial communities that can affect plant-plant 
interactions (21) and even neutralize PSFs through increased water 
demand linked to higher nutrient demand with positive PSFs (28). 
In dry ecosystems, soil microbes can buffer the negative effects of 
drought on seed germination and plant growth in a species-specific 
way, so that plants such as legumes that are more dependent on 
specific coevolved microbes are more sensitive and less buffered by 
soil microbiota than other species (49). PSFs also play a key role in 
plant recruitment by influencing seed germination and seedling 
establishment, which are, in turn, important in regulating plant 
diversity and community dynamics (14). The susceptibility of different 
plant species to soil biota determines their relative abundance, as 
soil pathogens reduce recruitment and survival of different species 
(2). In contrast, other soil microorganisms offer protection from 
pathogens or modify nutrient availability, thereby benefitting some 
plant species over others (7). Our knowledge on how PSFs can affect 
plant communities and ecosystem dynamics can help us forecast 
potential trajectories of ecosystem change under different climate 
change scenarios.

PSFs AND FOOD WEB DYNAMICS
Microbes are part of a complex soil food web, which consists of 
numerous species or taxa across different trophic levels, including 
primary producers (plant roots and algae), primary consumers 
(bacteria, archaea, fungi, viruses, and root-feeding fauna), and 
secondary and higher-level consumers (bacterivores, fungivores, and 
predators) (10, 50). These organisms are all important components 
of the plant-soil system that are able to alter the outcome of PSFs 
(51). Although widely acknowledged as important drivers of soil 
biogeochemical processes modulated by climate (52), soil food webs 
show high interactivity and complexity (11). Climate change effects 
on soil food webs will be affected by the fact that combined responses 
of the individual components of PSFs—decomposers, mutualistic 
symbionts, and herbivores/pathogens—are all influenced (Fig. 3) (7). 
However, the net effects will be difficult to predict when we consider 
all the individual components of the soil biota in isolation. The 
elegance of the PSF concept is that the overall functional consequences 
of climate change on the soil biota can be assessed through its combined 
impact on plant performance and, ultimately, the net PSF effect. This 
may also have implications for extremely long-term patterns in PSFs. 
For example, body size of soil invertebrates decreased during the dry 
and warm conditions in the Paleocene-Eocene Thermal Maximum, 
affecting ecosystem functions such as organic matter decomposition 
and nutrient cycling, which, in turn, affected plant diversity (53). 
The consequences of these long-term effects on the soil food web 
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Fig. 2. Effects of drought on litter productivity and species turnover and their relationships with PSFs. Drought leads to low-quality litter with recalcitrant carbon 
(C) compounds and low nutrient content. This litter is difficult to decompose and determines a fungal-dominated microbial community composition while decreasing 
the availability of nutrients for plants. These conditions lead to a replacement by plant species that are better adapted to drought conditions, in contrast to more humid 
conditions where nutrient-rich litter is fast decomposed by bacterial-dominated microbial communities. Arrows indicate carbon flow; solid arrows represent net input, 
and dashed arrows represent net output, with arrow thickness proportional to flow.
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Climate change influences PSFs through 
the performance of interacting species 
and altered community composition 
resulting from changes in species 
distributions. Climate change thus 
affects plant inputs into the soil 
subsystem via litter and rhizodeposits
and alters the composition of the living 
plant roots with which mutualistic 
symbionts, decomposers, and their 
natural enemies interact. 

Many of these plant-soil interactions are 
species-specific and are greatly affected 
by temperature, moisture, and other 
climate-related factors. 
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Global change drivers (GCDs) are expected to alter community
structure and consequently, the services that ecosystems provide.
Yet, few experimental investigations have examined effects of
GCDs on plant community structure across multiple ecosystem
types, and those that do exist present conflicting patterns. In an
unprecedented global synthesis of over 100 experiments that
manipulated factors linked to GCDs, we show that herbaceous
plant community responses depend on experimental manipulation
length and number of factors manipulated. We found that plant
communities are fairly resistant to experimentally manipulated
GCDs in the short term (<10 y). In contrast, long-term (≥10 y)
experiments show increasing community divergence of treat-
ments from control conditions. Surprisingly, these community
responses occurred with similar frequency across the GCD types
manipulated in our database. However, community responses
were more common when 3 or more GCDs were simultaneously
manipulated, suggesting the emergence of additive or synergistic
effects of multiple drivers, particularly over long time periods. In
half of the cases, GCD manipulations caused a difference in com-
munity composition without a corresponding species richness dif-
ference, indicating that species reordering or replacement is an
important mechanism of community responses to GCDs and
should be given greater consideration when examining conse-
quences of GCDs for the biodiversity–ecosystem function relation-
ship. Human activities are currently driving unparalleled global
changes worldwide. Our analyses provide the most comprehen-
sive evidence to date that these human activities may have wide-
spread impacts on plant community composition globally, which
will increase in frequency over time and be greater in areas
where communities face multiple GCDs simultaneously.

community composition | global change experiments | herbaceous plants |
species richness

Human activities are driving unprecedented changes in many
factors that may affect the composition and functioning of

plant communities. Determining the factors that cause alter-
ations in plant community structure is critical, as important
ecosystem functions and services are influenced by plant com-
munity composition (1, 2). Changes in resource availability (e.g.,
atmospheric carbon dioxide [CO2], nitrogen [N], precipitation
patterns) may have large consequences for plant community

structure worldwide (3). Yet, our ability to interpret and predict
plant community responses to global change is complicated by
many factors, such as the type of global change driver (GCD)
and the environmental context. Observational and experimental
evidence has demonstrated disparate and seemingly conflicting

Significance

Accurate prediction of community responses to global change
drivers (GCDs) is critical given the effects of biodiversity on
ecosystem services. There is consensus that human activities
are driving species extinctions at the global scale, but debate
remains over whether GCDs are systematically altering local
communities worldwide. Across 105 experiments that inclu-
ded over 400 experimental manipulations, we found evidence
for a lagged response of herbaceous plant communities to
GCDs caused by shifts in the identities and relative abun-
dances of species, often without a corresponding difference
in species richness. These results provide evidence that com-
munity responses are pervasive across a wide variety of GCDs
on long-term temporal scales and that these responses in-
crease in strength when multiple GCDs are simultaneously
imposed.

Author contributions: K.J.K., M.L.A., N.P.L., F.I., E.G., G.R.H., S.E.K., D.S.J., and K.R.W.
designed research; K.J.K., M.L.A., F.I., G.R.H., S.E.K., D.S.J., K.R.W., J.M.A., J.P.A., R.A.,
S.G.B., A.H.B., J. Bates, C.B., R.T.B., J. Blair, J.M.G.B., P.J.B., E.W.B., E.H.B., W.D.B., A.J.B.,
J.F.C., E.C., N.R.C., J.C., S.L.C., J.H.C.C., G.D., A.E., J.F., B.F., L.G., K.G., L.M.H., X.H., H.H.,
M.J.H., A. Jagerbrand, A. Jentsch, C.K., K.K., A.K.K., J.K., W.L., Y.L., R.L.M., J.R.M., J.P.M.,
J.W.M., V.O., S.C.P., J.S.P., J.N.P., P.B.R., C.H.R., F.L.R., O.E.S., E.W.S., M.D.S., N.A.S., L.S.,
K.S., K.B.S., T.S., D.T., P.T., R.T., S.W., Z.X., L.Y., Q.Y., P.Z., and Y.Z. performed research;
K.J.K., M.L.A., N.P.L., F.I., and E.G. analyzed data; and K.J.K. wrote the paper with assis-
tance from all authors.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: komatsuk@si.edu.
2Community Responses to Resource Experiments (CoRRE) Working Group Leader.
3CoRRE Working Group Member.
4Present address: Kansas Biological Survey, University of Kansas, Lawrence, KS 66047.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1819027116/-/DCSupplemental.

Published online August 19, 2019.

www.pnas.org/cgi/doi/10.1073/pnas.1819027116 PNAS | September 3, 2019 | vol. 116 | no. 36 | 17867–17873

EC
O
LO

G
Y

Global change effects on plant communities are
magnified by time and the number of global
change factors imposed
Kimberly J. Komatsua,1,2, Meghan L. Avoliob,2, Nathan P. Lemoinec,3, Forest Isbelld,3, Emily Grmane,3,
Gregory R. Housemanf,3, Sally E. Koernerg,3, David S. Johnsonh,3, Kevin R. Wilcoxi,3, Juha M. Alataloj,k,
John P. Andersonl, Rien Aertsm, Sara G. Baern,4, Andrew H. Baldwino, Jonathan Batesp, Carl Beierkuhnleinq,
R. Travis Beloter, John Blairs, Juliette M. G. Bloort, Patrick J. Bohlenu, Edward W. Borkv, Elizabeth H. Boughtonw,
William D. Bowmanx, Andrea J. Brittony, James F. Cahill Jr.z, Enrique Chanetonaa, Nona R. Chiariellobb, Jimin Chengcc,
Scott L. Collinsdd, J. Hans C. Cornelissenm, Guozhen Duee, Anu Eskelinenff,gg,hh, Jennifer Firnii, Bryan Fosterjj,kk,
Laura Goughll, Katherine Grossmm,nn, Lauren M. Hallettoo,pp, Xingguo Hanqq, Harry Harmensrr, Mark J. Hovendenss,
Annika Jagerbrandtt, Anke Jentschuu, Christel Kernvv, Kari Klanderudww, Alan K. Knappxx,yy, Juergen Kreylingzz,
Wei Licc, Yiqi Luoaaa, Rebecca L. McCulleybbb, Jennie R. McLarenccc, J. Patrick Megonigala, John W. Morganddd,
Vladimir Onipchenkoeee, Steven C. Penningsfff, Janet S. Prevéyggg, Jodi N. Pricehhh, Peter B. Reichiii,jjj,
Clare H. Robinsonkkk, F. Leland Russellf, Osvaldo E. Salalll, Eric W. Seabloomd, Melinda D. Smithxx,yy,
Nadejda A. Soudzilovskaiammm, Lara Souzannn, Katherine Sudingx, K. Blake Suttleooo, Tony Svejcarppp, David Tilmand,
Pedro Tognettiaa, Roy Turkingtonqqq,rrr, Shannon Whitev, Zhuwen Xusss, Laura Yahdjianaa, Qiang Yuttt,
Pengfei Zhanguuu,vvv, and Yunhai Zhangwww,xxx

Edited by Nils Chr. Stenseth, University of Oslo, Oslo, Norway, and approved July 17, 2019 (received for review November 5, 2018)

Global change drivers (GCDs) are expected to alter community
structure and consequently, the services that ecosystems provide.
Yet, few experimental investigations have examined effects of
GCDs on plant community structure across multiple ecosystem
types, and those that do exist present conflicting patterns. In an
unprecedented global synthesis of over 100 experiments that
manipulated factors linked to GCDs, we show that herbaceous
plant community responses depend on experimental manipulation
length and number of factors manipulated. We found that plant
communities are fairly resistant to experimentally manipulated
GCDs in the short term (<10 y). In contrast, long-term (≥10 y)
experiments show increasing community divergence of treat-
ments from control conditions. Surprisingly, these community
responses occurred with similar frequency across the GCD types
manipulated in our database. However, community responses
were more common when 3 or more GCDs were simultaneously
manipulated, suggesting the emergence of additive or synergistic
effects of multiple drivers, particularly over long time periods. In
half of the cases, GCD manipulations caused a difference in com-
munity composition without a corresponding species richness dif-
ference, indicating that species reordering or replacement is an
important mechanism of community responses to GCDs and
should be given greater consideration when examining conse-
quences of GCDs for the biodiversity–ecosystem function relation-
ship. Human activities are currently driving unparalleled global
changes worldwide. Our analyses provide the most comprehen-
sive evidence to date that these human activities may have wide-
spread impacts on plant community composition globally, which
will increase in frequency over time and be greater in areas
where communities face multiple GCDs simultaneously.
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Human activities are driving unprecedented changes in many
factors that may affect the composition and functioning of

plant communities. Determining the factors that cause alter-
ations in plant community structure is critical, as important
ecosystem functions and services are influenced by plant com-
munity composition (1, 2). Changes in resource availability (e.g.,
atmospheric carbon dioxide [CO2], nitrogen [N], precipitation
patterns) may have large consequences for plant community

structure worldwide (3). Yet, our ability to interpret and predict
plant community responses to global change is complicated by
many factors, such as the type of global change driver (GCD)
and the environmental context. Observational and experimental
evidence has demonstrated disparate and seemingly conflicting
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Accurate prediction of community responses to global change
drivers (GCDs) is critical given the effects of biodiversity on
ecosystem services. There is consensus that human activities
are driving species extinctions at the global scale, but debate
remains over whether GCDs are systematically altering local
communities worldwide. Across 105 experiments that inclu-
ded over 400 experimental manipulations, we found evidence
for a lagged response of herbaceous plant communities to
GCDs caused by shifts in the identities and relative abun-
dances of species, often without a corresponding difference
in species richness. These results provide evidence that com-
munity responses are pervasive across a wide variety of GCDs
on long-term temporal scales and that these responses in-
crease in strength when multiple GCDs are simultaneously
imposed.
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Plant communities are fairly resistant to 
experimentally manipulated GCDs  (Global 
Change Drivers) in the short term (<10 y). 
In contrast, long-term (≥10 y) experiments 
show increasing community divergence of 
treatments from control conditions. 
Surprisingly, these community responses 
occurred with similar frequency across the 
GCD types manipulated in our database. 
However, community responses were more 
common when 3 or more GCDs were 
simultaneously manipulated, suggesting the 
emergence of additive or synergistic effects 
of multiple drivers, particularly over long 
time periods. 
In half of the cases, GCD manipulations 
caused a difference in community 
composition without a corresponding species 
richness difference, indicating that species 
reordering or replacement is an important 
mechanism of community responses to GCDs 
and should be given greater consideration 
when examining consequences of GCDs for 
the biodiversity–ecosystem function 
relationship. 
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The conservation status of most plant species is currently un-
known, despite the fundamental role of plants in ecosystem
health. To facilitate the costly process of conservation assessment,
we developed a predictive protocol using a machine-learning
approach to predict conservation status of over 150,000 land plant
species. Our study uses open-source geographic, environmental, and
morphological trait data, making this the largest assessment of
conservation risk to date and the only global assessment for plants.
Our results indicate that a large number of unassessed species are
likely at risk and identify several geographic regions with the highest
need of conservation efforts, many of which are not currently
recognized as regions of global concern. By providing conservation-
relevant predictions at multiple spatial and taxonomic scales, pre-
dictive frameworks such as the one developed here fill a pressing
need for biodiversity science.

plantae | conservation | predictive modeling | random forest | IUCN

Biodiversity is essential for ecosystem function (1, 2) yet is
being lost at an unprecedented rate (3). This threat to eco-

system function has downstream economic (4) and cultural (1)
consequences that affect human health and well-being (5, 6).
Plants are the foundation of ecosystem architecture and agri-
culture, and as such, changes in plant species diversity strongly
influence processes such as biomass production, decomposition,
and nutrient cycling (7, 8). Plant diversity is therefore critical for
diversity on other trophic levels (9, 10).
Conserving biodiversity is a complex task that includes scien-

tific, social, and political challenges. Both species (11) and geo-
graphic areas (12) must be identified as targets for conservation
while considering time, monetary costs (13), and community
acceptance (14). For these reasons, the International Union for
Conservation of Nature (IUCN) Red List of Threatened Species
(Red List) is a key conservation tool for both policy makers and
researchers. This list represents the most comprehensive and
consistent listing of conservation status for animal and plant
species worldwide (15). However, despite the essential ecological
role of plant species, plants are not as well represented on the
Red List as animals (13) and are often neglected in favor of
charismatic vertebrates (14). The 2010 Convention on Biological
Diversity (CBD) Global Strategy for Plant Conservation aims to
protect 75% of known threatened plant species, yet only about
one-tenth of plant species are on the Red List (16, 17), whereas
some (1,777) are classified as Data Deficient (DD) and many
unlisted species are likely to be at risk (18, 19). Consequently,
there is an urgent need for more efficient methods of identifying
at-risk species. To meet this need, we developed and evaluated a
predictive protocol that permits a rapid initial assessment of
conservation status for understudied plant taxa.
Our framework assesses risk for all land plant (hereafter, plant)

species with geographic coordinates available on the Global
Biodiversity Information Facility (GBIF). We use a machine-
learning approach to predict plant species Red List status using
open source geographic, environmental, and morphological trait

data for over 150,000 species, allowing us to provide conservation-
relevant predictions at multiple spatial and taxonomic scales.
Random forest (RF), a technique that builds random decision
trees for classification and prediction (20, 21), has recently been
applied to the exploration of biodiversity and conservation (e.g.,
refs. 18 and 22), and we use it to establish a predictive protocol for
at-risk species at continental and global scales. We calculate the
probability of each unlisted or DD species as belonging to a Red
List non-Least Concern (non-LC) category (i.e., likely of being at
risk on some level) and identify variables that are the most im-
portant in predicting conservation risk. We then identify global
conservation hot- and coldspots and provide direct tools for local
and global conservation needs. Our results indicate that a large
number of unassessed species have a high probability of being at
risk, and these probabilities can be used to establish assessment
prioritization. Further, our work identifies global regions in need
of conservation efforts, some of which are not currently recog-
nized as regions of global concern. When appropriate, these re-
sults can be readily applied to direct conservation efforts at both
the species and landscape scales.

Results and Discussion
Unlisted Species with Conservation Risk. Plants represent the base
of both natural and human-modified ecosystems and are central
in sustaining full food chains. However, because of the resources
required to perform detailed species assessments, only a small

Significance

The International Union for Conservation of Nature (IUCN) Red
List of Threatened Species is a key tool for the conservation of
biological diversity. The evaluation and addition of species to
this list is a time-consuming and costly task, and as such, a large
number of species are not listed. For example, only 5% of plant
species housed in the Global Biodiversity Information Facility
are currently listed on the IUCN Red List. The simple and in-
tegrated protocol presented here enables conservation re-
searchers and managers to identify unassessed species most
likely at risk and, thus, assists in the direction of resource al-
location for conservation. Our results suggest that efforts have
been highly skewed geographically, and identify conservation
hotspots in need of further evaluation.
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The conservation status of most plant species is currently un-
known, despite the fundamental role of plants in ecosystem
health. To facilitate the costly process of conservation assessment,
we developed a predictive protocol using a machine-learning
approach to predict conservation status of over 150,000 land plant
species. Our study uses open-source geographic, environmental, and
morphological trait data, making this the largest assessment of
conservation risk to date and the only global assessment for plants.
Our results indicate that a large number of unassessed species are
likely at risk and identify several geographic regions with the highest
need of conservation efforts, many of which are not currently
recognized as regions of global concern. By providing conservation-
relevant predictions at multiple spatial and taxonomic scales, pre-
dictive frameworks such as the one developed here fill a pressing
need for biodiversity science.

plantae | conservation | predictive modeling | random forest | IUCN

Biodiversity is essential for ecosystem function (1, 2) yet is
being lost at an unprecedented rate (3). This threat to eco-

system function has downstream economic (4) and cultural (1)
consequences that affect human health and well-being (5, 6).
Plants are the foundation of ecosystem architecture and agri-
culture, and as such, changes in plant species diversity strongly
influence processes such as biomass production, decomposition,
and nutrient cycling (7, 8). Plant diversity is therefore critical for
diversity on other trophic levels (9, 10).
Conserving biodiversity is a complex task that includes scien-

tific, social, and political challenges. Both species (11) and geo-
graphic areas (12) must be identified as targets for conservation
while considering time, monetary costs (13), and community
acceptance (14). For these reasons, the International Union for
Conservation of Nature (IUCN) Red List of Threatened Species
(Red List) is a key conservation tool for both policy makers and
researchers. This list represents the most comprehensive and
consistent listing of conservation status for animal and plant
species worldwide (15). However, despite the essential ecological
role of plant species, plants are not as well represented on the
Red List as animals (13) and are often neglected in favor of
charismatic vertebrates (14). The 2010 Convention on Biological
Diversity (CBD) Global Strategy for Plant Conservation aims to
protect 75% of known threatened plant species, yet only about
one-tenth of plant species are on the Red List (16, 17), whereas
some (1,777) are classified as Data Deficient (DD) and many
unlisted species are likely to be at risk (18, 19). Consequently,
there is an urgent need for more efficient methods of identifying
at-risk species. To meet this need, we developed and evaluated a
predictive protocol that permits a rapid initial assessment of
conservation status for understudied plant taxa.
Our framework assesses risk for all land plant (hereafter, plant)

species with geographic coordinates available on the Global
Biodiversity Information Facility (GBIF). We use a machine-
learning approach to predict plant species Red List status using
open source geographic, environmental, and morphological trait

data for over 150,000 species, allowing us to provide conservation-
relevant predictions at multiple spatial and taxonomic scales.
Random forest (RF), a technique that builds random decision
trees for classification and prediction (20, 21), has recently been
applied to the exploration of biodiversity and conservation (e.g.,
refs. 18 and 22), and we use it to establish a predictive protocol for
at-risk species at continental and global scales. We calculate the
probability of each unlisted or DD species as belonging to a Red
List non-Least Concern (non-LC) category (i.e., likely of being at
risk on some level) and identify variables that are the most im-
portant in predicting conservation risk. We then identify global
conservation hot- and coldspots and provide direct tools for local
and global conservation needs. Our results indicate that a large
number of unassessed species have a high probability of being at
risk, and these probabilities can be used to establish assessment
prioritization. Further, our work identifies global regions in need
of conservation efforts, some of which are not currently recog-
nized as regions of global concern. When appropriate, these re-
sults can be readily applied to direct conservation efforts at both
the species and landscape scales.

Results and Discussion
Unlisted Species with Conservation Risk. Plants represent the base
of both natural and human-modified ecosystems and are central
in sustaining full food chains. However, because of the resources
required to perform detailed species assessments, only a small
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Anthropogenic climate change is predicted to cause many 
extinctions worldwide1. Although species endemic to islands 
or archipelagos have high conservation value and are vulner-
able to human impacts2,3, there has been no global analysis 
of climate-driven extinction risk focused on island endemics. 
Here, we use conifers as a model system to assess extinc-
tion risk among island endemics under climate projections 
for 2070. We employ the emerging technique of combining 
native and non-native occurrence data to model climatic con-
ditions under which each species can sustain a population4–7 
and also incorporate horticultural data to model the broader 
range of conditions that allow short-term survival. Our pro-
jections indicate that some species will retain suitable cli-
matic conditions, some will experience conditions completely 
precluding survival and others will experience intermediate-
risk conditions that lead to population decline and eventual 
extinction. Based on different climate change models, we 
report island size thresholds of 400 to 20,000!km2, below 
which extinction risks increase. These patterns are driven by 
correlations among island area and the breadth of species’ 
realized, fundamental and tolerance niches. Notably, realized 
and fundamental niche breadth are positively correlated. Our 
results highlight management interventions needed to pro-
tect species from climate-driven extinction across islands of 
different sizes.

The severity of climate-driven extinction risk is uncertain for 
island endemics. They have limited ranges and dispersal opportu-
nities, which could confer high risk, particularly on small islands8. 
Indeed, some island endemics appear seriously threatened (see, for 
example, Ferreira et al.9) and if future conditions fall beyond those 
currently present on a given island, the extinction threat could 
intensify10. However, early species distribution modelling research 
demonstrated the importance of investigating species’ ability to 
thrive in conditions beyond those reflected by their native distribu-
tions (reviewed by Booth11). Later studies confirm that habitability 
of conditions outside those experienced in the native range, termed 
niche disequilibrium, is widespread6,11–14, indicating that species 
may be more resilient to climate change than their native ranges 
suggest. Intriguingly, a global analysis of herpetofauna showed that 
island endemics exhibit especially strong disequilibrium15, which 
may have helped them persist through Pleistocene climate swings. 
Additionally, recent work suggests species inhabiting narrow cli-
matic conditions in their native ranges exhibit the greatest niche 
disequilibrium7,16, which could lessen risk for small-island endem-
ics, since small-ranged species have narrow niches17. However, it is 
unclear whether island endemics exhibit sufficient niche disequilib-
rium to withstand predicted warming.

