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Abstract

Land-use change and climate change are driving a global biodiversity crisis. Yet, how species’
responses to climate change are correlated with their responses to land-use change is poorly
understood. Here, we assess the linkages between climate and land-use change on birds in
Neotropical forest and agriculture. Across > 300 species, we show that affiliation with drier cli-
mates is associated with an ability to persist in and colonise agriculture. Further, species shift their
habitat use along a precipitation gradient: species prefer forest in drier regions, but use agriculture
more in wetter zones. Finally, forest-dependent species that avoid agriculture are most likely to
experience decreases in habitable range size if current drying trends in the Neotropics continue as
predicted. This linkage suggests a synergy between the primary drivers of biodiversity loss.
Because they favour the same species, climate and land-use change will likely homogenise biodi-
versity more severely than otherwise anticipated.
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INTRODUCTION

The magnitude of the sixth mass extinction hinges on whether
species can withstand concurrent global changes in climate and
land-use (Jetz et al. 2007). Presently, habitat conversion is the
primary driver of global endangerment for ~ 80% of vertebrate
taxa (Pereira et al. 2012). While many species thrive in human-
dominated landscapes that contain some natural vegetation
(e.g. Daily et al. 2003; Pineda et al. 2005), species richness
drops precipitously as land-use intensifies (e.g. Frishkoff et al.
2014; Newbold et al. 2015). Moreover, in human-dominated
landscapes that contain high local diversity, species composi-
tion often differs dramatically from natural areas (Urbina-Car-
dona et al. 2006; Newbold et al. 2015). Why only some species
thrive in human-dominated landscapes is largely unknown.
Some traits, such as body size, generation time, degree of
specialisation, and resource needs, are often non-randomly
distributed between species that differ in their responses to
land-use change (e.g. Swihart et al. 2003; Henle et al. 2004;
Newbold et al. 2013). Yet, the effect size and even directionality
of these differences varies across studies and taxa.
Unlike habitat conversion (Pereira et al. 2012), climate

change has so far had modest effects on species endangerment

(Urban 2015), perhaps in part because some species are shift-
ing their ranges (Chen et al. 2011). Yet, if current emission
trajectories continue, many species may go extinct over the
next century, though extinction estimates differ widely
depending on the taxa, spatial scale, and methods used (Bel-
lard et al. 2012; Urban 2015). In general, broadly distributed
species with large population sizes and wide or warm climato-
logical niches are expected to benefit at the expense of cli-
mate-specialists and cool-adapted species (Pearson et al.
2014). However, even for highly vagile taxa such as birds, the
rapidity of climate change is expected to outpace some spe-
cies’ abilities to track their climate niches (Devictor et al.
2008).
The combined effects of climate and land-use change are

not well understood, complicating efforts to predict future
biological communities and prioritise conservation (Brook
et al. 2008; Bellard et al. 2012). Synergies between external
threats (e.g. habitat fragmentation increasing fire risk) mean
that species are often faced by multiple threats simultaneously
(Laurance & Useche 2009). Additionally, the presence of one
threat can make another more serious: fragmentation may
prevent dispersal and limit species’ abilities to track their cli-
mate niches (Opdam & Wascher 2004; Lindo et al. 2012).
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However, species’ responses to habitat conversion may also be
intrinsically tied to their climate niche because similar traits
might control both. This could emerge directly because of dif-
ferences in microclimates between natural and human-altered
habitats. Many human-altered habitats are warmer and drier
than natural ones (e.g. Frishkoff et al. 2015) in part because
altered habitats typically lack climate-buffering canopy cover
and microsites found in structurally diverse natural habitats
(Scheffers et al. 2014). Alternatively, links between climate
niche and response to land-use change may be indirect
because vegetation structure in human-dominated habitats
may be similar to natural habitats in specific climate regimes
(e.g. warm dry areas dominated by shrubland), which would
then favour species that can exploit these vegetation types.
Regardless of mechanism, biological communities do seem to
respond predictably to habitat conversion: a limited number
of studies among European birds (Clavero et al. 2011; Barna-
gaud et al. 2012, 2013), and Neotropical herpetofauna
(Frishkoff et al. 2015), report that species that thrive in agri-
cultural or urban environments tend to have geographic
ranges in warmer (lower latitude or elevation) climate zones
while forest-dwelling species tend to come from cooler climes.
The consequences of linked climate-habitat niches are not

fully appreciated. Previously, potential correlations between
habitat and climate niche have been regarded as analytically
problematic – changes in land-use could lead to ‘warmer’ bird
communities which might then obscure potential biological
signals of climate change (Devictor et al. 2008; Clavero et al.
2011). However, an additional concern is that both anthro-
pogenic pressures could negatively affect the same species (e.g.
cold-affiliated ones), causing even more dramatic biodiversity
declines than currently predicted (Brook et al. 2008). This
concern is especially relevant in the tropics because (1) biodi-
versity is concentrated there, (2) classical ecological thought
posits that climate niches of tropical species are narrow (Jan-
zen 1967), and (3) the tropics are expected to experience
locally novel climates sooner than any other region on Earth
(Mora et al. 2013). Despite uncertainty in precise spatial pat-
terns, over the coming century, the Neotropics are expected to
warm by 1.6–4.0 °C and to lose precipitation in some regions
(Magrin et al. 2014). For example, in Central America,
decreases in rainfall are predicted to amplify the effects of the
mid-summer drought (Rauscher et al. 2008). If species primar-
ily affiliated with warm or dry climate regimes are typically
found in Neotropical agriculture, then climate change and fur-
ther agricultural expansion may put forest-affiliated species at
even greater risk.
Here, we characterise relationships between species’ climate

niches, biogeographic origins, and affiliation with human-
dominated habitats to better ascertain future threats to biodi-
versity. To do so, we use one of the most temporally and spa-
tially extensive data sets for any tropical taxon, encompassing
118 127 detections from more than 300 bird species across
land-use gradients spanning four biomes in Costa Rica (Karp
et al. 2012; Frishkoff et al. 2014). We first assess whether cli-
matological niche axes predict species’ tolerances to habitat
conversion, hypothesising that species from warm and/or dry
climate zones may be best equipped to cope with the condi-
tions that characterise tropical agricultural systems. Next, we

assess whether species predictably shift their habitat affilia-
tions in regions with different climates. We then assess where
Costa Rica’s agriculture- and forest-affiliated species are
found across the globe, in order to determine which regions
and biomes are associated with Neotropical agriculture-
affiliated species. Finally, we use species distribution models
(SDMs) to determine whether agriculture affiliates are better
equipped to tolerate future climate change.

METHODS

Bird censuses

We used a long-term bird census dataset to evaluate whether
species’ climate affiliations predict their responses to habitat
conversion. We conducted 12 years of surveys (2001–2012) in
four regions across Costa Rica. The study regions spanned
wet and dry tropical biomes with native forest and agricul-
tural systems sampled in each region (Fig. S1, Table S1).
Twelve 200 m transects were placed at sites in each study
region, for a total of 48 transects replicated in each of three
land covers: forest reserves, diversified agriculture, and inten-
sive agriculture. The difference between intensive and diversi-
fied agriculture was defined based on the number of crop
types, amount and configuration of natural vegetation, and
degree of local tree cover (Karp et al. 2012; Frishkoff et al.
2014) (Table S2). Four transects were substantially modified
during the study; therefore, we restricted analyses to 44 tran-
sects – 12 in forest, 16 in diversified agriculture, and 16 in
intensive agriculture. Each transect was visited between 5 am
and 9 am, six times per year in two 3-visit intervals over
~ 1 week during the dry (February–May) and wet (Septem-
ber–November) seasons.