Given the evidence for climatic niche disequilibrium, Sax et al.4 
suggest that assessments of climate-driven extinction risk should 
consider ‘niche syndromes’, that is, the size and positioning of three 
nested components of a species’ niche, which they define as the 
present conditions in the native range (realized niche), the broader 
range of conditions under which a species could sustain a popula-
tion (fundamental niche) and the even broader range of conditions 
under which some individuals survive but reproductive rates are 
insufficient to sustain populations (tolerance niche). Fundamental 
and tolerance niches are important for island endemics, because 
when the climate of a species’ native island shifts beyond the realized 
niche the new conditions could still overlap the fundamental niche, 
allowing persistence, or the tolerance niche, triggering gradual 
attrition as death rates overtake recruitment rates4. Unfortunately, 
fundamental and tolerance niches are difficult to quantify because 
species’ realized niches underrepresent them by unknown 
amounts5,16,18. No study has quantified all three niche components, 
although some have examined realized and fundamental15,18 or real-
ized and tolerance5, or lumped fundamental and tolerance niches6. 
Together, these studies highlight promising techniques that could be 
combined to quantify species’ full niche syndromes, including fun-
damental and tolerance niches4. For naturalized species, research-
ers can estimate the fundamental niche by circumscribing the range 
of climatic conditions under which each species has self-sustaining 
populations, both native and non-native. For plants grown horticul-
turally, researchers can estimate the tolerance niche by circumscrib-
ing the set of conditions under which mature individuals survive 
unassisted, but reproduction is insufficient to sustain a population. 
If all three niche components are estimated, these estimates could 
be compared with future climate projections to improve assess-
ments of climate-driven extinction risk.

Conifers are an ideal system for evaluating climate-driven 
extinction risk among island endemics due to their diversity (157 
island endemics globally19), horticultural popularity, propensity for 
naturalization and strong representation in occurrence databases. 
Conifers are widely planted and many are naturalized20, affording 
valuable opportunities to quantify their fundamental and tolerance 
niches. Furthermore, their native and non-native distributions are 
well documented19,20, facilitating thorough sampling.

Here, we evaluate climate-driven extinction risk among island 
endemic conifers by modelling their realized, fundamental and 
tolerance niches from native, naturalized and horticultural occur-
rences, and determining whether predicted climate conditions 
in 2070 coincide with species’ estimated niches. We also analyse  
relationships among niche breadth, island size and available  
climate space to disentangle the drivers of extinction and advance 
niche theory.

Niche syndromes reveal climate-driven extinction 
threat to island endemic conifers
Kyle C. Rosenblad! !1,2*, Daniel L. Perret! !1,2 and Dov F. Sax1,2

NATURE CLIMATE CHANGE | VOL 9 | AUGUST 2019 | 627–631 | www.nature.com/natureclimatechange 627

LETTERS
https://doi.org/10.1038/s41558-019-0530-9

1Department of Ecology and Evolutionary Biology, Brown University, Providence, RI, USA. 2Institute at Brown for Environment and Society, Brown University, 
Providence, RI, USA. *e-mail: kyle.c.rosenblad@gmail.com

Anthropogenic climate change is predicted to cause many 
extinctions worldwide1. Although species endemic to islands 
or archipelagos have high conservation value and are vulner-
able to human impacts2,3, there has been no global analysis 
of climate-driven extinction risk focused on island endemics. 
Here, we use conifers as a model system to assess extinc-
tion risk among island endemics under climate projections 
for 2070. We employ the emerging technique of combining 
native and non-native occurrence data to model climatic con-
ditions under which each species can sustain a population4–7 
and also incorporate horticultural data to model the broader 
range of conditions that allow short-term survival. Our pro-
jections indicate that some species will retain suitable cli-
matic conditions, some will experience conditions completely 
precluding survival and others will experience intermediate-
risk conditions that lead to population decline and eventual 
extinction. Based on different climate change models, we 
report island size thresholds of 400 to 20,000!km2, below 
which extinction risks increase. These patterns are driven by 
correlations among island area and the breadth of species’ 
realized, fundamental and tolerance niches. Notably, realized 
and fundamental niche breadth are positively correlated. Our 
results highlight management interventions needed to pro-
tect species from climate-driven extinction across islands of 
different sizes.

The severity of climate-driven extinction risk is uncertain for 
island endemics. They have limited ranges and dispersal opportu-
nities, which could confer high risk, particularly on small islands8. 
Indeed, some island endemics appear seriously threatened (see, for 
example, Ferreira et al.9) and if future conditions fall beyond those 
currently present on a given island, the extinction threat could 
intensify10. However, early species distribution modelling research 
demonstrated the importance of investigating species’ ability to 
thrive in conditions beyond those reflected by their native distribu-
tions (reviewed by Booth11). Later studies confirm that habitability 
of conditions outside those experienced in the native range, termed 
niche disequilibrium, is widespread6,11–14, indicating that species 
may be more resilient to climate change than their native ranges 
suggest. Intriguingly, a global analysis of herpetofauna showed that 
island endemics exhibit especially strong disequilibrium15, which 
may have helped them persist through Pleistocene climate swings. 
Additionally, recent work suggests species inhabiting narrow cli-
matic conditions in their native ranges exhibit the greatest niche 
disequilibrium7,16, which could lessen risk for small-island endem-
ics, since small-ranged species have narrow niches17. However, it is 
unclear whether island endemics exhibit sufficient niche disequilib-
rium to withstand predicted warming.

Given the evidence for climatic niche disequilibrium, Sax et al.4 
suggest that assessments of climate-driven extinction risk should 
consider ‘niche syndromes’, that is, the size and positioning of three 
nested components of a species’ niche, which they define as the 
present conditions in the native range (realized niche), the broader 
range of conditions under which a species could sustain a popula-
tion (fundamental niche) and the even broader range of conditions 
under which some individuals survive but reproductive rates are 
insufficient to sustain populations (tolerance niche). Fundamental 
and tolerance niches are important for island endemics, because 
when the climate of a species’ native island shifts beyond the realized 
niche the new conditions could still overlap the fundamental niche, 
allowing persistence, or the tolerance niche, triggering gradual 
attrition as death rates overtake recruitment rates4. Unfortunately, 
fundamental and tolerance niches are difficult to quantify because 
species’ realized niches underrepresent them by unknown 
amounts5,16,18. No study has quantified all three niche components, 
although some have examined realized and fundamental15,18 or real-
ized and tolerance5, or lumped fundamental and tolerance niches6. 
Together, these studies highlight promising techniques that could be 
combined to quantify species’ full niche syndromes, including fun-
damental and tolerance niches4. For naturalized species, research-
ers can estimate the fundamental niche by circumscribing the range 
of climatic conditions under which each species has self-sustaining 
populations, both native and non-native. For plants grown horticul-
turally, researchers can estimate the tolerance niche by circumscrib-
ing the set of conditions under which mature individuals survive 
unassisted, but reproduction is insufficient to sustain a population. 
If all three niche components are estimated, these estimates could 
be compared with future climate projections to improve assess-
ments of climate-driven extinction risk.

Conifers are an ideal system for evaluating climate-driven 
extinction risk among island endemics due to their diversity (157 
island endemics globally19), horticultural popularity, propensity for 
naturalization and strong representation in occurrence databases. 
Conifers are widely planted and many are naturalized20, affording 
valuable opportunities to quantify their fundamental and tolerance 
niches. Furthermore, their native and non-native distributions are 
well documented19,20, facilitating thorough sampling.

Here, we evaluate climate-driven extinction risk among island 
endemic conifers by modelling their realized, fundamental and 
tolerance niches from native, naturalized and horticultural occur-
rences, and determining whether predicted climate conditions 
in 2070 coincide with species’ estimated niches. We also analyse  
relationships among niche breadth, island size and available  
climate space to disentangle the drivers of extinction and advance 
niche theory.

Niche syndromes reveal climate-driven extinction 
threat to island endemic conifers
Kyle C. Rosenblad! !1,2*, Daniel L. Perret! !1,2 and Dov F. Sax1,2

NATURE CLIMATE CHANGE | VOL 9 | AUGUST 2019 | 627–631 | www.nature.com/natureclimatechange 627

1SCIENTIFIC REPORTS |         (2019) 9:14471  | https://doi.org/10.1038/s41598-019-51107-x

www.nature.com/scientificreports

Vulnerability to climate change of 
islands worldwide and its impact on 
the tree of life
Simon Veron1,2, Maud Mouchet2, Rafaël Govaerts3, Thomas Haevermans1 & Roseli Pellens1

Island systems are among the most vulnerable to climate change, which is predicted to induce shifts in 
temperature, rainfall and/or sea levels. Our aim was: (i) to map the relative vulnerability of islands to 
each of these threats from climate change on a worldwide scale; (ii) to estimate how island vulnerability 
would impact phylogenetic diversity. We focused on monocotyledons, a major group of flowering 
plants that includes taxa of important economic value such as palms, grasses, bananas, taro. Islands 
that were vulnerable to climate change were found at all latitudes, e.g. in Australia, Indonesia, the 
Caribbean, Pacific countries, the United States, although they were more common near the equator. 
The loss of highly vulnerable islands would lead to relatively low absolute loss of plant phylogenetic 
diversity. However, these losses tended to be higher than expected by chance alone even in some highly 
vulnerable insular systems. This suggests the possible collapse of deep and long branches in vulnerable 
islands. Measuring the vulnerability of each island is a first step towards a risk analysis to identify where 
the impacts of climate change are the most likely and what may be their consequences on biodiversity.

It is now widely accepted by the scientific community that the Earth is undergoing drastic climate change due 
to increased greenhouse gas emissions1. Changes in global climate have occurred several times throughout the 
Earth’s history but have stretched over very long periods of time whereas currently these changes are taking place 
over the space of a century or less1–3. This rapid change, associated with other threats resulting from human activ-
ity related to production and consumption4, are having a strong impact on biodiversity5,6. Considered as one of 
the five main causes of species and populations losses7–9, climate change may lead to direct alterations of natural 
habitats, forcing species to move from their historical range, adapt to new environmental conditions, find refuge 
in unaltered microhabitats or may lead to species extinction3,10–13. Importantly, climate change acts in synergy 
with other human-induced threats, such as land use intensification or biological invasion, increasing their effects.

In this context, island biodiversity requires specific attention for several reasons. Insular communities, because 
they are spatially segregated and have evolved in isolation, are characterized by extremely high rates of ende-
mism14,15. Although they occur on less than 5% of the Earth’s terrestrial area, island plants and vertebrates have 
an endemic richness that may exceed that of mainland species by a factor of 9.515. Island biota are also very 
prone to extinction: around 80% of past extinctions and a third of threatened terrestrial species are found on 
islands16. Past extinctions were probably triggered by invasive species, the naïveté of insular species, and the 
high range-restriction of some populations17–22. Although climate change might impact island biota in many 
different ways, it is likely that sea level rise and climate shifts will be of major importance due to their direct 
association with the availability of suitable habitats for terrestrial organisms. Sea level rise is expected to lead to 
the submergence of several islands2,23. Sea level rise may also increase coastal erosion and saline water intrusion, 
impacting natural habitats24,25. This means that elevation, area, and the complexity of shoreline inlets are of major 
importance regarding vulnerability to sea level rise26,27. As for climate shift, it includes changes in the frequency 
and intensity of extreme weather events (e.g. droughts, storm surges, hurricanes), as well as altered patterns of 
seasonal and mid-term weather systems. This leads to the displacement of suitable climatic conditions to different 
altitudinal or latitudinal ranges, which implies that for some island species, suitable climates may only be found 

1Institut de Systématique, Evolution, Biodiversité (ISYEB UMR7205), Muséum national d’Histoire naturelle, CNRS, 
Sorbonne Université, EPHE, Université des Antilles, CP 51, 57 rue Cuvier, 75005, Paris, France. 2Centre d’Ecologie 
et des Sciences de la Conservation (CESCO UMR7204) MNHN, CNRS, Sorbonne Université - CP135, 43 rue Buffon, 
75005, Paris, France. 3Royal Botanic Gardens, Kew, Richmond, Surrey, TW9 3AE, UK. Thomas Haevermans and 
Roseli Pellens jointly supervised this work. Correspondence and requests for materials should be addressed to S.V. 
(email: sveron@edu.mnhn.fr)

Received: 27 November 2018
Accepted: 25 September 2019
Published: xx xx xxxx

OPEN

1SCIENTIFIC REPORTS |         (2019) 9:14471  | https://doi.org/10.1038/s41598-019-51107-x

www.nature.com/scientificreports

Vulnerability to climate change of 
islands worldwide and its impact on 
the tree of life
Simon Veron1,2, Maud Mouchet2, Rafaël Govaerts3, Thomas Haevermans1 & Roseli Pellens1

Island systems are among the most vulnerable to climate change, which is predicted to induce shifts in 
temperature, rainfall and/or sea levels. Our aim was: (i) to map the relative vulnerability of islands to 
each of these threats from climate change on a worldwide scale; (ii) to estimate how island vulnerability 
would impact phylogenetic diversity. We focused on monocotyledons, a major group of flowering 
plants that includes taxa of important economic value such as palms, grasses, bananas, taro. Islands 
that were vulnerable to climate change were found at all latitudes, e.g. in Australia, Indonesia, the 
Caribbean, Pacific countries, the United States, although they were more common near the equator. 
The loss of highly vulnerable islands would lead to relatively low absolute loss of plant phylogenetic 
diversity. However, these losses tended to be higher than expected by chance alone even in some highly 
vulnerable insular systems. This suggests the possible collapse of deep and long branches in vulnerable 
islands. Measuring the vulnerability of each island is a first step towards a risk analysis to identify where 
the impacts of climate change are the most likely and what may be their consequences on biodiversity.

It is now widely accepted by the scientific community that the Earth is undergoing drastic climate change due 
to increased greenhouse gas emissions1. Changes in global climate have occurred several times throughout the 
Earth’s history but have stretched over very long periods of time whereas currently these changes are taking place 
over the space of a century or less1–3. This rapid change, associated with other threats resulting from human activ-
ity related to production and consumption4, are having a strong impact on biodiversity5,6. Considered as one of 
the five main causes of species and populations losses7–9, climate change may lead to direct alterations of natural 
habitats, forcing species to move from their historical range, adapt to new environmental conditions, find refuge 
in unaltered microhabitats or may lead to species extinction3,10–13. Importantly, climate change acts in synergy 
with other human-induced threats, such as land use intensification or biological invasion, increasing their effects.

In this context, island biodiversity requires specific attention for several reasons. Insular communities, because 
they are spatially segregated and have evolved in isolation, are characterized by extremely high rates of ende-
mism14,15. Although they occur on less than 5% of the Earth’s terrestrial area, island plants and vertebrates have 
an endemic richness that may exceed that of mainland species by a factor of 9.515. Island biota are also very 
prone to extinction: around 80% of past extinctions and a third of threatened terrestrial species are found on 
islands16. Past extinctions were probably triggered by invasive species, the naïveté of insular species, and the 
high range-restriction of some populations17–22. Although climate change might impact island biota in many 
different ways, it is likely that sea level rise and climate shifts will be of major importance due to their direct 
association with the availability of suitable habitats for terrestrial organisms. Sea level rise is expected to lead to 
the submergence of several islands2,23. Sea level rise may also increase coastal erosion and saline water intrusion, 
impacting natural habitats24,25. This means that elevation, area, and the complexity of shoreline inlets are of major 
importance regarding vulnerability to sea level rise26,27. As for climate shift, it includes changes in the frequency 
and intensity of extreme weather events (e.g. droughts, storm surges, hurricanes), as well as altered patterns of 
seasonal and mid-term weather systems. This leads to the displacement of suitable climatic conditions to different 
altitudinal or latitudinal ranges, which implies that for some island species, suitable climates may only be found 

1Institut de Systématique, Evolution, Biodiversité (ISYEB UMR7205), Muséum national d’Histoire naturelle, CNRS, 
Sorbonne Université, EPHE, Université des Antilles, CP 51, 57 rue Cuvier, 75005, Paris, France. 2Centre d’Ecologie 
et des Sciences de la Conservation (CESCO UMR7204) MNHN, CNRS, Sorbonne Université - CP135, 43 rue Buffon, 
75005, Paris, France. 3Royal Botanic Gardens, Kew, Richmond, Surrey, TW9 3AE, UK. Thomas Haevermans and 
Roseli Pellens jointly supervised this work. Correspondence and requests for materials should be addressed to S.V. 
(email: sveron@edu.mnhn.fr)

Received: 27 November 2018
Accepted: 25 September 2019
Published: xx xx xxxx

OPEN

3SCIENTIFIC REPORTS |         (2019) 9:14471  | https://doi.org/10.1038/s41598-019-51107-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

and New Guinea, which were highly vulnerable to predicted sea level rise and shifts in rainfall, respectively, and 
whose disappearance would cause large ExpPDloss. Significant ExpPDloss, i.e. higher than expected by chance 
(p_valueind), was found for only a small proportion of islands among all categories of vulnerabilities (Fig. 5). For 
shifts in temperature and sea level rise, the median p-valueind was highest in the “very high vulnerability” category 
(Fig. 5). When considering only endemic genera, the highest ExpPDloss was predicted to occur mainly for islands 
in the “moderately vulnerable” category (Fig. 4). Moreover, only a small proportion of islands had significant 
ExpPDloss (Fig. 5) and they generally had a low or moderate vulnerability to climate change (e.g. Madagascar, 
large Indonesian islands).

Would the extinction of all genera on vulnerable islands cause higher ExpPDloss than extinctions at random?. We 
found contrasting results depending on the threat considered. For shifts in temperature, ExpPDloss was higher 
than expected by chance only when all islands with low vulnerability were lost (p_valueall; Fig. 6). Regarding sea 
level rise and global vulnerability to climate change, p_valueall were relatively high in both islands with moderate 
and very high vulnerability. As for the effect of a shift in rainfall, ExpPDloss was the most significant when highly 
vulnerable islands were lost. Moreover, for three out of the four threats considered, the loss of genera occurring on 
the most vulnerable islands would cause higher ExpPDloss than expected in 60% to 80% of our randomizations. 
Yet, we observed that p_valuesall were poorly congruent with the phylogenetic signal of extinction probabilities 
(Fig. 6).

Similar results were found when focusing only on endemic genera. ExpPDloss was generally greater than by 
chance with the loss of (i) islands with low vulnerability to shifts in temperature; (ii) islands that are highly vul-
nerable to shifts in rainfall; (iii) islands with either high or low vulnerability to sea level rise; and (iv) islands with 
moderate vulnerability to the global threats from climate change  (Fig. 6).

Discussion
The present change in climate is raising many questions regarding its effect on biodiversity and the conservation 
measures to be taken to mitigate its impacts44. In this study, we focused on islands to investigate the vulnerability 
to climate change of these segregated spatial units that strongly contribute to the world’s diversity33. The main 
aims were to categorise islands worldwide according to their vulnerability to climate change and to investigate 
how the estimated vulnerability would impact the tree of life of monocots.

As to be expected, for the set of features considered, the highest vulnerability values were assigned to islands 
that were small, low, jagged, and located in areas where sea level rise, shifts in temperature and/or rainfall were 
predicted to be the highest. Yet, the complex interaction between island features and threat levels meant that 

Figure 1. Worldwide distribution of the 5,565 islands with native monocot species and their classification 
according to four categories of vulnerability (low, moderate, high, very high) to threats related to climate 
change: (a) sea level rise (b) shift in temperature, (c) shift in rainfall, and (d) global vulnerability to climate 
change. Red lines represent the fitted levels of vulnerability scores (cubic smoothing spline) along longitudes 
and latitudes.

Islands that were vulnerable to climate change were 
found at all latitudes, e.g. in Australia, Indonesia, the 
Caribbean, Pacific countries, the United States, 
although they were more common near the equator. 
the loss of highly vulnerable islands would lead to 
relatively low absolute loss of plant phylogenetic 
diversity. However, these losses tended to be higher 
than expected by chance alone even in some highly 
vulnerable insular systems. 
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4 Executive Summary: Progress on the New York Declaration on Forests

1% to 50%

51% to 100%

101% to 200%

>200%

DRC 138% 

Thailand 73% 

Brazil 27% 

Indonesia 25% 

Cambodia 

Laos

-1.0%
-1.1%

-0.2%

-1.5%

Myanmar

Vietnam

Thailand +1.7%

Net change in country’s 
forest cover 2010–17

Deforestation and forest landscape restoration are closely 
connected, but they have largely been treated as separate 
conservation processes. We must preserve and restore natural 
forests, focusing on primary forests and developing countries.

New York Declaration on Forests
2019 Progress Assessment: Key Messages

On the current 
trajectory, our goals 
become more ambitious 
every year as timelines 
get shorter. The world 
is running out of time 
to save tropical forests. 
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Globally, we have not made progress toward ending the loss of natural forests. 
Particularly concerning is the increasing rate of loss of irreplaceable primary forests.

NYDF Goal 1

The global rate of gross tree cover 
loss has increased by 43%—rather 
than decreased toward the goal. 

Since the NYDF was endorsed, 
average annual humid tropical primary 
forest loss has accelerated by 44%.

Annual CO2 emissions from tropical 
tree cover loss are equal to the total 
GHG emissions of the European Union.

2010

2018
2013

2000 2020
GOAL

2030
GOAL

Latin America continues to lose 
the most primary forests per year. 
West Africa recently experienced a 
sharp increase in the rate of loss. 

Before NYDF
2001–2013

After NYDF
2014–2018

Change in average annual CO2 emissions
2001–13 vs. 2014–18

3.0 
Mha/yr

4.3 
Mha/yr
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NYDF Goal 5 There is mixed progress on the implementation of forest landscape restoration. 
Restoring natural forests is vital for recovering ecosystem function and services. 
Data limitations make progress difficult to evaluate.

Forest landscape restoration 
aims to restore ecological integrity 
at the same time as improving 
human well-being through 
multifunctional landscapes.

Natural regeneration and ecological 
restoration of forests generate 
large benefits to ecosystem function 
and services. Agroforestry (outside 
forests) improves livelihoods and 
climate adaptation.

Large pledges indicate high political 
will, yet, since 2000 only 18% of 
the 2020 goal has been realized 
as increases in forest or tree cover.

Since 2011, the primary objectives 
for restoration have shifted more 
toward recovering ecosystem 
function and biodiversity.

A pilot study of the Mekong region 
found that, despite restoration 
taking place, there is an overall net 
loss of natural forests.

Three times more restoration is 
happening outside forests compared 
to inside forests. Restoration of 
forests takes decades to centuries and 
cannot replace halting deforestation.

Pledges
170 Mha

Ecosystem 
function and 
biodiversity

Restoration 
of forests

26.7 Mha
2020 Goal
150 Mha

Serious corrective action is needed. Efforts to date have been inadequate to achieve systemic change.

However, in 2017–18 national govern- 
ment and non-government actions 
contributed to a >30% reduction in 
the rate of deforestation in Indonesia.

The private sector is not 
on track to eliminate 
deforestation from 
agricultural production. 
Non-agricultural economic 
sectors continue to pose 
risks to forests. 

2000–2010 2011–2019

16% 31%

Finance is needed. 
Grey finance for 
agriculture is 15 times 
more than green finance 
for forests. Forests receive 
1.5 percent of the climate 
finance to all sectors.

Improvements in forest 
governance have been too 
slow to effectively protect 
forests. This includes land 
titling, transparency, 
adoption of policies, 
and strengthened law 
enforcement.

Figure 1. 
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La biodiversité s’effondre, est-on entré dans la 
sixième extinction ?
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Crise de la biodiversité : 
vision catastrophiste ou 
réalité scientifique ?

Xavier Le Roux est directeur 
de recherche à l’Inra, membre de 
l’Académie d’Europe et responsable 
du réseau européen BiodivERsA.

On parle de plus en plus de la « sixième 
extinction » en référence aux change-
ments actuels et récents de l’état de la 

biodiversité : ce terme est-il seulement un vec-
teur médiatique pour la sensibilisation du public 
ou également un fait scientifique démontré ?