Climate affiliations

To assess each species’ climate niche, we used range maps
generated by BirdLife International (BirdLife International
and NatureServe 2012). Each species’ range is divided into
three categories – a resident range, where it is present
throughout the year, the breeding-only range, and a non-
breeding-only range. We calculated climate niches in two
ways. First, we considered all locations in which birds could
be found during the breeding season (i.e. resident
range + breeding range). For Neotropical migrants, this typi-
cally incorporates a large portion of the temperate zone. Sec-
ond, we considered all locations in which a bird exists while
not breeding (i.e. resident range + non-breeding range). For
Neotropical migrants, this primarily includes locations in the
tropics where birds overwinter. We present results from the
resident + non-breeding range analysis; because latitudinal
migrants and non-migrants in our dataset are both in the
tropics during this period, it can be considered more conserva-
tive. Results from the breeding range analysis were qualita-
tively identical and are presented in the supplement.
We extracted the values of two climate variables from the

WorldClim data set at a 30 arc-s resolution (mean annual
temperature [Bio1], and mean annual precipitation [Bio12])
over each species’ range (either resident + breeding or
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resident + non-breeding). For each species, we calculated the
mean of the focal climate variable (considered the ‘niche cen-
tre’; for Bio1, this is equivalent to the species temperature
index (Devictor et al. 2008)) as well as the standard deviation
(indicative of the ‘niche breadth’). Across all species, the dis-
tribution of temperature niche centres was strongly left
skewed. To reduce this skew, temperature niche centre was
raised to the fourth power. Both niche breadths (i.e. tempera-
ture and precipitation) were positively correlated with their
respective niche centres, such that species from hotter and
rainier areas tended to have wider niches. Therefore, we
regressed raw niche breadth against niche centre for both cli-
mate variables and used the residuals for analysis. The niche
breadth variables that we present in the text thus indicate
whether a species had a wider or narrower niche than
expected based on the position of its niche centre.

Multispecies occupancy models

We analysed bird census data in a hierarchical framework
that explicitly accounts for imperfect detection in order to
estimate the occupancy probability of all species over all sites
and years (Royle & Dorazio 2008; Tingley & Beissinger 2013;
Carrillo-Rubio et al. 2014). We included only the 307 species
that were encountered more than 25 times over the 12 years
of sampling to improve model mixing and because parameter
estimates for rarely detected species would be imprecise.
We examined two processes that determine occupancy: per-

sistence (the probability that a species is present given that it
was present in the previous year) and colonisation (the proba-
bility that a species is present given that it was absent in the
previous year). Rates of persistence and colonisation in each
land-use type were assumed to depend linearly (on a logit
scale) on standardised climate niche variables, after account-
ing for residual region, site, and species-specific random
effects. Detection probability depended on species identity
and land-use type, also accounting for residual site, species,
and year random effects.
We also asked whether species predictably change habitat

affiliations along climate gradients. To do so, we identified the
52 and 47 species that were detected in every study region
during the wet and dry seasons respectively. We obtained esti-
mates of average annual rainfall in each region from World-
Clim (Hijmans et al. 2005). We then built multispecies
occupancy models to assess how a region’s rainfall determined
occupancy in each land-use type, controlling for residual spe-
cies, site and year random effects.
Finally, we used a multispecies occupancy model to quan-

tify habitat affiliation of each species in our dataset for down-
stream analyses. We express habitat affiliation as the log-odds
of occupying agriculture (either intensive or diversified) vs.
forest habitat. Because the same species tend to affiliate with
both types of agriculture, we averaged across agricultural
land-use categories to obtain a single species’ habitat affilia-
tion. To avoid circularity in downstream analyses, we did not
include any climate traits in this model.
To confirm generality for all occupancy analyses, we split

the wet and dry season samples, and ran models on each sep-
arately. We present the wet season analyses in the main text,

and the dry season in the supplement – in all cases, they
returned qualitatively identical results. We employed posterior
predictive checks to ensure that models were able to ade-
quately describe the data. In all cases, the model generated
predictions that did not deviate significantly from the
observed data (P > 0.6), indicating good fit. For a full
description of all implemented multispecies occupancy models
and JAGS code, see the supplement.