Une sixième
extinction des espèces ?
Les paléontologues ont identifié des périodes 
de l’histoire de la Terre marquées par des 
taux très élevés d’extinction d’espèces ou de 
groupes taxonomiques [1], le nombre de ces 
périodes dépendant du taux minimum d’extinc-
tion considéré. Ils ont notamment coutume de 
distinguer cinq crises majeures dans un conti-

Jean-François Silvain est 
président de la Fondation pour la 
recherche sur la biodiversité.

nuum d’épisodes d’extinction plus ou moins 
marqués [2,3]. Et voici que depuis dix à vingt 
ans, différents scientifiques [4-8] ainsi que des 
journalistes [9] parlent de « sixième extinc-
tion », soulignant que la biodiversité subirait, 
dans la période actuelle (au sens géologique 
du terme), des taux d’érosion très élevés et 
comparables à ceux définissant les cinq autres 
grandes périodes d’extinction. Mais cette fois-ci, 
ces forts taux d’extinction auraient pour origine 
directe ou indirecte les activités humaines et les 
transformations que ces activités induisent sur 
notre planète. Par exemple, le célèbre exercice 
collectif de la communauté scientifique appelé 
« Millenium Ecosystem Assessment » [10], pu-
blié en 2005, fait référence à des taux actuels 

Le concert
des animaux,
Frans Snyders
(1579-1657)
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Pour en savoir plus :
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Une double approche préconisée par la FRB : réduire 
rapidement les pressions directes et indirectes et 

protéger la biodiversité existante 



Le défi des aires protégées 

38

Contributed Paper
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Abstract: Nations of the world have committed to a number of goals and targets to address global envi-
ronmental challenges. Protected areas have for centuries been a key strategy in conservation and play a
major role in addressing current challenges. The most important tool used to track progress on protected-area
commitments is the World Database on Protected Areas (WDPA). Periodic assessments of the world’s protected-
area estate show steady growth over the last 2 decades. However, the current method, which uses the latest
version of the WDPA, does not show the true dynamic nature of protected areas over time and does not provide
information on sites removed from the WDPA. In reality, this method can only show growth or remain stable.
We used GIS tools in an approach to assess protected-area change over time based on 12 temporally distinct
versions of the WDPA that quantify area added and removed from the WDPA annually from 2004 to 2016.
Both the narrative of continual growth of protected area and the counter-narrative of protected area removal
were overly simplistic. The former because growth was almost entirely in the marine realm and the latter
because some areas removed were reprotected in later years. On average 2.5 million km2 was added to the
WDPA annually and 1.1 million km2 was removed. Reasons for the inclusion and removal of protected areas
in the WDPA database were in part due to data-quality issues but also to on-the-ground changes. To meet the
17% protected-area component of Aichi Biodiversity Target 11 by 2020, which stood at 14.7% in 2016, either
the rate of protected-area removal must decrease or the rate of protected-area designation and addition to the
WDPA must increase.

Keywords: Aichi target 11, coverage, protected area, protected area downgrading downsizing degazettement,
World Database on Protected Areas

Dinámica de los Bienes de las Áreas Protegidas desde 2004

Resumen: Paı́ses alrededor del mundo se han comprometido con un número de metas y objetivos para tratar
los retos ambientales mundiales. Las áreas protegidas han funcionado durante siglos como una estrategia
clave en la conservación y juegan un papel importante en cómo se manejan los retos actuales. La herramienta
más importante que se usa para rastrear el progreso de los compromisos con las áreas protegidas es la Base
de Datos Mundial de las Áreas Protegidas (WDPA, en inglés). Las evaluaciones periódicas de los bienes de las
áreas protegidas muestran un crecimiento constante durante las últimas dos décadas. Sin embargo, el método
actual, que usa la versión más reciente de la WDPA, no muestra la verdadera naturaleza dinámica de las
áreas protegidas a lo largo del tiempo y no proporciona información sobre sitios que han sido removidos de la
WDPA. En realidad este método sólo puede mostrar crecimiento o permanecer estable. Usamos herramientas
de SIG en una estrategia para evaluar el cambio de las áreas protegidas a lo largo del tiempo con base en doce
versiones temporalmente distintas de la WDPA que cuantifican las áreas añadidas o removidas de la WDPA

∗email edward.lewis@unep-wcmc.org
Article impact statement: To meet Aichi target 11, the world needs to reduce the rate of protected-area removal or increase the rate of
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coverage (e.g., Butchart et al. 2010; Barnosky et al. 2011;
Tittensor et al. 2014; Newbold et al. 2016), and evidence
for the ability of protected areas to effectively conserve
species (Joppa & Pfaff 2011; Laurance 2012; Barnes et al.
2016).

Understanding how protected-area coverage has
changed over time and understanding the nature of these
changes will remain a fundamental part of trend anal-
yses of protected areas and key to assessing progress
toward targets in the future. All global-scale protected-
area coverage analyses are based on the World Database
on Protected Areas (WDPA). The WDPA is the most com-
prehensive database on terrestrial and marine protected
areas and is a joint project between UN Environment
(UNEP) and International Union for Conservation of Na-
ture (IUCN), managed by UN Environment-World Con-
servation Monitoring Centre (UNEP-WCMC 2016). Fol-
lowing a 1959 UN mandate (United Nations Economic
and Social Council Resolution 713 [XXVII]) that is sup-
ported by 14 decisions by the Conference of Parties of
the Convention on Biological Diversity, data on protected
areas are collected from over 500 mainly governmen-
tal, but also nongovernmental, sources and updated on
a monthly basis at www.protectedplanet.net. Thus, the
WDPA provides a picture of the current protected-areas
global estate. It is therefore the primary resource for cal-
culating the current coverage of protected areas globally;
however, its use in calculating coverage over time has
underappreciated limitations.

Current approaches for estimating protected-area cov-
erage over time are based on the year in which areas
were gazetted (hereafter the existing approach), which
is represented in the WDPA by the field of status year.
Using this field and eliminating overlaps to avoid dou-
ble counting, total protected area is obtained by cu-
mulatively adding the area of all designated protected
areas for each year to the present date; as such, the
result does not provide information on any change or
reduction in protected area from year to year. Those
who have used this approach similarly found a contin-
ual increase in protected area from the start of the time
series (Bertzky et al. 2012; Butchart et al. 2012, 2015;
Juffe-Bignoli et al. 2014; UNEP-WCMC and IUCN 2016).
This approach has 2 key limitations. First, because it is a
cumulative analysis, it cannot show a reduction in area.
Second, because the WDPA is a snapshot of all desig-
nated protected areas at the time of its release, it does
not include protected areas that have been degazetted.
Reductions in the protected-area estate occur (Mascia
et al. 2014), as shown for example in the tracker database
PADDD (Protected Area Downgrading, Downsizing, and
Degazettement) (http://www.padddtracker.org) (World
Wildlife Fund [WWF] 2017). This database highlights a
counter narrative to the narrative of continual protected-
area growth, one in which the protected-area estate is
being weakened and made smaller.

Degazettement or downsizing events need not be dam-
aging to conservation efforts (Fuller et al. 2010), and
reviewing protected areas to assess their efficacy is a
healthy process (Hochkirch et al. 2013). However, the
potential implications of wide scale degazettement or
downsizing occurring without it being recorded in ex-
isting time-series analyses could significantly undermine
conservation efforts. This counter narrative is seen in
reported protected-area statistics: a 15.4% to 14.7% re-
duction in terrestrial protected area from 2014 to 2016.
This change shows the protected-area community needs
more sophisticated knowledge of protected-area dynam-
ics and a better understanding of where sites are being
removed and added to the WDPA over time. Moreover,
the separated narratives of protected-area expansion and
reduction in conservation science literature hampers un-
derstanding of the dynamic nature of the protected-area
estate, which includes the creation of new sites via
gazettement, removal of sites via degazettement, expan-
sion of existing sites, and reduction in area of existing
sites.

We sought to highlight the limitations of the existing
approach to calculating protected-area coverage change
over time; devise a new way to calculate protected-area
coverage change over time (hereafter temporal WDPA
approach); calculate gains and losses in the WDPA at
the global and national scale with this new method; and
to consider our results relative to observed increases in
Aichi Biodiversity Target 11 coverage and the PADDD
literature showing coverage decline in order to balance
the narrative and illuminate the nuances of protected-
area expansion and reduction. We hope such a baseline
methodological study furthers more refined attempts to
better encapsulate the dynamic nature of the world’s pro-
tected area estate.

Methods

Assessing the Existing Approach

To assess the widely used existing approach for tracking
protected area cover change over time, we used an es-
tablished method (Juffe-Bignoli et al. 2014; UNEP-WCMC
and IUCN 2016) to calculate time series for 2 different
versions of the WDPA: the 2014 and 2016 Protected
Planet reports. This was done to demonstrate that even
the existing method can produce quite different time-
series results depending on the version of the WDPA
(Fig. 1). The method was the same for both time series
(see Supporting Information). Protected areas in each
version of the WDPA were split according to the year
of their designation in their current form, as recorded in
the status year field. The overlap between the protected
areas was removed in GIS and then the sum of each year’s
area was added sequentially until the year of the WDPA
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Figure 1. Protected-area growth calculated from the 2014 and 2016 versions of the World Database on Protected
Areas (WDPA) with the established method (status year, field used for analysis, and year in which areas were
gazetted).

version used in the analysis. For those protected areas
for which status year is unknown, we added them to the
first chosen year of the analysis, in this case 1990. This
method resulted in the total area of the global protected
area estate per year, as reported via the designation date
of the current assemblage of protected areas reported to
the WDPA.

Temporal WDPA Approach

To develop a new method to calculate protected-area
change over time that could show in more detail how
the WDPA changes between years, we created a novel
database, the temporal WDPA. This database consisted
of 17 annual versions of the WDPA from 1998 to 2016;
the years 1999 and 2001 remain missing. Each annual ver-
sion was created by combining multiple historic WDPA
subsets with the current WDPA schema. The versions
were enormously diverse in regard to format and spatial
and tabular data quality. Combining these databases re-
quired standardizing field metrics, field types (numeric
or text), and essential accepted values and checking for
duplicate protected areas between intra-annual data sets.
We used the years 2004 to 2016 to give a snapshot of
changes between the 2003 World Parks Congress and
the 2016 World Conservation Congress—2 international
events where the WDPA featured as a key global resource.

Each annual version was composed of a point and a
polygon feature class. Points were buffered in accordance
to their reported area and merged to the polygons to
create 1 definitive feature class per year. Buffering points
has some important limitations (Visconti et al. 2013), but
we used this technique because annual versions of the
WDPA before 2007 consist predominantly of points. Each

annual version was flattened with GIS tools to remove
overlaps between protected areas. It is common practice
to remove certain sites from the WDPA; however, we
used the entirety of the WDPA in each version because
the tabular information required to identify sites for re-
moval is not yet in every version of the WDPA. There are,
therefore, sites in this analysis that are only proposed
or have an unknown status. To compare protected area
between the existing and temporal WDPA approach, we
calculated a third time series with the existing approach
that did not omit the specific sites of the previous 2 time
series (Fig. 2 & Supporting Information). In essence, it
is the entire WDPA per year through the lens of a single
WDPA version, whereas the temporal WDPA is the entire
WDPA through the lens of historic WDPA versions.

Calculating Area Flux

To provide a sensitivity analysis of current understanding
of protected-area change over time, we examined how
the WDPA loses area (negative footprint) and gains area
(positive footprint) between versions of the WDPA.

To quantify the negative footprint, each nation in year
x (e.g., 2009) was iteratively erased from the entire an-
nual version in year x+1 (e.g., 2010), resulting in the
unique area per nation removed from the WDPA in that
time. Conversely, to calculate the positive footprint, we
erased year x+1 from year x to yield the unique area
added to the WDPA in that time interval. For each time
interval, all countries were merged together to show the
overall global area for that footprint. The global positive
and negative footprints for each time interval were then
overlaid on a base map of the world’s coastlines to further
delineate the extent to which the positive and negative
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Abstract: Nature reserves (NR) are the cornerstone of biodiversity conservation. Over the past 60 years, the
rapid expansion of NRs in China, one of the world’s megadiverse countries, has played a critical role in slowing
biodiversity loss. We examined the changes in the number and area of China’s NRs from 1956 to 2014 and
analyzed the effect of economic development on the expansion of China’s NRs from 2005 to 2014 with linear
models. Despite a continuing increase in the number of NRs, the total area of China’s NRs decreased by 3% from
2007 to 2014. This loss resulted from downsizing and degazettement of existing NRs and a slowdown in the
establishment of new ones. Nature reserves in regions with rapid economic development exhibited a greater
decrease in area, suggesting that downsizing and degazettement of NRs are closely related to the intensifying
competition between economic growth and conservation. For example, boundary adjustments to national NRs,
the most strictly protected NRs, along the coast of China’s Yellow Sea, a global biodiversity hotspot with a fast-
growing economy, resulted in the loss of one-third of the total area. One of the most important ecosystems in
these NRs, tidal wetlands, decreased by 27.8% because of boundary adjustments and by 25.2% because of land
reclamation. Our results suggest conservation achievement, in terms of both area and quality, are declining at
least in some regions in the Chinese NR estate. Although the designation of protected areas that are primarily
managed for sustainable use has increased rapidly in recent years in China, we propose that NRs with biodiversity
conservation as their main function should not be replaced or weakened.

Keywords: boundary adjustment, conservation outcome, degazettement, downsizing, protected area, tidal
wetlands, Yellow Sea

Cambios en la Superficie y el Número de Reservas Naturales en China

Resumen: Las reservas naturales (RN) son la piedra angular de la conservación de la biodiversidad. Durante los
últimos 60 años, la rápida expansión de las RN en China, uno de los páıses megadiversos, ha jugado un papel
cŕıtico en la reducción de la pérdida de biodiversidad. Examinamos los cambios en el número y superficie de las
RN en China de 1956 a 2014 y analizamos el efecto del desarrollo económico en la expansión de las RN en China
de 2005 a 2014 mediante modelos lineales. A pesar del incremento continuo en el número de RN, la superficie
total de RN en China decreció en 3% de 2007 a 2014. Esta pérdida resultó de la reducción y cambio de registro
de RN existentes y una desaceleración en el establecimiento de RN nuevas. Las reservas naturales en regiones
con desarrollo económico rápido presentaron una mayor disminución en la superficie, lo que sugiere que la
reducción y cambio de registro de RN están relacionados cercanamente con la intensificación de la competencia
entre crecimiento económico y conservación. Por ejemplo, ajustes en los ĺımites de RN nacionales, las RN más
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estrictamente protegidas, a lo largo de la costa del Mar Amarillo, un sitio de importancia para la biodiversidad
global con una economı́a en rápido crecimiento, resultó en la pérdida de un tercio de la superficie total. Uno
de los ecosistemas más importantes en estas RN, humedales mareales, decreció en 27.8% debido a ajustes en los
ĺımites y en 25.2% debido a la reclamación de tierras. Nuestros resultados sugieren que los logros de conservación,
en términos tanto de área como de calidad, están declinando en las RN de China. Aunque la designación de áreas
protegidas administradas primariamente para un uso sustentable ha incrementado rápidamente en años recientes
en China, proponemos que las RN cuya principal función es la conservación de la biodiversidad no deben ser
reemplazadas o debilitadas.

Palabras Clave: ajuste de ĺımites, área protegida, cambio de registro, humedales mareales, Mar Amarillo, re-
ducción, resultado de la conservación
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Introduction

Designation of protected areas (PAs) is a key mea-
sure for safeguarding species and ecosystems globally
(Watson et al. 2014). At the end of 2014, China, one of
the world’s megadiverse countries, had established 2,729
nature reserves (NRs), the most strictly protected type of
PA. These NRs encompass 147 million ha and cover 14.8%
of China’s land area (MEP 2015). China’s NRs have played
a critical role in biodiversity conservation. For example,
the threatened giant panda (Ailuropoda melanoleuca)
and Crested Ibis (Nipponia nippon) have been protected
in NRs, and their populations have gradually recovered
from the verge of extinction (MEP 2015). Given China’s
huge human population and rapid economic growth, the
expansion of the NRs is a remarkable achievement and an
important effort toward achieving the UN’s Sustainable
Development Goals and the Aichi Biodiversity Targets
(ABTs) for conservation (CBD 2010; UN-DESA 2015).

Although the functions of NRs are well established
(Watson et al. 2014), tension between economic growth
and conservation is a long-standing and globally perva-
sive issue. Over the past century, many NRs have been
subject to downgrading, downsizing, or degazettement
(PADDD, PA downgrading, downsizing, and degazette-
ment; Mascia & Pailler 2011) as a result of the growing
human population and intensifying competition for land
(Mascia & Pailler 2011; Mascia et al. 2014). Since the
late 1970s, China has implemented a policy of reform
to promote economic growth. With an annual economic

growth rate averaging 10% over the past few decades,
China has become the second largest economy in the
world (Miller-Rushing et al. 2017). During this period,
human activities have increased pressure on NRs in China
(Liu et al. 2001, 2003; Chen 2016). For example, although
exploitation of natural resources is prohibited in NRs
(State Council of PRC 2005), it nevertheless occurs in
many sites; some NRs have been degazetted to make way
for construction projects (Ma 2016). Increasing numbers
of China’s NRs have undergone boundary adjustments
in recent years (Xie et al. 2012; Chen 2016; Ma 2016)
(Supporting Information), but it remains unclear whether
these boundary adjustments have increased positive con-
servation outcomes or simply made space for economic
growth thus impairing the conservation function of the
NRs.

Nature reserve boundaries are usually conceptualized
as fixed in perpetuity to protect the biodiversity within,
yet environmental changes can reshape the spatial distri-
bution of species and ecosystems (Hickling et al. 2006;
Pecl et al. 2017), and some existing NRs are poorly placed
with regard to conservation value (Fuller et al. 2010;
Watson et al. 2014). As a consequence, the strategic
adjustment of the boundaries of existing NRs to replace
underperforming parts coupled with the designation of
new NRs to fill conservation gaps could be important for
increasing positive conservation outcomes (Hannah et al.
2007; Fuller et al. 2010). Economic incentives, however,
can strongly affect NR management (Mascia & Pailler
2011; Xie et al. 2012; Visconti et al. 2015), and some
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1985 to 2015. We analyzed changes in 3 major land-
cover types—reclaimed regions (inside artificial shore-
lines), tidal wetlands (between artificial shorelines and
the lowest tidelines), and open ocean (outside the lowest
tidelines)—in each NNR and along the Yellow Sea over
time with ArcGIS 10.1. Linear models were used to detect
the effect of boundary adjustments on the change in area
of tidal wetlands. The models also included the follow-
ing independent variables: boundary adjustment (yes or
no), area of tidal wetlands in the NNR when designated
(logarithmically transformed), and year of designation.

The second-order bias-corrected Akaike’s information
criterion (AICc) was used to select the most parsimonious
model from those models with !AICc <2 (Burnham &
Anderson 2002). Data were analyzed with R (Version
3.3.2), and results are reported as means and SD.

Results

Change in Number and Area of China’s Nature Reserves

The number and area of China’s NRs increased slowly
following the establishment of the first NR in 1956 until
the late 1970s, by which time fewer than 50 NRs had
been established. Both the number and area of NRs then
increased rapidly from the 1980s; over 2,600 NRs (over
95% of the total) had been established by 2014. The
fastest growth of NRs occurred from the late 1990s to
the early 2000s; over 1,800 NRs (66% of the total number
and 46% of the total area) were established from 1996 to
2005. Subsequently, establishment of new NRs slowed
(Supporting Information). The total area of NRs peaked
in 2007 at 152 million ha. Since then, although the total
number of NRs increased by 198 from 2007 to 2014, the
total area decreased by 4.9 million ha (Fig. 1a).

There were 428 NNRs in 2014 (15.7% of the total NRs),
covering a total of 96.5 million ha (i.e., approximately
10% of China’s land area). Both the number and area of
NNRs have increased over the past 2 decades, but the
rate of increase in area has become much slower than
that of number of NNRs (Fig. 1b) because relatively few
new NNRs have been established.

A total of 403 NRs were degazetted from 2005 to
2014, resulting in a loss of 4 million ha of PA (Fig.
2). All the degazetted sites were local NRs. Fifty NNRs
had their boundaries adjusted, including 7 with 2 ad-
justments during the period (Supporting Information).
Nearly half (49.1%, 28 of 57) of those boundary adjust-
ments resulted in a reduction in total area, 22.8% (13
of 57) resulted in no change in area, and 28.1% (16
of 57) resulted in an increase in area. Taken together,
all boundary adjustments of NNRs caused a net loss of
2.8 million ha of PA, which is 15.1% of the area of adjusted
NNRs and 2.9% of all of the NNRs in China. The total core
area shrank by 22.3% as a result of boundary adjustments.
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Figure 1. Number and total area of all China’s (a)
nature reserves and (b) national nature reserves (the
most strictly protected nature reserves) from 1956 to
2014. Insert shows changes in China’s nature reserves
from 2005 to 2014.

The buffer zone and the transition area shrank by 10.3%
and 8.7%, respectively (Supporting Information).

Results of the linear model indicated that change in
area of NRs was significantly related to regional economic
development: the greater the increase in GDP, the greater
the decrease in NR area. Furthermore, NRs in coastal
regions and in regions where NR comprised a higher per-
centage of the regional land area also showed a greater
decrease in area (Fig. 3 & Supporting Information). Gen-
eralized linear models indicated that NNRs with larger
area and that were established earlier and were located
in coastal regions were more likely to undergo boundary
adjustment than small NNRs or those established later or
located inland. The different ecosystem types exhibited
similar probabilities of boundary adjustment (Fig. 4 &
Supporting Information).

Boundary Adjustments to NNRs in the Yellow Sea

Along the Yellow Sea coast, 8 NNRs underwent boundary
adjustments; 3 were adjusted twice (Supporting Infor-
mation). A total of 2.01 million ha, including 199,000
ha of tidal wetlands, 1.17 million ha of open ocean,
and 674,000 ha of reclaimed area, was included in the
NNRs when they were designated. The total area of
coastal NNRs reached its maximum in 2006 (2.00 million
ha) and then decreased as a result of boundary adjust-
ments. The total area of the NNRs in 2015 (1.32 million
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The World Database on Protected Areas (WDPA; visualised in 
Fig. 1) is a major conservation dataset managed by the United 
Nations (UN) Environment World Conservation Monitoring 

Centre (UNEP-WCMC) as a joint product of UN Environment 
and the International Union for Conservation of Nature (IUCN). 
The database has a long history, with its origins in a 1959 United 
Nations Mandate1 (Box 1). Aligning with the 60th anniversary of 
this mandate, we review the history and future of the WDPA. We 
also explore the value of maintaining it and the issues that arise in 
doing so, and describe the unexpectedly diverse range of purposes 
for which it has come to be used.