Mapping habitat affiliations

To investigate where agriculture- and forest-affiliated species
in Costa Rica are found globally, we divided the western
hemisphere into square grid cells (1/3° 9 1/3°). In each grid
cell, we used BirdLife International range maps (BirdLife
International and NatureServe 2012) to identify which species
(from those present in our dataset) are found within that grid
cell. We then used the habitat affiliation metric of each species
(see above) to calculate the mean agricultural affinity of the
set of species present in each grid cell. We regressed average
agricultural affinity against the temperature and precipitation
present at each grid cell using linear regression, and quantified
the unique contribution of each variable as the difference in
parameter adjusted R2 between the full model and a reduced
model without the term in question. Additionally, we quanti-
fied how mean agricultural affiliation changes across biomes,
using biomes categorised by The Nature Conservancy (avail-
able at: http://maps.tnc.org/gis_data.html). To ease visualisa-
tion and reduce total category number, we did not include
rare biomes (Inland water, Mangroves, Rock and Ice), and
merged temperate conifer and temperate deciduous forests as
well as tropical coniferous and tropical broadleaf forest into
general temperate and tropical forest categories. However, our
conclusions do not change if we analyse biomes using their
original categories.

Future range size estimation

To ask which birds will tolerate future climate change, we
estimated bird range sizes under different future climate
change scenarios. First, we cleaned observation data obtained
from the Global Biodiversity Information Facility (GBIF;
www.gbif.org) for North and South America to include only
observations by humans, and removed georeferencing errors
(e.g. in middle of oceans, or single points on continents where
the species is not found; Fig. S2). Presence locations for each
species were tested for sampling bias using the average nearest
neighbour index in ArcGIS 9.1 (ESRI, Redland, CA, USA).
Where nearest neighbour ratios were significant (P > 0.05), we
spatially filtered the data by randomly removing points within
10 km of one another (Boria et al. 2014). We then used all 19
climate variables from WorldClim at a spatial resolution of
5 arc-min (Hijmans et al. 2005) to develop SDMs with Max-
Ent (Phillips et al. 2006). SDMs were run with five-fold cross
validation using the default convergence threshold (10�5) with
a maximum of iterations (5000) and regularisation multiplier
of 1. MaxEnt’s inbuilt method for regularisation is efficient at
dealing with correlated variables (Elith et al. 2011), alleviating
some concern regarding model over-fitting with correlated
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climate data. This reduces the need to exclude correlated vari-
ables or preprocess covariates (e.g. by using PCA), which can
downgrade model performance (Elith et al. 2011). Model
accuracy was evaluated against withheld data by assessing the
area under the curve (AUC) of the receiver-operating charac-
teristic (ROC). All species’ out-of-sample AUC was > 0.92,
indicating that, in absolute terms, potential model over-fitting
was not so great as to impede predictive power.
Next, we projected current species distributions into the

future using simulated climate from 11 general circulation
models for the year 2070 (average for 2061–2080) and four
standard greenhouse gas concentration trajectories (represen-
tative concentration pathways [RCP]2.6, RCP4.5, RCP6.0 and
RCP8.5) (Meinshausen et al. 2011; van Vuuren et al. 2011)
from WorldClim (Hijmans et al. 2005). These pathways simu-
late different scenarios of land-use and energy use that will
generate a combined radiative forcing equal to 2.6–8.5 W m�2

by 2100.
To calculate habitable range sizes from each model, we used

the 10th percentile training presence as the threshold value,
above which the species is assumed to be present (Morueta-
Holme et al. 2010). This cut-off eliminates the most extreme
training presence records granting greater confidence in the
predicted distributions when some error exists in the data.
To assess the proportion of a species’ current range that will

be habitable in the future (assuming no dispersal), we focused
only on points within a species current range and calculated
the change in range size between current and future condi-
tions. Because proportions are bounded by 0 and 1, we nor-
malised residuals and linearised the expected relationship with
a logit transformation. We also tested whether our results
were robust to a universal dispersal scenario, in which species
could occupy locations outside their current ranges with suit-
able climate conditions. In this case, changes in range size
were bounded by 0 (but not 1), so we used a log2 transforma-
tion. For both dispersal scenarios, we regressed change in
range size for each species against its habitat affiliation. For
each RCP, we used a linear mixed effect model with fixed
intercepts and habitat affiliation slopes for each general circu-
lation model, and random intercepts for species.
Even if a local climate regime is favourable for a species,