The many uses of the WDPA
The WDPA has a wide range of uses, and its reach extends to mul-
tiple sectors. In terms of the scale of use, between January 2016 and 
December 2017, the WDPA was downloaded (in whole or in part) 
an average of over 5,000 times per month by users across all regions 
of the world. During the same period, the WDPA was viewed 
through its website an average of 84,884 times per month, amount-
ing to a total of over 2 million page hits. Protected Planet is also 
available through an Application Programming Interface (API), 
enabling its uptake into other platforms and extending the reach 
of the data. Users and uses of the WDPA, identified through online 
searches and direct feedback, can be classified into seven groups:

 1. Use in the monitoring of progress on global agreements. 
One of the WDPA’s primary roles is to track progress toward 
international agreements related to protected areas, which 
are one important conservation tool among many others. In 
2004, UNEP-WCMC and its partners were formally mandated 
by the Convention on Biological Diversity (CBD) to further 

develop the WDPA as a tool to support the monitoring of 
the extent and locations of protected areas, and parties to the 
Convention were urged to provide data to the WDPA2. When 
adopting the Strategic Plan for Biodiversity 2011–2020 and 
the associated Aichi Biodiversity Targets, the CBD once again 
encouraged parties to share their information on protected 
areas3. Since then, the WDPA has been a key component of 
global efforts to monitor progress toward Aichi Biodiversity 
Target 11 (ref. 4). The database provides a mechanism to track 
the implementation of Target 11’s stated goal that “by 2020, 
at least 17 per cent of terrestrial and inland water areas and 
10 per cent of coastal and marine areas, especially areas of 
particular importance for biodiversity and ecosystem services, 
are conserved through effectively and equitably managed, 
ecologically representative and well-connected systems of 
protected areas and other effective area-based conservation 
measures, and integrated into the wider landscape and sea-
scape”5. Similarly, the Millennium Development Goals relied 
upon the WDPA for indicators until their conclusion in 2015, 
as have Sustainable Development Goals 14 and 15 since their 
adoption in the same year. Coverage of Key Biodiversity Areas 
(KBAs)6 by protected areas in the WDPA is used to measure 
progress toward targets focused on terrestrial and inland water 
conservation (target 15.1) and mountain ecosystem conserva-
tion (target 15.4), while both coverage of KBAs and overall 
coverage are used to measure progress against targets focused 
on marine and coastal conservation (target 14.5). Finally, indi-
cators based on the WDPA are recommended by the  
Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES), and have been mobilised 
accordingly for the platform’s regional assessments7 and 
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forthcoming global assessment. A key requirement of global 
indicators is that they must be generated from data that are 
comparable between countries. This means that, ideally, they 
should be derived from a single standardised data source. In 
the absence of the WDPA, it would be impossible to measure 
progress either globally or between countries without replica-
tion of a considerable data-collection effort. The 19 references 
between 2004 and 2018 to the WDPA and Protected Planet in 
decisions of the CBD Conference of the Parties (see Supple-
mentary Material) are evidence of its central importance in 
international conservation and sustainable-use agreements.

 2. Use by government agencies. 
The relationship between the WDPA and national govern-
ments is a collaborative one, with associated benefits on both 
sides. For the majority of countries and territories, govern-
ment agencies are the data providers to the WDPA. This 
relationship enables the WDPA to maintain its status as the 
most comprehensive global database on protected areas, while 
in turn providing added value back to data providers. For 
governments with limited capacity to manage, centralise or 
disseminate spatial data, the availability of WDPA data on the 
Protected Planet web portal allows their data to be viewed and 
downloaded. There are also examples of government agencies 
using the WDPA to inform spatial planning decisions, and as a 
layer within their own tools. These users include the US Army, 
which relies upon the database to delimit ‘no-build zones’ 
around World Heritage Sites8,9, and the National Aeronautics 
and Space Administration (NASA), which uses the database 
to provide information on active fires in and around protected 
areas to natural resource managers10. In another instance, the 
Korea National Park Service collaborated with UNEP-WCMC 
on a systematic conservation-planning exercise in 2016, build-
ing on the WDPA to identify priority areas for future protec-
tion11. Similarly, the Tanzania Forest Service combined the 
WDPA with species data to prioritise Forest Reserves to up-

grade to the status of Nature Reserves. The resulting network 
of nine Nature Reserves will soon be collectively proposed to 
receive World Heritage status12. Additionally, the Jamaican Na-
tional Environment and Planning Agency used the WDPA as a 
template to inform the development of its national protected-
area database13. In other cases, national governments have 
used the WDPA to inform reports that go beyond biodiversity 
issues, such as those related to human health. One such  
case is the Kenyan Ministry of Health, which used the WDPA 
in a 2016 report on controlling the spread of malaria14.  
A final example of government use is uptake of the WDPA by 
the Millennium Challenge Corporation (MCC),  
a US government aid agency that uses third-party indicators  
to assign funds to specific countries. One of its indicators, 
‘Natural Resource Protection’, uses the WDPA to measure gov-
ernments’ commitment to habitat preservation and biodiver-
sity protection (https://www.mcc.gov/who-we-fund/indicator/
natural-resource-protection). Since its creation in 2004, the 
MCC has included the WDPA in a suite of indicators that have 
been used to make decisions on investments amounting to 
US$13 billion.

 3. Use by non-governmental organizations (NGOs) and inter-
governmental institutions. 
The WDPA is widely used by conservation-related NGOs  
and intergovernmental institutions to inform their conserva-
tion strategies. An example is the KBA Partnership formed in 
2016, which comprises 12 of the largest conservation organi-
zations in the world (http://www.keybiodiversityareas.org/
kba-partners). The WDPA is used by the KBA Partnership to 
delineate KBAs that overlap partially or entirely with protected 
areas, and to assess the level of protection of KBAs15 as an 
indicator of progress toward Aichi Biodiversity Target 11 and 
Sustainable Development Goals 14 and 15 (ref. 16).  
In another example, the World Wide Fund for Nature (WWF) 
and the Zoological Society of London have used the WDPA to 

Terrestrial protected areas Marine and coastal protected areas

Fig. 1 | Map of the world, showing the locations of protected areas on land and in the ocean, based on spatial data derived from the WDPA43. Source: 
UNEP-WCMC and IUCN (2019). Protected Planet: The World Database on Protected Areas (WDPA, January 2019, Cambridge, UK: UNEP-WCMC. 
Available at www.protectedplanet.net (accessed January 2019).
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One-sixth of the global terrestrial surface now falls within protected
areas (PAs), making it essential to understand how far they miti-
gate the increasing pressures on nature which characterize the
Anthropocene. In by far the largest analysis of this question to
date and not restricted to forested PAs, we compiled data from 12,315
PAs across 152 countries to investigate their ability to reduce human
pressure and how this varies with socioeconomic and management
circumstances. While many PAs show positive outcomes, strikingly we
find that compared with matched unprotected areas, PAs have on
average not reduced a compound index of pressure change over the
past 15 y. Moreover, in tropical regions average pressure change from
cropland conversion has increased inside PAs even more than in
matched unprotected areas. However, our results also confirm previ-
ous studies restricted to forest PAs, where pressures are increasing,
but less than in counterfactual areas. Our results also show that
countries with high national-level development scores have experi-
enced lower rates of pressure increase over the past 15 y within their
PAs compared with a matched outside area. Our results caution
against the rapid establishment of new PAs without simultaneously
addressing the conditions needed to enable their success.

counterfactual | Human Development Index | human footprint | impact
assessment | management effectiveness

The Anthropocene is characterized by an unparalleled “hu-
man impact on the global environment” (1) leading to dra-

matic declines in biodiversity and potentially the first mass
extinctions brought on by a single species (2). To reverse this
trend, a growing number of multilateral environmental agree-
ments have been adopted, most importantly the Convention on
Biological Diversity (CBD) (3). A chief instrument of the CBD is
the Strategic Plan for Biodiversity 2011–2020, whose Aichi tar-
gets call for the protection of 17% of the earth and 10% of the
oceans (4). This has resulted in the rapid expansion of the global
network of protected areas (PAs), which currently cover ap-
proximately 15% of the terrestrial surface and 7% of the world’s
oceans (5). This is an impressive policy achievement, but merely
designating PAs does not ensure protection of biodiversity. PAs
must deliver real conservation benefits by buffering the wild
populations and habitats they contain from human pressures on
the environment.
Despite wide recognition of the importance of understanding

the role PAs in conserving biodiversity (6), assessing the per-
formance of PAs has proved challenging, and evidence remains
relatively sparse (7) although more recent studies have started to
examine PA performance. Reviews of case studies have shown
that PAs can be and often do contribute to the persistence of
biodiversity (7) and for many of the world’s flagship species, PAs
are now their only remaining stronghold (8). Using remotely
sensed vegetation data, studies have shown that while PAs are
losing forest, these losses on average are less inside than outside
PAs (9–13). Other studies have related observed biodiversity
changes inside PAs to conditions immediately outside (finding
that PAs surrounded by more disturbed landscaped performed

worse) (14) to socioeconomic conditions and governance (find-
ing PAs in more developed countries to be more effective) (9,
15), and to management capacity and resources (finding that
more adequately resourced PAs perform better) (16). However,
these studies have been restricted in scope by the availability of
remote-sensed data for only 1 habitat (i.e., forest) or the subset
of PAs with in situ monitoring of only a subset of the biodiversity
values of the PAs. Further, assessing the performance of existing
PAs requires counterfactual thinking (17)—comparing outcomes
to what would most likely have happened if PAs had not been
established. This is important because PAs are not randomly
located in the landscape but often biased toward remote areas
where pressures on nature are expected to have remained low
even without formal protection (18). Without explicitly ac-
counting for this contextual bias in the location of PAs, changes
in conservation outcomes cannot be convincingly attributed to
PA designation.
To measure the ability of PAs to mitigate pressure, we used

the Temporal Human Pressure Index (THPI—the first global
spatially explicit data layer on recent temporal changes in human
pressure over 15 y from 1995). Our measure of THPI has 2
important strengths. First, our global measure of pressure, while
not perfect, is not biased by a specific habitat type (i.e., forest) or
a potentially nonrepresentative monitoring effort. Second, the
global coverage allows us to compare changes inside PAs with
changes in unprotected areas similar to our PAs in terms of
their initial exposure to pressure and location biases (i.e., their

Significance

Protected areas (PAs) are a key strategy for conserving nature
and halting the loss of biodiversity. Our results show that
while many PAs are effective, the large focus on increasing
terrestrial coverage toward 17% of the earth surface has led to
many PAs failing to stem human pressure. This is particularly
the case for nonforested areas, which have not been assessed
in previous analysis. Thus, we show that relying only on
studies of remote-sensed forest cover can produce a biased
picture of the effectiveness of PAs. Moving forward beyond
the current biodiversity targets, there is a need to ensure that
quality rather than quantity is better integrated and measured.
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One-sixth of the global terrestrial surface now falls within protected
areas (PAs), making it essential to understand how far they miti-
gate the increasing pressures on nature which characterize the
Anthropocene. In by far the largest analysis of this question to
date and not restricted to forested PAs, we compiled data from 12,315
PAs across 152 countries to investigate their ability to reduce human
pressure and how this varies with socioeconomic and management
circumstances. While many PAs show positive outcomes, strikingly we
find that compared with matched unprotected areas, PAs have on
average not reduced a compound index of pressure change over the
past 15 y. Moreover, in tropical regions average pressure change from
cropland conversion has increased inside PAs even more than in
matched unprotected areas. However, our results also confirm previ-
ous studies restricted to forest PAs, where pressures are increasing,
but less than in counterfactual areas. Our results also show that
countries with high national-level development scores have experi-
enced lower rates of pressure increase over the past 15 y within their
PAs compared with a matched outside area. Our results caution
against the rapid establishment of new PAs without simultaneously
addressing the conditions needed to enable their success.

counterfactual | Human Development Index | human footprint | impact
assessment | management effectiveness

The Anthropocene is characterized by an unparalleled “hu-
man impact on the global environment” (1) leading to dra-

matic declines in biodiversity and potentially the first mass
extinctions brought on by a single species (2). To reverse this
trend, a growing number of multilateral environmental agree-
ments have been adopted, most importantly the Convention on
Biological Diversity (CBD) (3). A chief instrument of the CBD is
the Strategic Plan for Biodiversity 2011–2020, whose Aichi tar-
gets call for the protection of 17% of the earth and 10% of the
oceans (4). This has resulted in the rapid expansion of the global
network of protected areas (PAs), which currently cover ap-
proximately 15% of the terrestrial surface and 7% of the world’s
oceans (5). This is an impressive policy achievement, but merely
designating PAs does not ensure protection of biodiversity. PAs
must deliver real conservation benefits by buffering the wild
populations and habitats they contain from human pressures on
the environment.
Despite wide recognition of the importance of understanding

the role PAs in conserving biodiversity (6), assessing the per-
formance of PAs has proved challenging, and evidence remains
relatively sparse (7) although more recent studies have started to
examine PA performance. Reviews of case studies have shown
that PAs can be and often do contribute to the persistence of
biodiversity (7) and for many of the world’s flagship species, PAs
are now their only remaining stronghold (8). Using remotely
sensed vegetation data, studies have shown that while PAs are
losing forest, these losses on average are less inside than outside
PAs (9–13). Other studies have related observed biodiversity
changes inside PAs to conditions immediately outside (finding
that PAs surrounded by more disturbed landscaped performed

worse) (14) to socioeconomic conditions and governance (find-
ing PAs in more developed countries to be more effective) (9,
15), and to management capacity and resources (finding that
more adequately resourced PAs perform better) (16). However,
these studies have been restricted in scope by the availability of
remote-sensed data for only 1 habitat (i.e., forest) or the subset
of PAs with in situ monitoring of only a subset of the biodiversity
values of the PAs. Further, assessing the performance of existing
PAs requires counterfactual thinking (17)—comparing outcomes
to what would most likely have happened if PAs had not been
established. This is important because PAs are not randomly
located in the landscape but often biased toward remote areas
where pressures on nature are expected to have remained low
even without formal protection (18). Without explicitly ac-
counting for this contextual bias in the location of PAs, changes
in conservation outcomes cannot be convincingly attributed to
PA designation.
To measure the ability of PAs to mitigate pressure, we used

the Temporal Human Pressure Index (THPI—the first global
spatially explicit data layer on recent temporal changes in human
pressure over 15 y from 1995). Our measure of THPI has 2
important strengths. First, our global measure of pressure, while
not perfect, is not biased by a specific habitat type (i.e., forest) or
a potentially nonrepresentative monitoring effort. Second, the
global coverage allows us to compare changes inside PAs with
changes in unprotected areas similar to our PAs in terms of
their initial exposure to pressure and location biases (i.e., their
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Protected areas (PAs) are a key strategy for conserving nature
and halting the loss of biodiversity. Our results show that
while many PAs are effective, the large focus on increasing
terrestrial coverage toward 17% of the earth surface has led to
many PAs failing to stem human pressure. This is particularly
the case for nonforested areas, which have not been assessed
in previous analysis. Thus, we show that relying only on
studies of remote-sensed forest cover can produce a biased
picture of the effectiveness of PAs. Moving forward beyond
the current biodiversity targets, there is a need to ensure that
quality rather than quantity is better integrated and measured.
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counterfactual). We use this to assess the performance of 12,315
PAs (Fig. 1). Our sampled PAs are from 152 countries and to-
gether covered 81.8% of the 1995 global PA estate by area (the
start date for the THPI). To investigate large-scale geographical
differences, we examined PA performance for the Afrotropics,
Australasia, Indomalaya, the Nearctic, the Neotropics, and the
Palearctic, respectively. Additionally, we wanted to understand
the role of site-level factors, such as PA design and management,
as well as system-level factors, such as national land-use planning
and legislation in mitigating human pressure. All factors that
have been linked to the performance of PAs (19). To test this, we
examined the relationship between our measures of PA perfor-
mance and a suite of contextual factors for which we had data for
11,491 of the PAs. Finally we included the most widely applied
site-specific assessment of PA management (the Management
Effectiveness Tracking Tool [METT]) to examine the role of
management inputs for a smaller subset of 407 PAs for which we
had METT data.

Results
Across all 6 realms, PAs experienced increased human pressure
(as revealed by positive THPI scores) over the period 1995 to
2010, with the largest increases observed in Indomalaya (mean =
5.53, SE = 0.12), followed by the Afrotropics (mean = 2.95, SE =
0.05), and the smallest in Australasia (mean = 0.27, SE = 0.02)
and the Nearctic (mean = 0.14, SE = 0.03) (Fig. 2A). Comparing
THPI scores inside PAs to their counterfactuals, we found that
PAs underwent lower pressure increases over the last 15 y than
the counterfactuals in the Palearctic (Df = 40,073, F= 2,934, P<
0.001), Australasia (Df = 8,912, F = 388, P < 0.001), and the
Nearctic (Df = 18,670, F= 520, P< 0.001). However, changes in
pressure over the past 15 y were significantly higher inside PAs
than in the counterfactuals in Indomalaya (Df = 5,878, F= 319,
P< 0.001), the Afrotropics (Df = 24,747, F= 2,540, P< 0.001),
and the Neotropics (Df = 18,645, F = 592, P < 0.001). These
results are counter to previous studies that have been restricted
to using avoided deforestation as a proxy for effectiveness. To
examine this discrepancy between our results from forested PAs,
we replicated previous analysis for the Brazilian Amazon (11,

13), Malagasy forested PAs (12), and forested Sumatran PAs (20)
covering the 3 realms. Our results, restricted to forested areas from
these regions corroborated previous matching studies and showed
that for forested PAs, pressure has increased less inside than in the
counterfactual, highlighting a key difference in the patterns found in
forest and those we show for nonforested habitats.
When disaggregating these patterns by the 3 components of

the THPI, Indomalaya experienced the largest increase in both
PAs and unprotected lands in terms of human population density
(Fig. 2B), night lights (Fig. 2C), and agriculture (Fig. 2D).
Comparing the individual THPI components inside versus out-
side PAs, we found that agriculture expanded more over the last
15 y inside than matched outside PAs in Indomalaya (F= 551,
P< 0.001), the Afrotropics (F= 2,329, P< 0.001), and the Pa-
learctic (F = 3,420, P < 0.001), while differences in changes in
agriculture, albeit significant, were indistinguishable between
PAs and their counterfactuals in the Nearctic (F = 850, P <
0.001), Australasia (F= 934, P< 0.001), and the Neotropics (F=
577, P< 0.001) (Fig. 2D). For human population density, there
was little difference in 15-y changes between PAs and the
counterfactuals (Fig. 2B), except for in the Afrotropics where
population growth was lower inside PAs (F = 916, P < 0.001),
and the Neotropics where increases in population numbers were
higher inside PAs than the counterfactual (F= 163, P< 0.001).
PAs in the Nearctic (F= 227, P< 0.001), Palearctic (F= 2,335,
P< 0.001), Afrotropics (F= 377, P< 0.001), and in Indomalaya
(F= 220, P< 0.001) had smaller increases in night light densities
than the counterfactual (Fig. 2C). These patterns were similar
when looking at changes across landcover classes, where agri-
culture increased more inside PAs than in their counterfactuals
across most vegetation types, in particular, in grassland, consis-
tent with the subanalysis for forested PAs (SI Appendix, Fig. S1).
Conversely PAs across all vegetation types were effective at
stemming pressure from humans and night lights.
To examine what factors contribute to the performance of

PAs, we calculated a relative effectiveness score for each PA, as
the difference between the mean change in THPI inside PAs and
the mean change in THPI for the counterfactual. We did this
both for the full set for which we had contextual variables and

Fig. 1. Map of the 12,315 PAs existing in 1995 (blue) from the 152 countries included in the analysis, across Afrotropic = 2,278, Australasia = 871,
Indomalaya = 927, Nearctic = 2,468, Neotropic = 1,033, and Palearctic = 4,738 as well as the 407 PAs for which METT data existed (crimson). Dark gray shows
the countries for which we had METT data.

23210 | www.pnas.org/cgi/doi/10.1073/pnas.1908221116 Geldmann et al.

D
ow

nl
oa

de
d 

at
 IN

IS
T 

C
N

R
S 

on
 N

ov
em

be
r 1

4,
 2

01
9 

While many PAs show positive 
outcomes, strikingly we find that 
compared with matched unprotected 
areas, PAs have on average not 
reduced a compound index of 
pressure change over the past 15 y. 
Moreover, in tropical regions average 
pressure change from cropland 
conversion has increased inside PAs 
even more than in matched 
unprotected areas. 

However, our results also confirm 
previous studies restricted to forest 
PAs, where pressures are increasing, 
but less than in counterfactual areas. 

Our results also show that countries 
with high national-level development 
scores have experienced lower rates 
of pressure increase over the past 15 y 
within their PAs compared with a 
matched outside area. 

Our results caution against the rapid 
establishment of new PAs without 
simultaneously addressing the 
conditions needed to enable their 

success. 



Le défi des aires protégées 

40

sciencemag.org  SCIENCE

G
R

A
P

H
IC

: 
M

. 
K

E
L

L
Y

/
U

W
 C

A
R

T
 L

A
B

By Lisa Naughton-Treves1 

and Margaret Buck Holland2

A
fter 30 years of rapid growth in ter-

restrial protected areas, especially in 

the biodiverse tropics, expansion has 

slowed despite the ongoing mass ex-

tinction of species. Indeed, on page 

881 of this issue, Kroner et al. (1) re-

port that in some regions, the area that is 

protected is declining. They document ex-

amples of protected areas that have been 

made smaller or degazetted entirely, includ-

ing in the United States and the Amazon. 

Taken together, these findings suggest a 

troubling trend; there are few wild spaces 

left to offset these losses with new parks, 

and biodiversity itself is irreplaceable. Even 

more common than erasing or shrinking 

parks are cases where the rules are loosened 

to allow resource use in areas that were pre-

viously strictly protected (1). Understanding 

the impacts of these “downgrades” requires 

reexamining the goals of protected areas 

and recognizing the gap between the offi-

cial rules and actual management.

Species richness and abundance are gen-

erally higher inside than outside terrestrial 

protected areas, a contrast explained partly 

by lower land-use intensity (2). However, 

especially in the tropics, protected areas 

and surrounding regions are home to many 

poor citizens. Some of them rely on the 

same wildlands for income or, in the case 

of the very poor, as a “safety-net” to avoid 

falling into deeper poverty (3, 4). In some 

cases, the creation of parks has undermined 

local livelihoods, particularly in parts of Af-

rica, where parks are associated with colo-

nial land seizures (5).

The relationship between poverty and 

biodiversity conservation is complex, and 

it would be wrong to assume that parks 

inevitably impoverish local people (6). But 

over recent decades, appeals for human 

rights and welfare have led to a more peo-

CONSERVATION

Losing ground 
in protected areas?
Saving biodiversity requires reducing extractive pressures  
and engaging local communities in management

that can insert themselves, and any DNA 

in between them, into other parts of the 

genome. Ishikawa et al. show that transpo-

sons are responsible for the multiple inde-

pendent duplications of Fads2 in different 

freshwater stickleback populations.

Transposons are a classic example of a 

selfish genetic element because of their 

ability to replicate, often at a fitness cost 

to the rest of the genome (or the individual 

organism) (8). Genome-wide surveys of-

ten correlate transposon abundance with 

particular lineages (9, 10) or evolutionary 

innovations to adapt to rapidly changing 

environments, such as the appearance of 

parasites that become locked into a con-

stantly coevolving arms race with hosts. 

For example, a pathogen can evolve the 

best virulent variations of a gene to infect 

the host while the host evolves the best re-

sistant allele to survive parasitism (11). The 

study of Ishikawa et al. is unusual in pin-

pointing an adaptive role for transposons 

that directly increase the number of copies 

of a key metabolic gene in a vertebrate. The 

threshold at which additional Fads2 copies 

will lower rather than increase freshwa-

ter fish fitness remains an open question. 

No fish surveyed by the authors had more 

than three copies of the Fads2 gene.

Most people are familiar with the major 

evolutionary transition of vertebrates from 

water to land. Less appreciated, and more 

repeatable, are those transitions between 

marine habitats and freshwater. In both 

cases, colonizing a new habitat has resulted 

in rapid diversification for some lineages. 

Although all fish originated in saltwater, 

there are currently more species of ray-

finned fish in freshwater than in marine en-

vironments, and the vast majority of marine 

ray-finned fish species have freshwater an-

cestors that migrated back to saltwater (12). 

More studies like that of Ishikawa et al. will 

help to pinpoint the genetic variation nec-

essary for repeated evolutionary transitions 

to different environments. j
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of a key metabolic gene in a vertebrate. The 

threshold at which additional Fads2 copies 

will lower rather than increase freshwa-

ter fish fitness remains an open question. 

No fish surveyed by the authors had more 

than three copies of the Fads2 gene.

Most people are familiar with the major 

evolutionary transition of vertebrates from 

water to land. Less appreciated, and more 

repeatable, are those transitions between 

marine habitats and freshwater. In both 

cases, colonizing a new habitat has resulted 

in rapid diversification for some lineages. 

Although all fish originated in saltwater, 

there are currently more species of ray-

finned fish in freshwater than in marine en-

vironments, and the vast majority of marine 

ray-finned fish species have freshwater an-

cestors that migrated back to saltwater (12). 

More studies like that of Ishikawa et al. will 

help to pinpoint the genetic variation nec-

essary for repeated evolutionary transitions 

to different environments. j

REFERENCES AND NOTES

 1.  A. Ishikawa et al., Science 364, 886 (2019).
 2.  K. F. Liem, Syst. Biol. 22, 425 (1973).
 3.  S. A. Hodges, M. L. Arnold, Proc. R. Soc. B 262, 343 (1995). 
 4.  K. Kawakami, Genome Biol. 8 (suppl. 1), S7 (2007).  
 5.  M. A. Bell, S. A. Foster, Eds., The Evolutionary Biology of the 

Threespine Stickleback (Oxford Univ. Press, 1994).
 6.  B. E. Goulet, F. Roda, R. Hopkins, Plant Physiol. 173, 65 

(2017).  
 7.  F. A. Kondrashov, Proc. R. Soc. B 279, 5048 (2012).  
 8.  M. J. Song, S. Schaack, Am. Nat. 192, 263 (2018).  
 9.  Z. Yuan et al., BMC Genomics 19, 141 (2018).  
 10.  C. G. Sotero-Caio, R. N. Platt 2nd, A. Suh, D. A. Ray, Genome 

Biol. Evol. 9, 161 (2017).  
 11.  A. Muszewska, K. Steczkiewicz, M. Stepniewska-

Dziubinska, K. Ginalski, Sci. Rep. 9, 4307 (2019).  
 12.  G. Carrete Vega, J. J. Wiens, Proc. R. Soc. B 279, 2323 

(2012).  

10.1126/science aax7936

Deforested Newly deforested

1993

Downgrade 
to forest
patrimony area

1979

Establishment of 
Cuyabeno Wildlife 
Reserve

2008 
Delineation 
of ancestral 
indigenous 
territories

1991

Reserve 
expanded

Oil wells

832    31 MAY 2019 • VOL 364 ISSUE 6443

INSIGHTS   |   PERSPECTIVES

Protection status changes
The Cuyabeno Wildlife Reserve, Ecuador, is one of hundreds of examples investigated by Kroner et al. 
For details, see (11).
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PROTECTED AREAS

The uncertain future of protected
lands and waters
Rachel E. Golden Kroner1,2*, Siyu Qin2,3, Carly N. Cook4, Roopa Krithivasan5,
Shalynn M. Pack6, Oscar D. Bonilla7, Kerry Anne Cort-Kansinally8, Bruno Coutinho9,
Mingmin Feng2,10, Maria Isabel Martínez Garcia9, Yifan He2, Chris J. Kennedy1,
Clotilde Lebreton11, Juan Carlos Ledezma12, Thomas E. Lovejoy1, David A. Luther13,
Yohan Parmanand8, César Augusto Ruíz-Agudelo14, Edgard Yerena15,
Vilisa Morón Zambrano15, Michael B. Mascia2

Protected areas are intended to safeguard biodiversity in perpetuity, yet evidence suggests
that widespread legal changes undermine protected area durability and efficacy.We
documented these legal changes—protected area downgrading, downsizing, and
degazettement (PADDD) events—in the United States and Amazonian countries and
compiled available data globally. Governments of the United States and Amazonian
countries enacted 269 and 440 PADDD events, respectively. Between 1892 and 2018,
73 countries enacted 3749 PADDD events, removing 519,857 square kilometers from
protection and tempering regulations in an additional 1,659,972 square kilometers; 78%
of events were enacted since 2000. Most PADDD events (62%) are associated with
industrial-scale resource extraction and development, suggesting that PADDD may
compromise biodiversity conservation objectives. Strategic policy responses are needed
to address PADDD and sustain effective protected areas.

G
overnments have designated nearly 15%of
global lands and 7.3% of oceans as pro-
tected areas (PAs) (1) to “achieve the long-
term conservation of nature” (2). Amid
calls to accelerate PA designation to safe-

guard biodiversity (3), some governments have
initiated large-scale rollbacks to legal protections
(4–9). Collectively, legal changes that temper,
shrink, or abolish PAs are known as protected
area downgrading, downsizing, and degazette-
ment (PADDD) events [(4), Fig. 1]. PADDD events
can accelerate forest loss, fragmentation, and
carbon emissions (5, 6).
Through systematic archival research and ex-

pert consultation (see materials and methods),
we documented enacted and proposed PADDD
events in two regions experiencing rapid environ-
mental policy change: the United States and the
nine Amazonian countries. Combined with prev-

iously published and unpublishedPADDD records
from 66 additional countries collected system-
atically, opportunistically, and through crowd-
sourcing [(5–9), table S1], we present the most
comprehensive global review to date of the
extent, trends, and proximate causes of PADDD.

The United States is home to the first modern
PAs—Yellowstone and Yosemite National Parks—
and has historically been a global conservation
leader. Between 1892 and 2017, however, the U.S.
government enacted at least 269 PADDD events
in 229 terrestrial federal PAs, removing protec-
tions for 15,555 km2 and tempering regulations
in an additional 511,307 km2 (Fig. 2). The U.S.
government enacted PADDD events in 44 states
across all federal land management agencies.
The earliest PADDDeventwas enacted in 1892 in
Yosemite National Park, when Congress author-
ized wagon road and turnpike construction (6);
in 1905, Congress downsized Yosemite by 30%
to enable forestry and mining (6). Most U.S.
PADDD events (n = 186) resulted from a 2016
National Park Service regulation provisionally
allowing Native American tribes to harvest
plants for traditional subsistence purposes if the
activity will have “no significant ecological im-
pact” (10). Conversely, 34 PADDD events were
associated with industrial-scale resource extrac-
tion and development, including the downsizing
of Joshua Tree National Park for mining (1950)
and the downgrading of eight national forests to
allow ski infrastructure construction (1986).
From 1944 to 2017, the U.S. government pro-

posed at least 737 PADDD events in 426 PAs,
which, if enacted, would affect 402,414 km2 of
protected lands. The government introduced
90% of U.S. PADDD proposals since 2000, 99%
of which were associated with industrial-scale
development. For instance, proposals in 2011 and
2015 to authorize infrastructure construction for
national security purposes onpublic lands “within
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Protected Area Downgrade

Downsize Degazettement

A clearly defined geographical space, recognized, 
dedicated and managed, through legal or other effective 
means, to achieve the long-term conservation of nature 
with associated ecosystem services and cultural values.

A decrease in legal restrictions on the number, 
magnitude, or extent of human activities within a 
protected area.

A decrease in size of a protected area as a result of excision 
of land or sea area through a legal boundary change.

A loss of legal protection for an entire 
protected area.

Fig. 1. Protected area downgrading, downsizing, and degazettement. PAs are defined in (2);
downgrading, downsizing, and degazettement are defined in (4). PADDD events are legal (de jure)
changes, as distinct from (but potentially related to) de facto PA management and performance.
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G
overnments have designated nearly 15%of
global lands and 7.3% of oceans as pro-
tected areas (PAs) (1) to “achieve the long-
term conservation of nature” (2). Amid
calls to accelerate PA designation to safe-

guard biodiversity (3), some governments have
initiated large-scale rollbacks to legal protections
(4–9). Collectively, legal changes that temper,
shrink, or abolish PAs are known as protected
area downgrading, downsizing, and degazette-
ment (PADDD) events [(4), Fig. 1]. PADDD events
can accelerate forest loss, fragmentation, and
carbon emissions (5, 6).
Through systematic archival research and ex-

pert consultation (see materials and methods),
we documented enacted and proposed PADDD
events in two regions experiencing rapid environ-
mental policy change: the United States and the
nine Amazonian countries. Combined with prev-

iously published and unpublishedPADDD records
from 66 additional countries collected system-
atically, opportunistically, and through crowd-
sourcing [(5–9), table S1], we present the most
comprehensive global review to date of the
extent, trends, and proximate causes of PADDD.

The United States is home to the first modern
PAs—Yellowstone and Yosemite National Parks—
and has historically been a global conservation
leader. Between 1892 and 2017, however, the U.S.
government enacted at least 269 PADDD events
in 229 terrestrial federal PAs, removing protec-
tions for 15,555 km2 and tempering regulations
in an additional 511,307 km2 (Fig. 2). The U.S.
government enacted PADDD events in 44 states
across all federal land management agencies.
The earliest PADDDeventwas enacted in 1892 in
Yosemite National Park, when Congress author-
ized wagon road and turnpike construction (6);
in 1905, Congress downsized Yosemite by 30%
to enable forestry and mining (6). Most U.S.
PADDD events (n = 186) resulted from a 2016
National Park Service regulation provisionally
allowing Native American tribes to harvest
plants for traditional subsistence purposes if the
activity will have “no significant ecological im-
pact” (10). Conversely, 34 PADDD events were
associated with industrial-scale resource extrac-
tion and development, including the downsizing
of Joshua Tree National Park for mining (1950)
and the downgrading of eight national forests to
allow ski infrastructure construction (1986).
From 1944 to 2017, the U.S. government pro-

posed at least 737 PADDD events in 426 PAs,
which, if enacted, would affect 402,414 km2 of
protected lands. The government introduced
90% of U.S. PADDD proposals since 2000, 99%
of which were associated with industrial-scale
development. For instance, proposals in 2011 and
2015 to authorize infrastructure construction for
national security purposes onpublic lands “within
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We documented legal changes—protected area 
downgrading, downsizing, and degazettement (PADDD) 
events—in the United States and Amazonian countries and 
compiled available data globally. Governments of the 
United States and Amazonian countries enacted 269 and 
440 PADDD events, respectively. 
Between 1892 and 2018, 73 countries enacted 3749 PADDD 
events, removing 519,857 square kilometers from 
protection and tempering regulations in an additional 
1,659,972 square kilometers; 78% of events were enacted 
since 2000. 
Most PADDD events (62%) are associated with industrial-
scale resource extraction and development, suggesting 
that PADDD may compromise biodiversity conservation 
objectives. Strategic policy responses are needed to 
address PADDD and sustain effective protected areas. 
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ized wagon road and turnpike construction (6);
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activity will have “no significant ecological im-
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CONSERVATION ECOLOGY

Cross-boundary human
impacts compromise
the Serengeti-Mara ecosystem
Michiel P. Veldhuis1*, Mark E. Ritchie2, Joseph O. Ogutu3, Thomas A. Morrison4,
Colin M. Beale5, Anna B. Estes6,7, William Mwakilema8, Gordon O. Ojwang1,9,
Catherine L. Parr10,11,12, James Probert10, Patrick W. Wargute9,
J. Grant C. Hopcraft4, Han Olff 1

Protected areas provide major benefits for humans in the form of ecosystem services,
but landscape degradation by human activity at their edges may compromise their
ecological functioning. Using multiple lines of evidence from 40 years of research in the
Serengeti-Mara ecosystem, we find that such edge degradation has effectively “squeezed”
wildlife into the core protected area and has altered the ecosystem’s dynamics even within
this 40,000-square-kilometer ecosystem.This spatial cascade reduced resilience in the core
and was mediated by the movement of grazers, which reduced grass fuel and fires, weakened
the capacity of soils to sequester nutrients and carbon, and decreased the responsiveness
of primary production to rainfall. Similar effects in other protected ecosystems worldwide may
require rethinking of natural resource management outside protected areas.

B
iodiversity is critical for sustaining eco-
system services (1–4), yet the major chal-
lenge is how to conserve it. Protected
areas (PAs), in which human activities
such as hunting, grazing, logging, or con-

version to cropland are restricted, are the do-
minant conservation strategy worldwide (5),
despite potential conflicts of interest with his-
toric rights or the well-being of indigenous
people (6). However, the sustainability of the
PA strategy to preserve biodiversity and eco-
system services is uncertain. One-third of PAs
are under intense human pressure globally (7),
especially from anthropogenic activities along
their borders and despite heavy protection (8–11).
A major question is how these edge areas can
be managed most effectively to best preserve
both biodiversity and human livelihoods (12).
Previous studies suggest that the rates of both
land use change and the growth of human
populations can be highest near PA boundaries
(13–16), and these high rates in turn accelerate
edge degradation through increased livestock
production, crop cultivation, and extraction of
natural resources such as charcoal and bush-

meat. In regions with high human density, the
sharp contrast in natural resources across PA
boundaries leads to “hard edges,”which exacerbate
human-wildlife conflicts (17), leading to two oppos-
ing intervention strategies: Fencing PAs as a form
of “land sparing” from intensively used surround-
ing areas can solve some human-wildlife conflicts
but also prevents beneficial temporary use of
areas outside the reserve by wildlife and requires
intensive management that can be too costly for
large reserves in developing countries (18–20).
An alternative strategy involves “land sharing,”
which promotes the coexistence of humans and
wildlife, especially in buffer zones (21). Most of
Earth’s PAs are not fenced, raising the question of
whether anthropogenic activities at the edges are
increasingly compromising the ecological processes
in the core. The objective of our research is to assess
whether edge effects are currently undermining
the ecological integrity that PAs aim to protect.

The concept of spatial compression
in PAs

At low human population densities, people can
extract sufficient resources and receive addi-

tional benefits from PAs without compromising
them, and conversely, PAs can profit from the
presence of people. Under these conditions, live-
stock and wildlife can coexist outside core PAs
(CPAs) (22, 23). Unprotected areas (UPAs) can
support ecotourism and harvesting of wildlife,
whereas livestock keeping can create local nu-
trient hot spots that increase biodiversity (24, 25).
This can lead tomutually beneficial relationships
between people and wildlife (26) over long pe-
riods (27). However, steep increases in human
populations (through population growth and/
or migration toward CPAs) can result in un-
sustainable use and thus reduce wildlife pop-
ulations both outside and along the edges of
the CPAs (28–30). This may impose a form of
habitat compression that increases wildlife den-
sities within the CPAs by making their effective
size smaller than their geographic size (Fig. 1).
Such habitat compression may result in appar-
ently positive effects (e.g., increased wildlife den-
sities) becoming negative in the long term if they
cause undesirable changes in the functioning
and stability of the ecosystem.
Here, we assess whether spatial compres-

sion alters the key ecological functioning of the
Serengeti-Mara ecosystem in Tanzania andKenya,
one of the largest PAs in theworld. This ecosystem
is famous for its soft-edge land-sharing conserva-
tion strategies that buffer the CPAs formed by the
Serengeti National Park (SNP), theMara Reserve,
and several adjacent areas withmanagement sim-
ilar and complementary to that of the national
parks [CPAs are InternationalUnion for Conserva-
tion of Nature (IUCN) category II] [see (31) and
table S1]. The ecosystem is managed to protect
the diversity of wildlife and ecological processes,
foremost the migration of >2 million large herbi-
vores, primarilywildebeest (Connochaetes taurinus),
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Fig. 1. The concept of spatial
compression in PAs. Unsustainable
activities outside a soft-edge CPA
resulting from human population
growth spatially compress wildlife,
leading to more intense use of
protected land and multiple possible
consequences for the magnitude
and stability of ecosystem pro-
cesses and services. Increased
human population, livestock den-
sities, and/or agricultural intensities convert soft borders that effectively extend the CPA (left) into hard borders that effectively compress the CPA
(right). Lines represent hypothesized wildlife (blue) and livestock (red) densities and agricultural intensity (green).
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Protected areas provide major benefits for humans in the form of ecosystem services,
but landscape degradation by human activity at their edges may compromise their
ecological functioning. Using multiple lines of evidence from 40 years of research in the
Serengeti-Mara ecosystem, we find that such edge degradation has effectively “squeezed”
wildlife into the core protected area and has altered the ecosystem’s dynamics even within
this 40,000-square-kilometer ecosystem.This spatial cascade reduced resilience in the core
and was mediated by the movement of grazers, which reduced grass fuel and fires, weakened
the capacity of soils to sequester nutrients and carbon, and decreased the responsiveness
of primary production to rainfall. Similar effects in other protected ecosystems worldwide may
require rethinking of natural resource management outside protected areas.

B
iodiversity is critical for sustaining eco-
system services (1–4), yet the major chal-
lenge is how to conserve it. Protected
areas (PAs), in which human activities
such as hunting, grazing, logging, or con-

version to cropland are restricted, are the do-
minant conservation strategy worldwide (5),
despite potential conflicts of interest with his-
toric rights or the well-being of indigenous
people (6). However, the sustainability of the
PA strategy to preserve biodiversity and eco-
system services is uncertain. One-third of PAs
are under intense human pressure globally (7),
especially from anthropogenic activities along
their borders and despite heavy protection (8–11).
A major question is how these edge areas can
be managed most effectively to best preserve
both biodiversity and human livelihoods (12).
Previous studies suggest that the rates of both
land use change and the growth of human
populations can be highest near PA boundaries
(13–16), and these high rates in turn accelerate
edge degradation through increased livestock
production, crop cultivation, and extraction of
natural resources such as charcoal and bush-

meat. In regions with high human density, the
sharp contrast in natural resources across PA
boundaries leads to “hard edges,”which exacerbate
human-wildlife conflicts (17), leading to two oppos-
ing intervention strategies: Fencing PAs as a form
of “land sparing” from intensively used surround-
ing areas can solve some human-wildlife conflicts
but also prevents beneficial temporary use of
areas outside the reserve by wildlife and requires
intensive management that can be too costly for
large reserves in developing countries (18–20).
An alternative strategy involves “land sharing,”
which promotes the coexistence of humans and
wildlife, especially in buffer zones (21). Most of
Earth’s PAs are not fenced, raising the question of
whether anthropogenic activities at the edges are
increasingly compromising the ecological processes
in the core. The objective of our research is to assess
whether edge effects are currently undermining
the ecological integrity that PAs aim to protect.

The concept of spatial compression
in PAs

At low human population densities, people can
extract sufficient resources and receive addi-

tional benefits from PAs without compromising
them, and conversely, PAs can profit from the
presence of people. Under these conditions, live-
stock and wildlife can coexist outside core PAs
(CPAs) (22, 23). Unprotected areas (UPAs) can
support ecotourism and harvesting of wildlife,
whereas livestock keeping can create local nu-
trient hot spots that increase biodiversity (24, 25).
This can lead tomutually beneficial relationships
between people and wildlife (26) over long pe-
riods (27). However, steep increases in human
populations (through population growth and/
or migration toward CPAs) can result in un-
sustainable use and thus reduce wildlife pop-
ulations both outside and along the edges of
the CPAs (28–30). This may impose a form of
habitat compression that increases wildlife den-
sities within the CPAs by making their effective
size smaller than their geographic size (Fig. 1).
Such habitat compression may result in appar-
ently positive effects (e.g., increased wildlife den-
sities) becoming negative in the long term if they
cause undesirable changes in the functioning
and stability of the ecosystem.
Here, we assess whether spatial compres-

sion alters the key ecological functioning of the
Serengeti-Mara ecosystem in Tanzania andKenya,
one of the largest PAs in theworld. This ecosystem
is famous for its soft-edge land-sharing conserva-
tion strategies that buffer the CPAs formed by the
Serengeti National Park (SNP), theMara Reserve,
and several adjacent areas withmanagement sim-
ilar and complementary to that of the national
parks [CPAs are InternationalUnion for Conserva-
tion of Nature (IUCN) category II] [see (31) and
table S1]. The ecosystem is managed to protect
the diversity of wildlife and ecological processes,
foremost the migration of >2 million large herbi-
vores, primarilywildebeest (Connochaetes taurinus),
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Fig. 1. The concept of spatial
compression in PAs. Unsustainable
activities outside a soft-edge CPA
resulting from human population
growth spatially compress wildlife,
leading to more intense use of
protected land and multiple possible
consequences for the magnitude
and stability of ecosystem pro-
cesses and services. Increased
human population, livestock den-
sities, and/or agricultural intensities convert soft borders that effectively extend the CPA (left) into hard borders that effectively compress the CPA
(right). Lines represent hypothesized wildlife (blue) and livestock (red) densities and agricultural intensity (green).
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Fig. 1. The concept of spatial
compression in PAs. Unsustainable
activities outside a soft-edge CPA
resulting from human population
growth spatially compress wildlife,
leading to more intense use of
protected land and multiple possible
consequences for the magnitude
and stability of ecosystem pro-
cesses and services. Increased
human population, livestock den-
sities, and/or agricultural intensities convert soft borders that effectively extend the CPA (left) into hard borders that effectively compress the CPA
(right). Lines represent hypothesized wildlife (blue) and livestock (red) densities and agricultural intensity (green).
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Fig. 1. The concept of spatial
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resulting from human population
growth spatially compress wildlife,
leading to more intense use of
protected land and multiple possible
consequences for the magnitude
and stability of ecosystem pro-
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A B S T R A C T

In recent years, the environmental crisis affecting the planet has caused the deterioration of the oceans and a
great loss of biodiversity. In response to these changes, the quantity and extension of coastal and marine pro-
tected areas (MPAs) has increased, highlighting protection as one of the most effective instruments to conserve
biodiversity and its resources. In this study the evolution to the current standing of MPAs within the interna-
tional framework has been analysed, utalising information extracted from the United Nations databases and the
study of specific cases. For this purpose, the planet has been divided into eight regions (according to the United
Nations) and two MPAs have been evaluated within each region, reported in different periods. The results
provide a view of changes to the management of MPAs since their consolidation, as well as current approaches
and challenges. Since the beginning of this century, the criteria used to establish MPAs have been unified
throughout the planet. However, the planning and management of these spaces differs between various regions.
Three main achievements have been identified since the last decade: 1) There is a tendency towards the im-
plementation of an ecosystem approach, widely extended in both the terrestrial and marine environment, which
gives greater importance to the maintenance of ecosystem services; 2) It is recognised that MPAs are an effective
instrument to mitigate the effects of climate change; 3) To achieve effective protection, it is recommended that
MPAs are established beyond waters under national jurisdiction, which is where the majority are concentrated
today. Notably, despite international recommendations and the efforts made by governments and institutions,
the oceans remain one of the ecosystems most affected by the development of human activities.

1. Introduction

In recent years, the environmental crisis affecting the planet has caused
the deterioration of ecosystems and a great loss of biodiversity and habitats.
Coastal-marine zones are especially vulnerable to this degradation as human
activities are increasingly concentrated on the coast and exert great pressure
on these ecosystems, severely affecting them. In addition, the contact be-
tween lithosphere, hydrosphere and atmosphere, results in phenomena that
converge here as being especially interesting from a physical-natural, socio-
economic and juridical-administrative point of view, and require particular
treatment and consideration, especially with regard to spatial planning and
management (Barragán, 2014).

In response to these changes, there has been a rapid increase in the
number and extension of protected areas on a global scale over the last 20
years, which values protection as one of the most effective instruments for
conserving biodiversity and resources, as well as reducing human impact
(Cifuentes et al., 2000). Since 1872, when Yellowstone (Wyoming, USA)
was designated as the first National Park in the world, the approach for the

management of protected areas has evolved. One of management models
that prevails today is that of an ecosystem approach, which promotes
conservation and sustainable use in an equitable manner (Lester et al.,
2010).

The first protected areas that included a coastal-marine component ap-
peared later. According to Salm and Clark (1984), these were Everglades Na-
tional Park (1934) and Fort Jefferson-Dry Tortugas National Park (1935), both
in Florida (USA). The delay of Coastal-Marine Protected Areas (MPAs) in
comparison to terrestrial ones could be justified, due to a lack of knowledge of
the marine environment at that time and the belief that its resources were
unlimited (Patillo, 1997), among other reasons. The first MPAs were often
small marine extensions of protected terrestrial spaces, which were usually
included to allow for the demarcation of the area, for example, a bay (Gubbay,
1995; Salm and Clark, 1984). However, the increase in the MPAs was estab-
lished years later. In the 50s and 60s, due to industrial and technological de-
velopments, oceans became subject to large-scale exploitation, and scientific
studies soon demonstrated their deterioration. The ecological importance of
coastal and marine habitats was highlighted, prompting the need to develop
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MPAs, while Australia, the Cook Islands, New Zealand and Mexico account
for 30% (UNEP-WCMC and IUCN, 2018a,b). The most developed countries
are located in two regions, NAEu and AusNZ, where, correspondingly most
protection of oceans takes place. The 20 largest MPAs in the world cover
70% of the protected area. Table 1 shows the first 10 by size, which ac-
count for 54% of the marine protected space. Large Marine Protected
Areas (LMPAs) cover much of the range of migratory species, giving them
more protection than smaller MPAs. In addition, due to its large size, it can
include several biologically connected ecosystems in the same manage-
ment area. However, they have some drawbacks, such as they may be
more difficult to manage due to their large size and remote location
(Wilhelm et al., 2014).