land-use characteristics may make certain areas inhospitable.
Therefore, to verify that changes in land-use did not confound
our SDMs’ predictions, we parameterised a second series of
SDMs with the same climate variables as well as five land-use
variables extracted from the Land-use Harmonization project
(Hurtt et al. 2011), and projected into the future varying both
climate and land-use, or climate only. See supplement for full
details.

RESULTS

Climate niche and colonisation-extinction dynamics in human-

dominated landscapes

We estimated occupancy and detection parameters for 307
species of birds across forest reserves, diversified agriculture
and intensive agriculture. We found that precipitation niche
centre was the only niche property that consistently predicted

whether birds are affiliated with agriculture or forest (Figs 1a,
b and S3, Table S3). On average, species had higher interan-
nual persistence probabilities in forest (0.88) than in diversi-
fied agriculture (0.80) or intensive agriculture (0.68). Yet,
species with precipitation niches centred in dry climate zones
(944 mm rainfall per year, i.e. two standard deviations below
mean) were able to continuously persist in both diversified
and intensive agriculture (persistence probabilities of 0.97 and
0.94 respectively) but not forest (persistence probability 0.64).
Similarly, while colonisation probabilities were low on average
(0.04 for forest, 0.04 for diversified agriculture and 0.02 for
intensive agriculture), the most dry-affiliated species were
much more likely to colonise unoccupied agricultural sites
than forest sites (0.01 for forest, 0.32 for diversified agricul-
ture and 0.11 for intensive agriculture) (Fig. 1c,d). These
effects were robust both to the exclusion of migrant birds and
to the calculation of niche characteristics from breeding or
non-breeding ranges (Fig. S4).

Habitat switching

Individual species predictably changed habitat preferences
between regions, more often occupying agricultural sites in
wetter regions and forest sites in drier areas (Figs 2 and S5).
For example, the Orange-chinned Parakeet shifted from being
a strong agriculture affiliate in our wettest region (> 100X
more likely to occupy agriculture than forest) to being
strongly forest affiliated in the driest region (23X more likely
to occupy forest). Of the 52 species observed in all regions,
40% significantly increased their occupancy probabilities in
either diversified or intensive agriculture relative to forest as
rainfall in a region increased, while none showed the opposing
trend.

Biogeography of agriculture affiliation

Agricultural affinities in the wet and dry seasons were highly
correlated (diversified agriculture: R2 = 0.89, P < 0.001, inten-
sive agriculture: R2 = 0.84, P < 0.001), and species responded
similarly to diversified and intensive agriculture (dry season:
R2 = 0.78, P < 0.001, wet season: R2 = 0.73, P < 0.001). Yet,
species varied extensively in their response to agriculture. The
most agriculture-affiliated species was the House Wren
(> 100X more likely to occupy agriculture over forest), while
the most forest-affiliated was the White-breasted Wood Wren
(> 100X more likely to occupy forest over agriculture). In all,
131 species out of 307 (42%) were more likely to occupy agri-
culture than forest.
Biogeographic analyses of bird ranges confirmed that agri-