Although the data reflects progress towards the conservation of bio-
diversity and its resources, protection is still focused on national waters,
protected areas in areas beyond national jurisdiction (ABNJ) have barely
increased during this period. Only 1.18% of the waters in this area are
preserved, even though they represent 61% of the global surface of the
ocean (UNEP-WCMC and IUCN, 2018). This difference within national
waters is justified, in part, by the delay in exploitation of the open sea with
respect to coastal zones and the continental shelf (Merrie et al., 2014), in
addition to the fact that no state has political or legal authority of pro-
tection in this area (Matz-Lück and Fuchs, 2014). The declaration of MPAs
in ABNJ involves great challenges, such as conflicts between conservation
and the freedom to exploit resources, as well as the fact that there is still a
lack of knowledge of the ecosystems of the high seas and their manage-
ment needs. Despite this, an LMPA has recently been declared in the Ross
Sea, which covers an area of approximately 2 million km2, making it the

largest in the world (Table 1), and it is almost entirely a no-take zone
(approximately 72%). However, the mere designation of MPAs is not an
indicator of success in ocean protection, since many of them lack adequate
management.

As Graph 2 demonstrates that no region protected more than 5% of
their national waters at the beginning of the 21st century. NAEu is the area
with the highest coverage, 4.19%, while, O barely had a 0.09% of its
national waters preserved, SubAf had 0.2% and CSAs had 0.27%.

NAEu was also the region that protected the largest area, 1.4 million
km2 (United Nations Statitics Division, 2017). The rest of the regions
protected less than one million km2, with CSAs contributing the smallest
area, 12 407.4 km2 (United Nations Statitics Division, 2017).

Until recently, despite numerous international recommendations, it
was not normal conservation practice to declare MPAs in the marine en-
vironment. Which meant it was far from reaching the same levels of
protection enjoyed by terrestrial areas. Most of which were established in
areas adjacent to the coast, where biological wealth is greater along with
impacts and anthropogenic pressures (Ortiz, 2000).

In 2016, the region that protected a higher percentage is, by far,
AusNz, with 34.3% of its national waters under the protection of MPAs.
This increase is the result of the creation, in 2012, of 40 new MPAs, to-
taling 2.3 million km2, making the Australian MPA network one of the
largest in the world, with a total of 3.1 million km2 (Grech et al., 2014),
behind only to the USA.

The following regions with the largest protected area are O and NAEu,
with 15.58% and 13.43% respectively. The USA is the country that con-
tributes the greatest extension of MPAs to the region, with more than 3.5

Table 1
The 10 largest marine protected areas in the world. Source: UNEP-WCMC and IUCN (2018).
Protected Marine Area Region Year of declaration Surface (km2)

Region of the Ross Sea (ABNJ) ABNJ 2017 2 060 058
Marae Moana: Cook Islands Marine Park (Cook Islands) O 2017 1 982 029
National Reserve of the French Southern Lands (France) NAEu 2016 1 655 001
Papahanaumokuakea National Marine Monument (USA) NAEu 2006 1 516 555
Natural Park of the Coral Sea (New Caledonia, France) NAEu 2014 1 291 643
United States Minor Outlying Islands of the Pacific (USA) NAEu 2009 1 277 784
South Georgia and the South Sandwich Islands (The United Kingdom) NAEu 2012 1 069 872
Coral Sea (Australia) AusNZ 2012 995 261
Steller Sea Lion Protection Areas (USA) NAEu 2002 866 717
Pitcairn Islands Marine Reserve (The United Kingdom) NAEu 2016 839 568

Graph 2. Evolution of the coverage of MPAs over time, as a percentage of different regions of the world. Source: Prepared by the authors using data from the United
Nations Statitics Division (2017).
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Since the beginning of this century, the criteria 
used to establish MPAs have been unified 
throughout the planet. However, the planning and 
management of these spaces differs between 
various regions. Three main achievements have 
been identified since the last decade: 

- 1) There is a tendency towards the 
implementation of an ecosystem approach, widely 
extended in both the terrestrial and marine 
environment, which gives greater importance to 
the maintenance of ecosystem services; 
- 2) It is recognised that MPAs are an effective 
instrument to mitigate the effects of climate 
change; 
- 3) To achieve effective protection, it is 
recommended that MPAs are established beyond 
waters under national jurisdiction, which is where 
the majority are concentrated today. Notably, 
despite international recommendations and the 
efforts made by governments and institutions, the 
oceans remain one of the ecosystems most 
affected by the development of human activities. 
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Coastal zones around the world are increasingly subjected  
 to human and environmental pressures and are in need of 

strategic management (Halpern et al. 2015). The establishment 
of marine protected areas (MPAs) is a commonly used tool for 
improving conservation, food security, and fisheries manage-
ment (Gaines et al. 2010). The ecological effects of fully 
 protected areas (ie no- take areas) are well studied, and the 
abundance and size of species are usually enhanced within (eg 
Claudet et al. 2008; Edgar et al. 2014) and in some cases out-
side of (eg Caselle et al. 2015) these areas. MPAs also support 
the recovery of populations and communities of fish and other 
marine taxa and can preserve habitat structure (Sandin et al. 
2008).

The establishment of fully protected areas has often resulted 
in conflicts between conservation and socioeconomic objec-
tives, especially in areas with numerous users and types of uses 
(Fox et al. 2011). As such, the implementation of partially pro-
tected areas (PPAs), in which some extractive activities may be 
allowed, has in some cases become a preferable option, given 
that PPAs can provide a better balance between social and eco-
logical objectives, and may be easier to implement. 
Simultaneously, in response to international agreements and 
commitments, more and more MPAs are being established, 
most of which are PPAs of one type or another (Lubchenco 
and Grorud- Colvert 2015). It is therefore urgent to identify 

which forms of partial protection can provide socioeconomic 
benefits while still protecting biodiversity.

PPAs are context- dependent, and their regulations vary 
with management objectives; in turn, regulations will likely 
affect their ecological effectiveness. Only a handful of studies 
have examined the effects of different levels of partial protec-
tion (eg Di Franco et al. 2009; Sciberras et al. 2013; Ban et al. 
2014), none of which have been based on a systematic classifi-
cation for these different levels, leading to variable results that 
are difficult to generalize. Sciberras et al. (2013), for instance, 
broadly characterized three types of PPAs based on replies to a 
survey questionnaire that included somewhat subjective ques-
tions (eg whether an activity damages the bottom, targets par-
ticular species, or affects other species); moreover, the study 
did not account for such factors as aquaculture, bottom 
exploitation, and other non- extractive activities (eg anchoring) 
that may impact the marine habitat.

Ban et al. (2014) re- analyzed the dataset used by Sciberras 
et al. (2013) but used the International Union for Conservation 
of Nature (IUCN) categories of protected areas instead (see 
Table 1 in Ban et al. 2014); however, the current IUCN classifica-
tion system is based on management objectives that can be mis-
matched to regulations, resulting in considerable uncertainty 
when evaluating MPA effectiveness (Horta e Costa et al. 2016). 
In fact, when correlating IUCN categories with the expected 
impacts of activities, there is a high degree of variability among, 
and overlap between, categories. There is also no clear trend 
between the expected cumulative impacts of activities and the 
IUCN classification scheme, from more restricted (Ia) to less 
restricted (V or VI) categories (Horta e Costa et al. 2016).

A recently published regulation- based classification system 
for MPAs, that of Horta e Costa et al. (2016), presents a new 

Marine partially protected areas: drivers of 
ecological effectiveness
Mirta Zupan1†, Eliza Fragkopoulou1,2†, Joachim Claudet3,4, Karim Erzini2, Bárbara Horta e Costa1,2,3,4, and  
Emanuel J Gonçalves1*

The number of marine protected areas (MPAs) has grown exponentially worldwide over the past decade in order to meet interna-
tional targets. Most of these protected areas allow extraction of resources and are therefore designated as “partially protected 
areas” (PPAs). However, the effectiveness of PPAs remains unclear due to the high variability of use types permitted. Here, we 
carried out what we believe to be the first global meta- analysis of PPAs using a regulation- based classification system for MPAs to 
assess their ecological effectiveness. This novel classification allows for unambiguous differentiation between areas according to 
allowed use, which is the key feature determining PPA performance. Highly and moderately regulated areas exhibited higher bio-
mass and abundance of commercial fish species, whereas fish abundance and biomass in weakly regulated areas differed little from 
unprotected areas. Notably, the effectiveness of moderately regulated areas can be enhanced by the presence of an adjacent fully 
protected area. We concluded that limited and well- regulated uses in PPAs and the presence of an adjacent fully protected area 
confer ecological benefits, from which socioeconomic advantages are derived.

1MARE Marine and Environmental Sciences Centre, ISPA – Instituto 
Universitário, Lisbon, Portugal *(emanuel@ispa.pt); 2Centre of Marine 
Sciences, CCMAR, University of Algarve, Campus de Gambelas, Faro, 
Portugal; 3National Center for Scientific Research, PSL Université Paris, 
CRIOBE, USR 3278 CNRS-EPHE-UPVD, Maison des Océans, Paris, 
France; 4Laboratoire d’Excellence CORAIL, Moorea, French Polynesia 
†these authors contributed equally to this work

© The Ecological Society of America Front Ecol Environ doi:10.1002/fee.1934

RESEARCH COMMUNICATIONS  1

Front Ecol Environ 2018; 16(7): 1–7, doi:10.1002/fee.1934

Coastal zones around the world are increasingly subjected  
 to human and environmental pressures and are in need of 

strategic management (Halpern et al. 2015). The establishment 
of marine protected areas (MPAs) is a commonly used tool for 
improving conservation, food security, and fisheries manage-
ment (Gaines et al. 2010). The ecological effects of fully 
 protected areas (ie no- take areas) are well studied, and the 
abundance and size of species are usually enhanced within (eg 
Claudet et al. 2008; Edgar et al. 2014) and in some cases out-
side of (eg Caselle et al. 2015) these areas. MPAs also support 
the recovery of populations and communities of fish and other 
marine taxa and can preserve habitat structure (Sandin et al. 
2008).

The establishment of fully protected areas has often resulted 
in conflicts between conservation and socioeconomic objec-
tives, especially in areas with numerous users and types of uses 
(Fox et al. 2011). As such, the implementation of partially pro-
tected areas (PPAs), in which some extractive activities may be 
allowed, has in some cases become a preferable option, given 
that PPAs can provide a better balance between social and eco-
logical objectives, and may be easier to implement. 
Simultaneously, in response to international agreements and 
commitments, more and more MPAs are being established, 
most of which are PPAs of one type or another (Lubchenco 
and Grorud- Colvert 2015). It is therefore urgent to identify 

which forms of partial protection can provide socioeconomic 
benefits while still protecting biodiversity.

PPAs are context- dependent, and their regulations vary 
with management objectives; in turn, regulations will likely 
affect their ecological effectiveness. Only a handful of studies 
have examined the effects of different levels of partial protec-
tion (eg Di Franco et al. 2009; Sciberras et al. 2013; Ban et al. 
2014), none of which have been based on a systematic classifi-
cation for these different levels, leading to variable results that 
are difficult to generalize. Sciberras et al. (2013), for instance, 
broadly characterized three types of PPAs based on replies to a 
survey questionnaire that included somewhat subjective ques-
tions (eg whether an activity damages the bottom, targets par-
ticular species, or affects other species); moreover, the study 
did not account for such factors as aquaculture, bottom 
exploitation, and other non- extractive activities (eg anchoring) 
that may impact the marine habitat.

Ban et al. (2014) re- analyzed the dataset used by Sciberras 
et al. (2013) but used the International Union for Conservation 
of Nature (IUCN) categories of protected areas instead (see 
Table 1 in Ban et al. 2014); however, the current IUCN classifica-
tion system is based on management objectives that can be mis-
matched to regulations, resulting in considerable uncertainty 
when evaluating MPA effectiveness (Horta e Costa et al. 2016). 
In fact, when correlating IUCN categories with the expected 
impacts of activities, there is a high degree of variability among, 
and overlap between, categories. There is also no clear trend 
between the expected cumulative impacts of activities and the 
IUCN classification scheme, from more restricted (Ia) to less 
restricted (V or VI) categories (Horta e Costa et al. 2016).

A recently published regulation- based classification system 
for MPAs, that of Horta e Costa et al. (2016), presents a new 

Marine partially protected areas: drivers of 
ecological effectiveness
Mirta Zupan1†, Eliza Fragkopoulou1,2†, Joachim Claudet3,4, Karim Erzini2, Bárbara Horta e Costa1,2,3,4, and  
Emanuel J Gonçalves1*

The number of marine protected areas (MPAs) has grown exponentially worldwide over the past decade in order to meet interna-
tional targets. Most of these protected areas allow extraction of resources and are therefore designated as “partially protected 
areas” (PPAs). However, the effectiveness of PPAs remains unclear due to the high variability of use types permitted. Here, we 
carried out what we believe to be the first global meta- analysis of PPAs using a regulation- based classification system for MPAs to 
assess their ecological effectiveness. This novel classification allows for unambiguous differentiation between areas according to 
allowed use, which is the key feature determining PPA performance. Highly and moderately regulated areas exhibited higher bio-
mass and abundance of commercial fish species, whereas fish abundance and biomass in weakly regulated areas differed little from 
unprotected areas. Notably, the effectiveness of moderately regulated areas can be enhanced by the presence of an adjacent fully 
protected area. We concluded that limited and well- regulated uses in PPAs and the presence of an adjacent fully protected area 
confer ecological benefits, from which socioeconomic advantages are derived.

1MARE Marine and Environmental Sciences Centre, ISPA – Instituto 
Universitário, Lisbon, Portugal *(emanuel@ispa.pt); 2Centre of Marine 
Sciences, CCMAR, University of Algarve, Campus de Gambelas, Faro, 
Portugal; 3National Center for Scientific Research, PSL Université Paris, 
CRIOBE, USR 3278 CNRS-EPHE-UPVD, Maison des Océans, Paris, 
France; 4Laboratoire d’Excellence CORAIL, Moorea, French Polynesia 
†these authors contributed equally to this work

© The Ecological Society of America Front Ecol Environ doi:10.1002/fee.1934

Marine partially protected areas RESEARCH COMMUNICATIONS  3

where X̄PPA and X̄UPA are the mean abundance/biomass within 
and outside the PPA of study i, respectively. The variance 
vi of the effect sizes (ie the within- study variance) was cal-
culated as follows:

where X̄PPA and X̄UPA are the mean abundance/biomass within 
and outside the PPA of study i, respectively; SDPPA and 
SDUPA are the standard deviations associated with X̄PPA and 
X̄UPA of study i, respectively; and nPPA and nUPA are the 
sample sizes of study i for the estimation of the mean (eg 
number of transects). As in traditional random- effects meta- 
analyses, our weights wi included both the within-  and 
among- study variances, and were calculated as follows:

where vi is defined as above and vA is the among- study 
variance.

The overall effect of partial protection was calculated as a 
weighted average of the effect sizes:

where wi and Ri are defined above. The overall heterogeneity 
(Qt) was calculated as:

and its significance was tested against the χ2 distribution 
with ni – 1 degrees of freedom.

We used weighted general linear (mixed- effects) models to 
examine how different features impact the ecological effective-
ness of PPAs. We first investigated if different types of areas 
exhibited different levels of ecological responses. For a given class 
category, weighted cumulative effect sizes were calculated as:

where nc is the number of PPAs belonging to class c, and Ri 
and wi are defined as above. The heterogeneity of the model 
explained by the class (Qm) was calculated as follows:

where m is the number of classes R̄, and R̄c is calculated 
as above. The significance of Qm was tested against the χ2 
distribution with nc – 1 degrees of freedom.

In addition, we ran models to assess if different features were 
mediating the response to protection, namely (1) the age of the 
protected area, (2) the size of the protected area (measured in 

square kilometers and log- transformed in the analyses), (3) the 
capacity to implement regulations, and (4) the presence/
absence of an adjacent fully protected area. We ran mixed- 
effects categorical analyses for categorical variables and applied 
meta- analytic regression through linear mixed- effects models 
to the continuous variables. In addition, interaction models 
between classes and each of the features were also tested 
(WebTable 2). All statistical analyses were performed with R (R 
Core Team 2016).

Results

Abundance and biomass of targeted fish species were sig-
nificantly higher overall within PPAs than in unprotected 
areas (on average 2.4 and 2.9 times higher, respectively; 
Figure  1). PPA effectiveness was, however, variable across 
studies, both in terms of abundance (Ri = 0.89, Qt = 961, 
df [degrees of freedom] = 35, P < 0.001) and biomass (Ri 
= 1.08, Qt = 2197, df = 38, P < 0.001), with different classes 
exhibiting different levels of effectiveness (abundance Qm = 
11.35, P = 0.0034; biomass Qm = 6.6636, P = 0.048). When 
compared to unprotected areas, highly regulated PPAs sup-
ported 2.9 times higher fish abundance (Rk = 1.1) and 3 
times higher fish biomass (Rk = 1.12), and moderately reg-
ulated PPAs supported 2.9 times higher fish abundance (Rk 
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Figure 1. Ecological effectiveness of partially protected areas (PPAs) for 
(a) abundance and (b) biomass of targeted fish species for all PPAs com-
bined and for PPAs grouped by class (sensu Horta e Costa et al. 2016). The 
horizontal dotted line at 1 represents equal fish abundance or biomass 
within and outside the PPA; values greater than 1 indicate more fish (or 
more biomass) within the PPA; values below 1 indicate fewer fish (or less 
biomass) within the PPA. The bars represent 95% confidence intervals. 
Sample sizes for each group are shown.
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Abstract. Marine protected area (MPA) networks, with varying degrees of protection and use, can be use-
ful tools to achieve both conservation and fisheries management benefits. Assessing whether MPA networks
meet their objectives requires data from Before the establishment of the network to better discern natural
spatiotemporal variation and preexisting differences from the response to protection. Here, we use a Pro-
gressive-Change BACIPS approach to assess the ecological effects of a network of five fully and three mod-
erately protected MPAs on fish communities in two coral reef habitats (lagoon and fore reef) based on a
time series of data collected five times (over three years) Before and 12 times (over nine years) After the net-
work’s establishment on the island of Moorea, French Polynesia. At the network scale, on the fore reef, den-
sity and biomass of harvested fishes increased by 19.3% and 24.8%, respectively, in protected areas relative
to control fished areas. Fully protected areas provided greater ecological benefits than moderately protected
areas. In the lagoon, density and biomass of harvested fishes increased, but only the 31% increase in bio-
mass in fully protected MPAs was significant. Non-harvested fishes did not respond to protection in any of
the habitats. We propose that these responses to protection were small, relative to other MPA assessments,
due to limited compliance and weak surveillance, although other factors such as the occurrence of a crown-
of-thorns starfish outbreak and a cyclone after the network was established may also have impeded the abil-
ity of the network to provide benefits. Our results highlight the importance of using fully protected MPAs
over moderately protected MPAs to achieve conservation objectives, even in complex social–ecological set-
tings, but also stress the need to monitor effects and adapt management based on ongoing assessments.
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INTRODUCTION

Marine protected areas (MPAs) are an impor-
tant management tool to conserve or restore fish

populations inside their borders (Kerwath et al.
2013, Lubchenco and Grorud-Colvert 2015) and
export biomass to surrounding fishing grounds
(McClanahan and Mangi 2000, Go~ni et al. 2008,
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For harvested fish inside the lagoon, the only
significant effect that we detected was on biomass
in the fully protected MPA sub-network, which
showed an increase of 31.1%. Although positive,
the effect on densities was non-significant.

Effects on non-harvested fishes were generally
smaller in magnitude and more often negative
(Fig. 3; Appendix S1: Fig. S2). However, none of
these responses differed from zero, whether for
the whole network or for the two sub-networks.

DISCUSSION

Disentangling the effects of management inter-
ventions from other sources of spatiotemporal
variation is a challenging but necessary task to

derive robust inferences that can inform evi-
dence-based decisions. Before-After Control-
Impact Paired-Series designs are particularly
powerful tools to address this challenge, yet,
although there have been hundreds of assess-
ments of MPAs, very few include data from
Before the establishment of the MPA and even
fewer have multiple surveys from Before (Cas-
tilla and Bustamante 1989, Lincoln-Smith et al.
2006, Shears et al. 2006). As a result, most assess-
ments are unable to unequivocally isolate the
effects of the MPA from preexisting differences
(Osenberg et al. 2006). To our knowledge, this is
the first time a Progressive-Change BACIPS
approach—which expands the scope of BACIPS
analyses beyond the step-change response

Fig. 3. Effect sizes measured at the whole network scale, and for fully protected marine protected areas
(MPAs) and moderately protected MPAs separately, in the lagoon and fore reef, for density and biomass of har-
vested and non-harvested fishes. Effect sizes are expressed as the change in the log-ratio of the density or bio-
mass in the MPA relative to its Control (D) from t = 0 (i.e., <2007) to t = 9 (i.e., 2015) as predicted by the best-fit
model. Changes by a factor of 2 correspond to effects sizes of !0.7 (halving) or 0.7 (doubling) over the 9-yr period
of protection. Positive effects are depicted in red and negative effects in blue. Filled symbols indicate that the
95% confidence interval of the effect does not overlap zero. Shapes indicate the best-fit model: step-change (circle)
and linear (triangle). There were no cases in which the asymptotic or sigmoid model was best supported by the
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THIAULT ET AL.

Fully protected areas provided greater ecological 
benefits than moderately protected areas. In the 
lagoon, density and biomass of harvested fishes 
increased, but only the 31% increase in bio- mass in 
fully protected MPAs was significant. Non-
harvested fishes did not respond to protection in 
any of the habitats. 
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A B S T R A C T

Marine protected areas (MPAs) are key tools to mitigate human impacts in coastal environments, promoting
sustainable activities to conserve biodiversity. The designation of MPAs alone may not result in the lessening of
some human threats, which is highly dependent on management goals and the related specific regulations that
are adopted. Here, we develop and operationalize a local threat assessment framework. We develop indices to
quantify the effectiveness of MPAs (or individual zones within MPAs in the case of multiple-use MPAs) in re-
ducing anthropogenic extractive and non-extractive threats operating at local scale, focusing specifically on
threats that can be managed through MPAs. We apply this framework in 15 Mediterranean MPAs to assess their
threat reduction capacity. We show that fully protected areas effectively eliminate extractive activities, whereas
the intensity of artisanal and recreational fishing within partially protected areas, paradoxically, is higher than
that found outside MPAs, questioning their ability at reaching conservation targets. In addition, both fully and
partially protected areas attract non-extractive activities that are potential threats. Overall, only three of the 15
MPAs had lower intensities for the entire set of eight threats considered, in respect to adjacent control un-
protected areas. Understanding the intensity and occurrence of human threats operating at the local scale inside
and around MPAs is important for assessing MPAs effectiveness in achieving the goals they have been designed
for, informing management strategies, and prioritizing specific actions.
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Abstract. In the Anthropocene, marine ecosystems are rapidly shifting to new ecological
states. Achieving effective conservation of marine biodiversity has become a fast-moving target
because of both global climate change and continuous shifts in marine policies. How prepared
are we to deal with this crisis? We examined EU Member States Programs of Measures
designed for the implementation of EU marine environmental policies, as well as recent Euro-
pean Marine Spatial Plans, and discovered that climate change is rarely considered opera-
tionally. Further, our analysis revealed that monitoring programs in marine protected areas are
often insufficient to clearly distinguish between impacts of local and global stressors. Finally,
we suggest that while the novel global Blue Growth approach may jeopardize previous marine
conservation efforts, it can also provide new conservation opportunities. Adaptive manage-
ment is the way forward (e.g., preserving ecosystem functions in climate change hotspots, and
identifying and targeting climate refugia areas for protection) using Marine Spatial Planning
as a framework for action, especially given the push for Blue Growth.

Key words: adaptive management; Blue Growth; climate change; marine protected areas; marine special
planning; marine strategy framework directive; Mediterranean Sea; policy.

INTRODUCTION

Current local and global stressors continue to alter
marine ecosystems at alarming rates (Halpern et al.
2008, 2015, Hoegh-Guldberg and Bruno 2010,
Poloczanska et al. 2013), despite considerable intentions
in the past few decades to turn the tide. Marine pro-
tected areas (MPAs), and especially no-take marine
reserves, are considered one of the main instruments for

achieving the objectives of marine conservation
(Halpern et al. 2010). Several decades of studies have
indeed shown that, when well managed and enforced,
MPAs can maintain and restore biodiversity and ecosys-
tem functions (Edgar et al. 2014, Sala and Giakoumi
2017). A decade ago, Parties of the Convention on Bio-
logical Diversity agreed to protect 10% of their marine
waters by 2020 (Aichi Target 11). Nonetheless, recent
assessments showed that, so far, only about 2% of the
global ocean is included in fully or highly protected
areas (Lubchenco and Grorud-Colvert 2015, Claudet
and Pendleton 2018), the two classes of MPAs unam-
biguously providing high ecological benefits (Zupan
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A B S T R A C T   

Marine Protected Areas (MPAs) are effective resource management and conservation measures, but their success 
is often hindered by non-compliant activities such as poaching. Understanding the risk factors and spatial pat-
terns of poaching is therefore crucial for efficient law enforcement. Here, we conducted explanatory and pre-
dictive modelling of poaching from recreational fishers within no-take zones of Australia’s Great Barrier Reef 
Marine Park (GBRMP) using Boosted Regression Trees (BRT). Combining patrol effort data, observed distribution 
of reported incidents, and spatially-explicit environmental and human risk factors, we modeled the occurrence 
probability of poaching incidents and mapped poaching risk at fine-scale. Our results: (i) show that fishing 
attractiveness, accessibility and fishing capacity play a major role in shaping the spatial patterns of poaching; (ii) 
revealed key interactions among these factors as well as tipping points beyond which poaching risk increased or 
decreased markedly; and (iii) highlight gaps in patrol effort that could be filled for improved resource allocation. 
The approach developed through this study provide a novel way to quantify the relative influence of multiple 
interacting factors in shaping poaching risk, and hold promises for replication across a broad range of marine or 
terrestrial settings.   

1. Introduction 

Marine Protected Areas (MPAs) are widely promoted as a tool for 
natural resource management and conservation (Lubchenco and 
Grorud-Colvert, 2015). While various elements of MPA design and 
implementation are essential (Claudet et al., 2008; Gill et al., 2017; 
Green et al., 2015; Jupiter and Egli, 2011), the effectiveness of an MPA is 
also reliant on its users’ compliance with regulations. Yet, ensuring 
compliance remains a persistent problem, and numerous non-compliant 
activities (e.g. harvest, waste disposal, dampening, or illegal infra-
structure development) continue to occur within many MPAs world-
wide. Of these, illegal fishing in MPAs (i.e. poaching) is particularly 
prevalent, and can render MPAs ineffective (Campbell et al., 2012; 

Guidetti et al., 2008; Harasti et al., 2019; Samoilys et al., 2007) and 
erode trust in management (Di Franco et al., 2016). 

As with all regulatory frameworks, individual reasons for not 
complying with rules vary between negligent, opportunistic and inten-
tional offending. To be effective, compliance management should 
address each level of offending through appropriate strategies including 
education, engagement and enforcement, respectively (Ivec and 
Braithwaite, 2015). Enforcement is often the most expensive manage-
ment activity in MPAs due to vessel, personnel and legal costs. Strategic 
allocation of resources by targeting patrols to locations and times at 
which poaching is most likely to occur is sensible and necessary. This is 
particularly critical in large scale MPAs where whole of area cannot 
practically be patrolled continually due to sheer size. 

☆ Modelling the interactions between various risk factors can help address the spatial mismatch between poaching and patrol surveillance 
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particularly critical in large scale MPAs where whole of area cannot 
practically be patrolled continually due to sheer size. 

☆ Modelling the interactions between various risk factors can help address the spatial mismatch between poaching and patrol surveillance 
* Corresponding author. National Center for Scientific Research, PSL Universit◆e Paris, CRIOBE, USR3278, CNRS-EPHE-UPVD, Maison des Oc◆eans, 195 rue Saint- 

Jacques, 75005, Paris, France. 
E-mail address: lauric.thiault@gmail.com (L. Thiault).  

Contents lists available at ScienceDirect 

Journal of Environmental Management 

journal homepage: http://www.elsevier.com/locate/jenvman 

https://doi.org/10.1016/j.jenvman.2019.109808 
Received 7 August 2019; Received in revised form 25 October 2019; Accepted 28 October 2019   

Journal of Environmental Management 254 (2020) 109808

4

2019) that we were not able to incorporate here. Hence, our predictive 
model provides a static picture of poaching risk, and assumes that other 
potential drivers are evenly distributed throughout the study area. 

2.4. Building a predictive model of poaching risk 

We fitted the BRT model with a weighted logistic regression for bi-
nary classification against the ten predictors (Table 1) using the {dismo} 
package (Hijmans et al., 2016) in the R statistical software version 3.4.0 
(R Core Team, 2017). This technique requires the specification of three 
main parameters: the shrinkage parameter (tc) limiting the contribution 
of the single trees added to the model through the boosting algorithm, 
the minimum loss reduction required to make a split (lr), and the pro-
portion of data to be selected at each step (bf). In order to identify the 
best set of parameters, we implemented a two-step tuning process that 
retained the set of parameters maximizing cross-validated Area Under 
the Curve (AUC) (see Supplementary Information). We also explored the 
possibility of eliminating non-informative predictor variables to select 
the most parsimonious model, which led to the exclusion of the variable 
coral. The final model explained 61% of the cross-validated variance and 
had an AUC score of 0.93, indicating strong explanatory and predictive 
performance, respectively. 

We calculated the median relative influence of the nine remaining 
predictor variables and 95% confidence intervals from 1,000 bootstrap 
replicates of the original dataset. Based on the same bootstrap replicates, 
we obtained partial dependency plots with 95% confidence intervals to 
visualize the relationships between the most influential predictor vari-
ables and the response (occurrence probability), while keeping all other 
predictors constant. We also quantified the relative interaction strength 
and significance between predictor variables using 500 bootstrap rep-
licates (Pinsky and Byler, 2015). Maps of poaching risk (i.e. predicted 
probability of incident occurrence) were generated from the optimal 
BRT model’s projections over the whole study area at each 50 m ⇥ 50 m 
cell with a continuous scale 0–1 for each bootstrap replicate, allowing 
the median poaching risk to be mapped as well as the 2.5% and 97.5% 
quantiles. Detailed methods used for model building and bootstrapping 

are provided in Supplementary Information. 
Because the model underlying this map of poaching risk accounts for 

heterogeneous detectability, we were able to overlap it with patrol effort 
and identify potential spatial mismatches. We visualized how predicted 
poaching risk overlapped with patrol effort using a bivariate choropleth 
map. 

3. Results 

Almost 75% of the variability of incident occurrence was described 
by four predictors (Fig. 2). Fishing capacity was the most important 
predictor variable, accounting for 25.7% of the explained variability in 
incident occurrence. depth, accessibility, and slope explained a broadly 
similar portion of the variability in incident occurrence, ranging be-
tween 17.8% and 14.3%. Boundary, islands, and facilities had smaller 
contributions to the model prediction (7.1% each). Reefs and aspect 
explained little variability of incident occurrence. 

Fitted function remained low at low levels of fishing capacity (25.7% 
relative influence) and then steadily increased from 100 boats per 50 km 
radius onwards (Fig. 2). Similar patterns were observed for depth 
(17.8%), with initially low levels of poaching likelihood (low fitted 
function) below �40 m increasing until reaching a plateau around 
�20 m depth. Accessibility was the third most important predictor of 
poaching occurrence (15.6%), with a negative sigmoid relationship 
displaying a threshold around 45 km from the nearest boat ramp. Fitted 
function for Slope (14.3%) displayed a positive asymptotic relationship 
that reached a plateau around 15� angle. Other less significant pre-
dictors with negative relationships were distance to: boundary (7.1%), 
islands (7.1%), and reefs (4.6%). 

The analysis of interaction strength between predictor variables 
highlighted strong interactions, especially for fishing capacity. The four 
strongest pairwise interactions were fishing capacity x accessibility 
(71.51; p-value<0.001), fishing capacity x depth (36.9; p-value<0.001), 
slope x accessibility (14.1; p-value<0.001) and fishing capacity x slope 
(9.9; p-value<0.01). Occurrence probability for incidents was higher in 
areas characterized by higher fishing capacity, shallower depths, shorter 

Fig. 2. Predictors of poaching risk in no-take zones. The left panel shows the relative influence (and 95% confidence intervals) of the predictor variables. The right 
panel shows partial dependency plots and 95% confidence intervals for the four most influential variables. The graphs show the effect of a given predictor on the 
probability of incident occurrence while holding all other predictor variables constant at their mean. Note that sum of variables’ relative influence does not equal 100 
because estimates were obtained from bootstrapping. 
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structure development) continue to occur within many MPAs world-
wide. Of these, illegal fishing in MPAs (i.e. poaching) is particularly 
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erode trust in management (Di Franco et al., 2016). 

As with all regulatory frameworks, individual reasons for not 
complying with rules vary between negligent, opportunistic and inten-
tional offending. To be effective, compliance management should 
address each level of offending through appropriate strategies including 
education, engagement and enforcement, respectively (Ivec and 
Braithwaite, 2015). Enforcement is often the most expensive manage-
ment activity in MPAs due to vessel, personnel and legal costs. Strategic 
allocation of resources by targeting patrols to locations and times at 
which poaching is most likely to occur is sensible and necessary. This is 
particularly critical in large scale MPAs where whole of area cannot 
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Abstract
Scientists have advocated for local interventions, such as creating marine
protected areas and implementing fishery restrictions, as ways to mitigate
local stressors to limit the effects of climate change on reef-building corals.
However, in a literature review, we find little empirical support for the notion
of managed resilience. We outline some reasons for why marine protected
areas and the protection of herbivorous fish (especially parrotfish) have had
little effect on coral resilience. One key explanation is that the impacts of
local stressors (e.g., pollution and fishing) are often swamped by the much
greater effect of ocean warming on corals. Another is the sheer complex-
ity (including numerous context dependencies) of the five cascading links
assumed by the managed-resilience hypothesis. If reefs cannot be saved by
local actions alone, then it is time to face reef degradation head-on, by di-
rectly addressing anthropogenic climate change—the root cause of global
coral decline.
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1. INTRODUCTION
Coral reefs provide numerous ecosystem services, including food (Burke et al. 2011) and economic
benefits through fisheries and tourism, to hundreds of millions of people (Figure 1) (Spalding
et al. 2017). The mean economic value of reefs with any tourism is $482,428 per square kilometer
annually, and remarkably, the most valuable reefs generate more than $7 million per square
kilometer annually (Spalding et al. 2017). Reefs also protect coastal communities from large waves
generated by storms or tsunamis (Ferrario et al. 2014, Harris et al. 2018). However, these services
and the continued existence of countless species that inhabit reefs depend on stable populations
of reef-building corals, many of which have been declining globally.

Over the last 30–40 years, the average cover of living coral on tropical reefs has declined by
approximately 50–75% in nearly all regions of the world (Bruno & Selig 2007, Bruno et al. 2009,
De’ath et al. 2012, Gardner et al. 2003, Hughes et al. 2018b, Jackson et al. 2014, Schutte et al.
2010). When coral cover declines, so does habitat complexity (Alvarez-Filip et al. 2009, 2011) and
the diversity of reef inhabitants, including fishes and invertebrates (Idjadi & Edmunds 2006, Jones
et al. 2004, Pratchett et al. 2008). Coral loss also leads to reduced fisheries production, tourism
value, and coastal buffering (Moberg & Folke 1999). Moreover, the ability of reefs to continue to
protect coastal communities from storms as the sea level rises depends on vertical reef accretion
(Beetham et al. 2017, Perry et al. 2018), and reefs can accrete only when the cover of fast-growing,
framework-building species is relatively high (Kennedy et al. 2013; Perry et al. 2013, 2015).

Some putative localized factors causing coral population declines include increased water col-
umn turbidity, sedimentation, eutrophication and other forms of pollution, direct disturbances

Village / 
coastal community

Lagoon

Provision of fish habitat
= income + food

Buffering from storms

Tourism 
(scuba diving)

Live coralsLive coralsLive corals

Accretion of the reefAccretion of the reefAccretion of the reef

Reef frameworkReef frameworkReef framework

Figure 1
Ecosystem services provided by reefs and some of the geological and ecological features that support these benefits to people.
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Figure 2
Example of a long-term field study that measured the effect of disturbances on coral cover in unfished
(protected) and fished sites. Abbreviations: ENSO, El Niño–Southern Oscillation; IOD, Indian Ocean
Dipole. Figure adapted from Darling et al. (2010).

2. IS MANAGED RESILIENCE EFFECTIVE?

2.1. Managed-Resilience Theory

Resilience is the capacity of a system to resist (i.e., limit effects) and recover from a disturbance
(Holling 1973, Nyström et al. 2000). In ecology, resilience is the degree of change (resistance) or
rate of return to a similar predisturbance state (recovery) of a population or community. Multiple
papers have developed and reviewed the application of resilience theory to coral-reef conservation
(Bellwood et al. 2004, Hughes et al. 2010, Mumby & Steneck 2008, Nyström et al. 2008, Roberts
et al. 2017, West & Salm 2003). In practical terms, resistance is measured as a change in ecological
state (e.g., coral cover) in an experiment or monitoring study before and immediately after a
disturbance (the smaller the change, the higher the resistance), and recovery is measured as a rate
or absolute time to return to the predisturbance state (the faster the rate, the greater the recovery)
(Figure 2).

In the context of the protection of coral-reef ecosystems from ocean warming, numerous
mechanisms and management actions that could increase resilience have been proposed. However,
by far the most frequently discussed and promoted pathway is the protection of herbivorous fishes
(e.g., parrotfishes and rabbitfishes) to suppress algal cover (Burkepile & Hay 2006, Burkepile et al.
2009, Mumby et al. 2006, Williams & Polunin 2001). Increased herbivory is assumed to decrease
competition for space, chemical inhibition, disease transmission, and overgrowth of corals by
macroalgae (Dixson et al. 2014, Hughes et al. 2007, Nugues et al. 2004, Smith et al. 2006), thereby
theoretically increasing the postdisturbance recovery rate of coral populations. The hypothesized
interaction chain leading from management to coral community resilience comprises five direct
links (Figure 3): the effects of (1) management on fishing; (2) fishing on the abundance and size
of parrotfishes and other herbivores; (3) parrotfishes (and other herbivores) on algae (primarily
macroalgae); (4) algae on coral recruitment, growth, and survival; and (5) coral recruitment on
rates of postdisturbance recovery of adult coral populations. It is also widely assumed that local
stressors, which are presumably reduced in MPAs, increase the physiological sensitivity of corals to
warming events and other acute disturbances (Shaver et al. 2017). Therefore, in theory, mitigating
these local-scale stressors should increase the resilience of coral colonies and populations.
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Scientists have advocated for local interventions, such as creating marine
protected areas and implementing fishery restrictions, as ways to mitigate
local stressors to limit the effects of climate change on reef-building corals.
However, in a literature review, we find little empirical support for the notion
of managed resilience. We outline some reasons for why marine protected
areas and the protection of herbivorous fish (especially parrotfish) have had
little effect on coral resilience. One key explanation is that the impacts of
local stressors (e.g., pollution and fishing) are often swamped by the much
greater effect of ocean warming on corals. Another is the sheer complex-
ity (including numerous context dependencies) of the five cascading links
assumed by the managed-resilience hypothesis. If reefs cannot be saved by
local actions alone, then it is time to face reef degradation head-on, by di-
rectly addressing anthropogenic climate change—the root cause of global
coral decline.
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The complexity of climate change impacts on ecological processes necessitates flexible

and adaptive conservation strategies that cross traditional disciplines. Current strategies

involving protected areas are predominantly fixed in space, and may on their own

be inadequate under climate change. Here, we propose a novel approach to climate

adaptation that combines permanent protected areas with temporary conservation areas

to create flexible networks. Previous work has tended to consider permanent and

dynamic protection as separate actions, but their integration could draw on the strengths

of both approaches to improve biodiversity conservation and help manage for ecological

uncertainty in the coming decades. As there are often time lags in the establishment

of new permanent protected areas, the inclusion of dynamic conservation areas within

permanent networks could provide critical transient protection to mitigate land-use

changes and biodiversity redistributions. This integrated approach may be particularly

useful in highly human-modified and fragmented landscapes where areas of conservation

value are limited and long-term place-based protection is unfeasible. To determine when

such an approach may be feasible, we propose the use of a decision framework. Under

certain scenarios, these coupled networks have the potential to increase spatio-temporal

network connectivity and help maintain biodiversity and ecological processes under

climate change. Implementing these networks would require multidisciplinary scientific

evidence, new policies, creative funding solutions, and broader acceptance of a dynamic

approach to biodiversity conservation.
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Valor de las Áreas Protegidas para la Persistencia de Aves a lo largo de 20 Años de Cambio Climático y Cambios en
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confidence in our results for PA proximity on health and wealth out-
comes.However, they also demonstrate the value of integrating environ-
mental and socioeconomic data: Elevation and tree cover (negative) and
human population density and rainfall (positive) had similar effects on
health and wealth outcomes as several of the socioeconomic variables
(Fig. 3 and fig. S2).

We used our statistical models to simulate predictions for how
proximity to PAs of different types affects the health and wealth of
people (Fig. 4). We find that all else equal, a hypothetical move of
rural households to within 10 km of PAs with documented tourist
visits would result in significantly higher wealth scores (by 16.7% on
average) and a lower likelihood of poverty (by 16.1%) compared to
similar rural households living further than 10 km from a PA. These
impacts rise to 20.1 and 25.7% for wealth and poverty likelihood, re-
spectively, for a scenario where households shift to living close to
multiple-use PAs (IUCN categories V and VI), rather than those under
stricter protection (IUCN categories I to IV), where tourism has been
documented. Similarly, a hypothetical shift to living near multiple-use
PAs where tourism has been documented would, all else equal, increase
children’s height-for-age growth scores by 9.8% and reduce the likeli-
hood of stunting by 13.4%, compared to similar children living further
than 10 km from a PA. The likelihood of poverty would also be 8.8%
lower for households that shift to live near multiple-use PAs, even with
no documented tourism at these PAs. In contrast, no early childhood
growth gains were observed for scenarios where children hypothetically
move close to PAs where no tourism has been documented, nor would
wealth scores be higher in households moving adjacent to PAs without

such tourism. There was also no evidence for any negative impacts of
PAs on human well-being in any of our scenarios.

Context for these PA impacts can be generated by using our models
to simulate well-being impacts for variables whose human development
effects aremore commonly studied (Fig. 4). For example, a hypothetical
switch from a rural to an urban household, holding everything else con-
stant, results in a 14.7% increase in height-for-age growth scores and a
20.1% reduction in stunting likelihood, while ceasing breastfeeding for
children would result, all else equal, in a 15.3% greater chance of being
stunted and a 15.7% reduction in height-for-age growth scores. For
wealth, a simulated increase in the number of years of education (from
amedianof 4 to 7) results in householdwealth scores that are 34%higher
and a likelihood of being poor that is 34% lower. These examples
underscore the fact that the PA impacts we describe are not only sta-
tistically significant but also of comparable magnitude to changes in
socioeconomic conditions that are typically associated with improved
well-being or reduced poverty in the developing world (30). The excep-
tion to this comparability was the impact onwealth for a rural-to-urban
switch of households [a dominant driver of improvements in multi-
dimensional poverty (30)], which results in a greater than doubling of
household wealth scores and an 84% reduction in the likelihood of
being poor (Fig. 4).

DISCUSSION
Our results demonstrate that for a truly widespread dataset, going far
beyond the spatial scope of previous studies, there is empirical evidence
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Fig. 2. Conceptualizing PA impacts. Possible mechanisms of PA impacts on the health and wealth of nearby people. Individual pathways can be combined to
conceptualize an impact mechanism; e.g., pathway ADG suggests how PAs can lead to better health outcomes via income gains from PA-related tourism employment
that are then spent on improving children’s health.
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Evaluating the impacts of protected areas on human
well-being across the developing world
R. Naidoo1,2*, D. Gerkey3, D. Hole4, A. Pfaff5, A. M. Ellis6, C. D. Golden7, D. Herrera8, K. Johnson9†,
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Protected areas (PAs) are fundamental for biodiversity conservation, yet their impacts on nearby residents are
contested. We synthesized environmental and socioeconomic conditions of >87,000 children in >60,000 households
situated either near or far from >600 PAs within 34 developing countries. We used quasi-experimental hierarchical
regression to isolate the impact of living near a PA on several aspects of humanwell-being. Households near PAs with
tourism also had higher wealth levels (by 17%) and a lower likelihood of poverty (by 16%) than similar households
living far fromPAs. Children under 5 years old living nearmultiple-use PAswith tourism also hadhigher height-for-age
scores (by 10%) andwere less likely to be stunted (by 13%) than similar children living far fromPAs. For the largest and
most comprehensive socioeconomic-environmental dataset yet assembled, we found no evidence of negative PA im-
pacts and consistent statistical evidence to suggest PAs can positively affect human well-being.

INTRODUCTION
The world has committed, through the Aichi Biodiversity Targets and
the Sustainable Development Goals (SDG), to halt biodiversity loss and
increase protected area (PA) coverage (Aichi Target 11 and SDG 15)
and to reduce multidimensional poverty by half by 2030 (SDG 1.2)
(1, 2). It is crucial to determine whether these goals are synergistic or
antagonistic. Recent calls to evaluate interactions between SDGs have
highlighted that achieving one goal in isolation may actually have neg-
ative consequences for sustainable development foci of other goals (3).
Therefore, is the expansion of the world’s PA network—a cornerstone
of biodiversity conservation strategies (4–6)—likely to enhance the
prospects of achieving global goals around poverty alleviation and
human health or to hamper them?

Whether conservation activities benefit or harm people living near
PAs has been debated extensively (7, 8). The empirical foundation for
the debate has been shaped by research using different methodologies
across varying temporal and spatial scales (9–13), making it difficult to
derive general insights. A recent meta-analysis of 1043 studies con-
cluded that empirical evidence for impacts of PAs on humanwell-being
remains thin: Only 8% of studies examining impacts on material living
standards and 1% of studies analyzing impacts on health used rigorous,
quantitative methods and data (14, 15). In addition, a separate system-
atic review found that the few studies that used comparable, quantitative
approaches produced amix of positive and negative outcomes thatwere
highly dependent on context and methodology, making it virtually im-
possible to detect any global patterns in PA impacts on human well-
being (16). To detect these patterns, we need data on PAs, environmental
conditions, and indicators of well-being that are sufficiently fine-grained

to reflect complex dynamics at local scales but that are consistent and
comprehensive enough to enable analyses at global scales. We also
require an analytical approach that can disentangle the many, complex
factors that shape multidimensional human well-being, allowing the
independent impacts of PAs to be revealed.

To address these challenges, we developed a georeferenced database
comprising information on ~300,000 children and ~190,000 households
across 34 countries in the developing world (Fig. 1) (17). We merged
household Demographic andHealth Surveys (DHS; table S1) onma-
ternal and reproductive health, childhood growth, and household
assets with spatial data layers characterizing the biophysical environment
and the world’s PAs (18). While human well-being includes multiple
dimensions that can be measured in many ways (19), our database
allowedus to select proxies for two important aspects ofwell-being: health
and material living standards (15). For both, we examined average PA
impacts and whether there was evidence of “pro-poor” impacts [i.e., dif-
ferential impacts of PAs on the least well-off people (20)]. Our outcome
variables for health were early childhood (age 6 to 60 months) height-
for-age growth scores relative to internationally consistentWorld Health
Organization (WHO) standards and whether a child is stunted (stunting
affects more than 160 million children, often limiting physical and cog-
nitive growth for life, and is defined as whether a height-for-age score is
more than two SDs lower than WHO benchmarks) (21). For material
living standards, the outcome variableswere an internationally standard-
ized household wealth score (derived from the presence or absence in
households of a variety of durable goods and assets related to living
standards) and whether a household is poor (defined as a household
wealth score of less than 1000 international dollars) (22). Rather than
construct a multidimensional index of well-being or poverty (23), we
analyzed each of these outcome variables separately to allow for possible
differential PA impacts on each metric and to avoid any perception that
our well-being indicators are comprehensive enough to warrant their
own multidimensional index.