culture-affiliated species in Costa Rica disproportionately
came from drier regions of the western hemisphere (Fig. 3a–
c). Precipitation and temperature together explained a large
portion of the variance in mean agricultural affiliation across
the tropics (multiple linear regression: Total R2 = 0.69,
P < 0.001; Fig. S6). However, precipitation and temperature
were correlated (r = 0.5), and we found that precipitation was
more predictive of mean agriculture affiliation than tempera-
ture (Precipitation attributable R2 = 0.31, Temperature attri-
butable R2 = 0.06).
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Biomes differed significantly in the average agriculture
affiliation of their species (ANOVA, R2 = 0.62, P < 0.001). We
found that dry regions such as the grasslands of Venezuela,
southern Brazil, Argentina, and the central United States,
the deserts of western North America and Chile, and the
scrublands of California and Chile contain species that affili-
ate strongly with agriculture in Costa Rica (Fig. 3d,e).
Across all biomes, scrubland habitats possessed bird faunas
that were most likely to be encountered in Costa Rican agri-
culture – the average scrubland species had an agriculture
affiliation score of 3.13, indicating it would be 23X more
likely to occupy agriculture over forest. Only tropical forest
biomes were enriched for Costa Rican birds that affiliated
with forests over agriculture.

Responses to future climate change

Based on future climate projections for the year 2070, we
found that agriculture-affiliated species were more robust to
global change than forest-affiliated species. For example,
under RCP 6.0 and averaging across general circulation mod-
els, we found that most forest-affiliated species are expected
to lose nearly 60% of their currently habitable ranges by
2070, while the most agricultural species would lose < 30%
(linear mixed model, d.f. = 11, v2 = 163, Marginal R2 = 0.10,
Conditional R2 = 0.92, P < 0.001, Fig. 4). This relationship
was significant in every climate model and RCP considered. If
species disperse freely and colonise areas outside their current
ranges, these trends were maintained across most climate
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Figure 1 Species from drier regions are more likely to occupy agriculture than forest. (a & b) Summary of parameter estimates for the effects of species’

climatological niche characteristics on persistence and colonisation rates in forest (dark blue), diversified agriculture (green) and intensive agriculture

(yellow) during the wet season sample. The dry season data are presented in the supplement (Fig. S3). Points depict posterior means, and lines show 95%

Bayesian credible intervals. (c & d) Posterior estimates of persistence and colonisation rates for all 307 bird species in each of the three investigated land-

uses (averaged across the four study regions) depicting the effect of species’ precipitation niche centre. Points represent posterior means for each species,

while the best-fit line represents the expectation based on the posterior means of parameters governing how precipitation niche influences persistence and

colonisation probabilities, with dashed lines indicating 95% BCIs around these expectations.
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models and RCPs, though trends weakened in the highest
RCP scenarios: variance in species responses to climate
change, regardless of habitat affiliation, increased greatly
(Fig. S7). When land-use was incorporated in SDMs, agricul-
tural species always fared significantly better than forest spe-
cies, even when land-use was held constant at current
conditions, so projections only reflected climate change’s con-
tribution to range size shifts (Figs S7, S8, S9 and S10).

DISCUSSION

Links between climate affiliation and land-use affiliation

We found that birds’ climate niches strongly predicted their
tolerance to tropical habitat conversion: dry climate-affiliated
species were much more likely to persist in and colonise agri-
culture while wet-climate affiliated species were more likely to

persist in and colonise forest. The correlation between climate
niche and resilience to land-use change was similar across
intensive and diversified agriculture. While these habitats dif-
fer in mean occupancy and species richness, past studies have
found that both agricultural communities are similar in their
level of phylogenetic clustering and, further, that the commu-
nity occupying intensive agriculture can be viewed as a sub-
sample of the community occupying diversified agriculture
(Frishkoff et al. 2014).
The correlation between a species’ climate niche and its affili-

ation with agricultural habitats may have arisen via two mecha-
nisms. First, different species may have different fundamental
niches, such that the microclimates of agriculture preclude the
survival of select species. This is the case for Neotropical
amphibians: frog species that are more common in agriculture
possess warm-adapted physiologies (Frishkoff et al. 2015). A
priori it also seems possible that hotter temperatures in agricul-
ture might preclude cool-adapted birds, as agricultural fields
can be + 10 °C warmer than adjacent forest patches (Fig. S11).
However, when controlling for precipitation niche, we did not
detect temperature effects (Fig. 1a,b), suggesting that tempera-
ture is not a filter for Neotropical birds in agriculture. Similarly,
tropical birds’ fundamental temperature niches do not appear
to control species distributions across elevational gradients
(Freeman 2016). Previous analyses that linked species’ tempera-
ture niches to habitat use in temperate zones (e.g. Clavero et al.
2011; Barnagaud et al. 2013) did not control for the precipita-
tion niche and are, thus, not directly comparable.
While precipitation niche was correlated with agriculture