To analyze the impact of proximity to a PA on these dimensions of
well-being, we identified all households within the database that were
located within 10 km of a PA of International Union for Conservation
of Nature (IUCN) classes I to VI (24). This distance conforms with pre-
vious thresholds at which PAs are thought to exert ecological and socio-
economic impacts (10), although we tested the sensitivity of our results
to this threshold (see Materials and Methods). Since PAs are not
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situated randomly in landscapes but rather tend to occur in more
isolated, less productive areas (25), people living near PAsmay also sys-
tematically differ in socioeconomic attributes that may confound any
assessment of well-being (26). We therefore used a conceptual model
(Fig. 2) along with quasi-experimental matching techniques (27, 28)
to create a “control” group located further than 10 km from PAs that
were, on average and in relevant ways, similar to people living close to
PAs. We aggregated all children and households living near and far
from PAs across all countries and then used Bayesian regression
modeling techniques (29) to estimate the impact of PA proximity on
our four outcome variables while accounting for the hierarchical, non-
independent nature of our data (see Materials and Methods). We also
assessed whether PAs with different characteristics—age, size, IUCN
categorization, and the documented presence of tourism—exerted dif-
ferential impacts on the health and wealth of nearby households (table
S2) and examined how sensitive our results were to possible hidden bias
due to unobserved confounding variables, using Rosenbaum bounds
(table S3).

RESULTS
Aftermatching (fig. S1 and tables S2 and S4), the best impact estimation
regression models showed strong effects, in the expected direction, of
factors typically associated with human well-being gains. A mother’s
education level was the strongest predictor of height-for-age scores
and likelihood of stunting, while living in an urban (versus rural) area
was the strongest predictor of increasedwealth and decreased likelihood
of being poor (Fig. 3 and fig. S2). We also observed strong effects for
breastfeeding (children not breastfed had lower height-for-age scores
and a higher likelihood of being stunted) and for distance to the nearest
road (households closer to roads had higher household wealth and a
lower likelihood of being poor). For all well-being outcomes, there were
also strong effects of survey year; height-for-age and household wealth
scores increased, and the likelihood of being stunted or poor decreased,
over the 15 years of DHS surveys. This result reflects the general
advances in development seen around the world during this period
(30). That our statistical models demonstrate the same well-being as-
sociations that have been extensively documented elsewhere provides

Fig. 1. Geographic distribution of developing country household surveys. (A) Global distribution of surveys. (B) Inset of Nepal. Dots represent sampling clusters
(blue, further than 10 km from a PA; red, within 10 km) in relation to International Union for Conservation of Nature (IUCN) categories I to VI PAs (green polygons) in
countries with surveys.
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Protected areas (PAs) are fundamental for biodiversity conservation, yet their impacts on nearby residents are
contested. We synthesized environmental and socioeconomic conditions of >87,000 children in >60,000 households
situated either near or far from >600 PAs within 34 developing countries. We used quasi-experimental hierarchical
regression to isolate the impact of living near a PA on several aspects of humanwell-being. Households near PAs with
tourism also had higher wealth levels (by 17%) and a lower likelihood of poverty (by 16%) than similar households
living far fromPAs. Children under 5 years old living nearmultiple-use PAswith tourism also hadhigher height-for-age
scores (by 10%) andwere less likely to be stunted (by 13%) than similar children living far fromPAs. For the largest and
most comprehensive socioeconomic-environmental dataset yet assembled, we found no evidence of negative PA im-
pacts and consistent statistical evidence to suggest PAs can positively affect human well-being.

INTRODUCTION
The world has committed, through the Aichi Biodiversity Targets and
the Sustainable Development Goals (SDG), to halt biodiversity loss and
increase protected area (PA) coverage (Aichi Target 11 and SDG 15)
and to reduce multidimensional poverty by half by 2030 (SDG 1.2)
(1, 2). It is crucial to determine whether these goals are synergistic or
antagonistic. Recent calls to evaluate interactions between SDGs have
highlighted that achieving one goal in isolation may actually have neg-
ative consequences for sustainable development foci of other goals (3).
Therefore, is the expansion of the world’s PA network—a cornerstone
of biodiversity conservation strategies (4–6)—likely to enhance the
prospects of achieving global goals around poverty alleviation and
human health or to hamper them?

Whether conservation activities benefit or harm people living near
PAs has been debated extensively (7, 8). The empirical foundation for
the debate has been shaped by research using different methodologies
across varying temporal and spatial scales (9–13), making it difficult to
derive general insights. A recent meta-analysis of 1043 studies con-
cluded that empirical evidence for impacts of PAs on humanwell-being
remains thin: Only 8% of studies examining impacts on material living
standards and 1% of studies analyzing impacts on health used rigorous,
quantitative methods and data (14, 15). In addition, a separate system-
atic review found that the few studies that used comparable, quantitative
approaches produced amix of positive and negative outcomes thatwere
highly dependent on context and methodology, making it virtually im-
possible to detect any global patterns in PA impacts on human well-
being (16). To detect these patterns, we need data on PAs, environmental
conditions, and indicators of well-being that are sufficiently fine-grained

to reflect complex dynamics at local scales but that are consistent and
comprehensive enough to enable analyses at global scales. We also
require an analytical approach that can disentangle the many, complex
factors that shape multidimensional human well-being, allowing the
independent impacts of PAs to be revealed.

To address these challenges, we developed a georeferenced database
comprising information on ~300,000 children and ~190,000 households
across 34 countries in the developing world (Fig. 1) (17). We merged
household Demographic andHealth Surveys (DHS; table S1) onma-
ternal and reproductive health, childhood growth, and household
assets with spatial data layers characterizing the biophysical environment
and the world’s PAs (18). While human well-being includes multiple
dimensions that can be measured in many ways (19), our database
allowedus to select proxies for two important aspects ofwell-being: health
and material living standards (15). For both, we examined average PA
impacts and whether there was evidence of “pro-poor” impacts [i.e., dif-
ferential impacts of PAs on the least well-off people (20)]. Our outcome
variables for health were early childhood (age 6 to 60 months) height-
for-age growth scores relative to internationally consistentWorld Health
Organization (WHO) standards and whether a child is stunted (stunting
affects more than 160 million children, often limiting physical and cog-
nitive growth for life, and is defined as whether a height-for-age score is
more than two SDs lower than WHO benchmarks) (21). For material
living standards, the outcome variableswere an internationally standard-
ized household wealth score (derived from the presence or absence in
households of a variety of durable goods and assets related to living
standards) and whether a household is poor (defined as a household
wealth score of less than 1000 international dollars) (22). Rather than
construct a multidimensional index of well-being or poverty (23), we
analyzed each of these outcome variables separately to allow for possible
differential PA impacts on each metric and to avoid any perception that
our well-being indicators are comprehensive enough to warrant their
own multidimensional index.

To analyze the impact of proximity to a PA on these dimensions of
well-being, we identified all households within the database that were
located within 10 km of a PA of International Union for Conservation
of Nature (IUCN) classes I to VI (24). This distance conforms with pre-
vious thresholds at which PAs are thought to exert ecological and socio-
economic impacts (10), although we tested the sensitivity of our results
to this threshold (see Materials and Methods). Since PAs are not

1WWF-US, Washington, DC, USA. 2Institute for Resources, Environment, and Sustain-
ability, University of British Columbia, Vancouver, Canada. 3Anthropology, Oregon
State University, Corvallis, OR, USA. 4Conservation International, Washington, DC,
USA. 5Sanford School of Public Policy, Duke University, Durham, NC, USA. 6Duke
Clinical Research Institute, Durham, NC, USA. 7Harvard School of Public Health,
Cambridge, MA, USA. 8Environmental Defense Fund, Washington, DC, USA. 9United
States Agency for International Development (USAID), Washington, DC, USA. 10De-
partment of Geography, King’s College London, London, UK. 11Gund Institute for
Ecological Economics, University of Vermont, Burlington, VT, USA.
*Corresponding author. Email: robin.naidoo@wwfus.org
†Disclaimer: The findings and interpretations in this paper do not necessarily reflect
the view of the US Agency for International Development, the US Department of
Agriculture, or the United States government.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Naidoo et al., Sci. Adv. 2019;5 : eaav3006 3 April 2019 1 of 7

 on M
ay 19, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

19 APRIL 2019 • VOL 364 ISSUE 6437    239SCIENCE   sciencemag.org

By Piero Visconti1,2,3, Stuart H. M. 

Butchart4,5, Thomas M. Brooks6, Penny 

F. Langhammer7,8,9, Daniel Marnewick10, 

Sheila Vergara11, Alberto Yanosky12, 

James E. M. Watson13,14

I
n 2010, Parties to the Convention on 

Biological Diversity (CBD) adopted the 

Strategic Plan for Biodiversity 2011–2020, 

and its 20 Aichi Biodiversity Targets, to 

catalyze national and international con-

servation efforts and reverse negative 

biodiversity trends. With the plan nearing 

an end, and attention turning toward a post-

2020 biodiversity framework, it is timely to 

assess the strengths, weaknesses, and effec-

tiveness of the Aichi Targets. Aichi Target 11, 

concerned with establishing effective and 

representative networks of protected areas 

(PAs) by 2020, has attracted considerable 

interest owing to widespread recognition of 

the pivotal role that appropriately situated 

and well-managed PAs have in conserving 

biodiversity (1). Substantial advances have 

been made toward the areal components of 

Aichi Target 11, with the PA estate increas-

ing by 2.3% on land and 5.4% in the oceans 

since 2010 and now covering 15% of land 

and inland freshwater globally and 7% of 

the oceans (2). However, species' population 

abundance within and outside PAs continues 

to decline (1), the placement and resourcing 

of the majority of PAs has been poor (1, 3, 4), 

and more than half of PAs established before 

1992 have suffered increasing human pres-

sure (5). We discuss four problems with Aichi 

Target 11 that have contributed to its limited 

achievement and propose a formulation for 

a target for site-based conservation beyond 

2020 aimed at overcoming them.

PROBLEM 1: PERVERSE PERCENTAGES

Aichi Target 11 calls for effective conservation 

of 17% of land and inland waters and 10% of 

coastal and marine areas, and many countries 

have used these numbers as the sole basis for 

describing their progress instead of report-

ing the biodiversity impacts of conservation 

areas. Although some have argued that per-

centage targets have motivated countries to 

designate more PAs, there is no evidence for 

this. In fact, the rate of designation and total 

extent of additional PAs between 2010 and 

2014, after establishment of the Aichi Targets, 

was half that in the previous 5 years (3). Fo-

cus on the percentage coverage of PAs gener-

ates perverse outcomes (6), with many new 

PAs being established in locations that are 

disproportionately unimportant for biodiver-

sity (3). This pattern of protection of remote 

areas, often very large but not immediately 

threatened and with little conservation value, 

extends to the oceans (7). Continuing to pro-

tect areas of low opportunity costs for human 

uses, especially agriculture, in order to cover 

17% of land will have negligible biodiversity 

benefits (1, 3, 8). By contrast, if PAs were stra-

tegically sited to protect underrepresented 

threatened species, 30 times more species 

could be adequately represented with the 

same extent of PAs (8).

Moreover, thousands of PAs, many of 

which are important for conservation, have 

been downsized or degazetted (no longer 

protected by law or formal agreement) (9). 

Targets that are set around total percent-

age area legitimize such downsizing and 

degazettment if an equal amount of less im-

portant area for conservation is protected 

elsewhere. Last, percentage area targets 

disregard the quality of what is being rep-

resented, with degraded ecosystems given 

the same value as those that are still func-

tionally intact (and therefore more valuable 

from a conservation perspective).

PROBLEM 2: WHAT COUNTS AS PROTECTED?

Many PAs are inadequately managed or re-

sourced (1), do not abate any of the threats 

to their biodiversity (5), and as such are 

simply “paper parks” that do not meet the 

PA definition of “managed for the long-term 

conservation of nature.” Such areas are cur-

rently given equal value to those PAs that 

are well-sited and well-managed, which in-

flates the progress that nations are appar-

ently making toward Aichi Target 11.

To improve outcomes and avoid desig-

nation of paper-parks, Aichi Target 11 re-

quires PAs to be “effectively and equitably 

managed.” A large database of information 

relating to Protected Area Management Ef-

fectiveness (PAME) now exists, and PAME 

scores appear to be increasing over time 

(10). However, they are marginally corre-

lated with biodiversity outcomes, measured 

as animal population trends (11). This is not 

surprising: PAME metrics are not measures 

of biodiversity outcomes (status or trends) 

but rather inputs (staff and equipment) 

and outputs (law enforcement and type of 

management) (12). This suggests that cur-

rent management effectiveness metrics 

are not a good surrogate for biodiversity 

outcomes and that the desired biodiversity 

outcome should be an integral part of a 

site-based conservation target, with associ-

ated indicators.

PROBLEM 3: REPRESENTATIVE OF WHAT?

Aichi Target 11 requires PA networks at 

all scales from national to global to be 

ecologically representative, with recom-

mendations that ecoregions—which con-

tain characteristic, geographically distinct 

assemblages of natural communities and 

species—are the appropriate level of rep-

resentativeness. Although ecoregion rep-

resentation within PAs increased from 

1954 to 2013 (13), species representation 

increased much less (3). Increasing ecore-

gional representation does not equate to 

increasing species representation because 

ecoregions are too broad to capture vari-

ability in species composition and ende-

mism (4), as well as other core elements of 

biodiversity as defined by the CBD, such as 

genetic variation and ecological and evolu-

tionary processes. To be truly representa-

tive, site-based conservation targets should 

encompass all elements of biodiversity.

CONSERVATION

Protected area targets post-2020
Outcome-based targets are needed to achieve biodiversity goals
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increasing species representation because 

ecoregions are too broad to capture vari-

ability in species composition and ende-

mism (4), as well as other core elements of 

biodiversity as defined by the CBD, such as 

genetic variation and ecological and evolu-

tionary processes. To be truly representa-

tive, site-based conservation targets should 

encompass all elements of biodiversity.
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same extent of PAs (8).

Moreover, thousands of PAs, many of 

which are important for conservation, have 

been downsized or degazetted (no longer 

protected by law or formal agreement) (9). 

Targets that are set around total percent-

age area legitimize such downsizing and 

degazettment if an equal amount of less im-

portant area for conservation is protected 

elsewhere. Last, percentage area targets 

disregard the quality of what is being rep-

resented, with degraded ecosystems given 

the same value as those that are still func-

tionally intact (and therefore more valuable 

from a conservation perspective).

PROBLEM 2: WHAT COUNTS AS PROTECTED?

Many PAs are inadequately managed or re-

sourced (1), do not abate any of the threats 

to their biodiversity (5), and as such are 

simply “paper parks” that do not meet the 

PA definition of “managed for the long-term 

conservation of nature.” Such areas are cur-

rently given equal value to those PAs that 

are well-sited and well-managed, which in-

flates the progress that nations are appar-

ently making toward Aichi Target 11.

To improve outcomes and avoid desig-

nation of paper-parks, Aichi Target 11 re-

quires PAs to be “effectively and equitably 

managed.” A large database of information 

relating to Protected Area Management Ef-

fectiveness (PAME) now exists, and PAME 
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Empathy and compassion toward 
other species decrease with 
evolutionary divergence time
Aurélien Miralles1*, Michel Raymond2,3 & Guillaume Lecointre1,3

Currently the planet is inhabited by several millions of extremely diversified species. Not all of them 
arouse emotions of the same nature or intensity in humans. Little is known about the extent of our 
affective responses toward them and the factors that may explain these differences. Our online survey 
involved 3500 raters who had to make choices depending on specific questions designed to either 
assess their empathic perceptions or their compassionate reactions toward an extended photographic 
sampling of organisms. Results show a strong negative correlation between empathy scores and the 
divergence time separating them from us. However, beyond a certain time of divergence, our empathic 
perceptions stabilize at a minimum level. Compassion scores, although based on less spontaneous 
choices, remain strongly correlated to empathy scores and time of divergence. The mosaic of 
features characterizing humans has been acquired gradually over the course of the evolution, and the 
phylogenetically closer a species is to us, the more it shares common traits with us. Our results could 
be explained by the fact that many of these traits may arouse sensory biases. These anthropomorphic 
signals could be able to mobilize cognitive circuitry and to trigger prosocial behaviors usually at work in 
human relationships.

“Sympathy beyond the confines of man, that is, humanity to the lower animals, seems to be one of the latest moral 
acquisitions. (…). This virtue, one of the noblest with which man is endowed, seems to arise incidentally from our 
sympathies becoming more tender and more widely diffused, until they are extended to all sentient beings”.

Charles Darwin, 18711.

Whether it be for nutrition, recreational and ritual practices, research or wildlife management, man’s interactions 
with other organisms are countless, complex and go back to the roots of humankind. The nature of these inter-
actions is not restricted to their utilitarian function. They also convey a diversified and ambivalent emotional 
component, which can resurface with intensity in social debates about animal welfare or nature conservation, and 
may even lead to radical actions under certain circumstances2,3.

Among the numerous species having evolved on Earth, all the different living organisms do not affect humans 
evenly. This imbalance is so marked that even scientific research on biodiversity or conservation efforts present 
a significant bias in favor of our societal inclinations for particular taxa4,5. Several factors have been advanced to 
explain these preferences, such as aesthetics, body size or feeling of vulnerability6–9. Nevertheless, the emotional 
perceptions we can feel for a member of a given species seems to be largely related to its ability to arouse anthro-
pomorphic projections (attribution of human traits, emotions, or intentions to non-human entities). Species 
exhibiting physical, behavioral or cognitive similarities with humans tend to evoke more positive affect than those 
without6, and among the different classes of vertebrates, our empathic responses appears to be more important for 
taxa that are closely related to us10–12.

Ironically, these comparative studies dealing with anthropomorphic perceptions of biodiversity are mainly 
restricted to mammals, and in a less extent to the other vertebrates. Moreover, mainly undertaken by cognitive or 
conservation scientists, these questions have received very little interest from an evolutionary biology perspec-
tive. To the extent of our knowledge, they have never been addressed using an adequate comparative methodol-
ogy, i.e. based on a phylogenetic analytic framework. Several basic but fundamental questions are therefore left 
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Montpellier, France. 3These authors contributed equally: Michel Raymond and Guillaume Lecointre. *email: miralles.
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scores (difference in linear slope: 0.156, SE = 3.24 10−2, F1,98 = 14.1, P = 3 10−4; difference in quadratic terms: 
F1,98 = 2.95, P = 0.089) (Fig. 4, SI Appendix, Table S4).

The mean response time of raters decreases significantly with the absolute time of divergence between two 
organisms, regardless of the question asked (empathy or compassion driven) (Fig. 3B). It decreases by 0.168 s 
(SE = 0.012) for each increase of divergence time of 100 Myr. When the two species in the pair were equally diver-
gent (absolute time of divergence = 0), mean response time was 7.96 s (SE = 0.15) and 6.54 (SE = 0.15) to empathy 
and compassion driven questions, respectively. This difference in response time between the two questions, 1.43 s 
(SE = 0.16), was independent of the absolute divergence time (interaction between absolute divergence time and 
the type of question: X2 = 0.003, df = 1, P = 0.96) (SI Appendix, Table S4).
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Figure 2. Empathy and compassion scores attributed to each organisms as a function of divergence time (Mya) 
between them and humans. The scores correspond to the probability that a given species is chosen from a pair 
of species that includes it and another randomly selected (n = 52 species). See SI Appendix, Results S1 for details. 
(Illustrations by A. Miralles).
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Odds ratio (for a qualitative variable: ratio of the odds of choosing the most phylogenetically related species 
in the depicted factor level to the odds of it occurring in the reference factor level; for age, centered variable: 
ratio of the odds of choosing the most phylogenetically related species in age 1 to the odds of it occurring in 
age 0) are represented by dots and 95% confidence interval by lines; blue or red dots indicate variables linked 
with an increased or decreased, respectively, choice probability for the most phylogenetically related species (n 
raters = 1134 for the empathy test and 1213 for the compassion test). (B) Predicted participants’ response time 
as a function of the absolute divergence time between the two species presented in each pair (area depicts the 
95% confidence interval, n responses = 25001 for the empathy test and 26781 for the compassion test).
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Discussion
Empathy, resemblance and relatedness: the anthropomorphic stimuli hypothesis. The ability 
to understand others’ feelings through empathy is crucial for successful social interactions between humans19,20. 
Our predispositions for empathy are partly determined by our genes21 and, in all likelihood, this prosociality 
driver has been selected during the evolution of our species, in facilitating coordination and cooperation between 
individuals1,13,22. The extension of our empathic sensitivity toward other living beings remains nevertheless an 
issue poorly explored from an evolutionary perspective.

Our results show that our ability to empathize considerably fluctuates from one species to another, and that 
its magnitude mostly depends on the phylogenetic distance that separates them from us. Although relatedness 
and resemblance (sensu overall similarity) refer to different concepts, they empirically tend to be correlated. In an 
anthropocentric frame of reference, it can therefore be postulated that relatedness (here expressed as the diver-
gence time) correspond to a rough holistic approximation of the total amount of shared external traits inherited 
from our common ancestor (synapomorphies), as retrospectively, they are expected to decrease relatively gradu-
ally over a long period of divergence.

Based on our results, we here hypothesize that our ability, real or supposed, to connect emotionally with other 
organisms would mostly depend on the quantity of external features that can intuitively be perceived as homol-
ogous to those of humans. The closer a species is to us phylogenetically, the more we would perceive such signals 
(and treat them as anthropomorphic stimuli), and the more inclined we would be to adopt a human to human-like 
empathic attitude toward it. Intuitively, the correlation could have been expected but actually the assumption 
was not so obvious as it seemed. Indeed, in the phylogenetic thinking, overall similarity (the external features we 
do perceive) is not phylogenetic relatedness (ex. the coelacanth is perceived more similar to the trout than to us, 
whereas it is more closely related to us than to the trout). It is interesting to note that, in spite of this difficulty, 
overall external similarity as it generates an anthropomorphic stimuli, is still globally correlated to phylogenetic 
relatedness.

Consistently with the anthropomorphic stimuli hypothesis, the overall linear correlation between empathic 
perceptions and phylogenetic divergence time suggests differences of degree, and not differences in kinds, in 
the perceptions we have of the different organisms. Indeed, our data do not show any break in our empathic 
perceptions that would explain the customary ethical stances opposing the intrinsic values of humans versus 
other organisms (ex. Abrahamic religions, humanism), tetrapods vs “fishes” (ex. pesco-vegetarianism), animals vs 
plants (ex. antispecism, veganism) or vertebrates vs non-vertebrates (ex. various system of regulations promoting 
animal welfare). In such representations, values manage relationships between us and other species in terms of 
oppositions, while our senses perceive a gradient of shared features between us and other species. Overall, these 
results suggest that raters recorded what is shared in the realm of perceptions, rather than mobilizing oppositions 
in the realm of ethical values. Likewise, we noticed that despite the fact that some rater’s traits (such as opinions 
on the value of an animal’s life comparatively to those of a human) can have an effect on empathy scores, their 
values remain overall strongly correlated with the time of divergence.

Interestingly, the retrospective inflexion (estimated at 611.1 Mya, 95% CI: 518–703 Mya) and the stagna-
tion of the empathic perceptions curve coincides with the transition from gnathostomes (jawed vertebrates) to 
non-gnathostomes (lampreys and all the others clades whose divergence from us is equal or superior to 615 
Mya). Nevertheless, such an estimate is unprecise and should be considered with caution. The stagnation of our 
perceptions might also correspond to the prebilaterian organisms (in our dataset, all the sampled clades that have 
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