affiliation, and while agriculture is drier than forest (Fig. S12),
it seems unlikely that birds respond directly to increased pre-
cipitation or moisture. In some circumstances, bird demogra-
phy may be under direct climatological control: periods of
intense precipitation have been correlated with reduced sur-
vival and fecundity, perhaps because heavy rain restricts for-
aging time (Gullett et al. 2014). However, if this mechanism
were operating, then birds that can least tolerate heavy rain
(dry climate niche species), would likely affiliate most with
forest where there is more cover from rainfall. This is the
opposite of the pattern that we observed.
Instead, we posit that climate is impacting birds indirectly.

Species from drier geographic zones may preferentially occupy
agriculture because it resembles the shrubbier vegetation of
the drier regions from which they originated (Figs S13 and
S14). Rainfall is known to directly control vegetative struc-
ture: precipitation is the best predictor of average plant height
(Moles et al. 2009) and loss of precipitation results in declines
in ecosystem-wide plant biomass (Liu et al. 2013). In fact,
deforestation and loss of rainfall can result in similar signa-
tures in remotely sensed plant biomass data (Liu et al. 2013).
This link between vegetation structure and rainfall means
that, in some sense, by clearing forests, humans are converting
a region’s ecosystem into a structure more characteristic of
drier biomes. This signature subsequently carries over to the
bird communities: the mean precipitation niche centre of the
average forest community in our dataset is 2196 mm com-
pared to 1899 mm for the average agricultural community.
Vegetation structure may also be behind our observed patterns

of decreasing affiliation with forest and increasing affiliation with
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mean � 95% Bayesian credible interval). The bottom panel shows overall
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season sample. The dry season data are presented in the supplement
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(a) (b)

(d) (e)

(c)

Figure 3 Agricultural birds in Costa Rica tend to be found in drier biomes. (a) Map depicting the average agricultural affinity of Costa Rican species

whose ranges overlap with each depicted location on the globe. (b) Annual precipitation correlates strongly with the expected habitat affiliation of the

birds, while (c) temperature plays a secondary role. (d) Major biomes across the western hemisphere (see also Fig. S6). (e) Boxplot depicts median and

interquartile ranges of average agricultural affiliation in each of the major biomes of the western hemisphere (colours as in d); means are marked by a red

points. The dashed line indicates equal affiliation with forest and tropical agriculture. In panel (e), each semi-transparent black point represents a 1/3° 9 1/

3° grid cell. They have been jittered to better show the distribution of the data. Costa Rica (where the habitat affiliations are generated) is indicated in grey

in all maps.
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Figure 4 Forest species will, on average, lose more than half their currently habitable range due to climate change, while most agricultural species are more

buffered. (a) Estimated effects of agricultural affiliation on the proportion of range still habitable in 2070 for all RCP scenarios (equivalent to slope in

panel b). Coloured points show maximum likelihood estimate for each general circulation model, and bars show 95% bootstrap CIs. (b) Example of

projected range decline under RCP 6.0. Points represent species mean change in suitable habitat across 11 general circulation models (grey lines indicate

standard deviation across circulation models). Coloured lines represent best fit for each circulation model. These figures reflect the assumption of no

dispersal beyond species’ current range boundaries, and use only climate data to generate species distributions. The supplement contains alternative

assumptions regarding universal dispersal, and the effects of land-use on distributions (Figs S7–S10).
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agriculture along rainfall gradients for widespread species. Dry
forests have much lower canopy heights than tropical wet forests
(Fig. S14), and agriculture in dry regions is also typically shorter
(e.g. rice or melon) than agriculture practiced in wetter regions
(e.g. coffee or banana cultivation).
The connection between the precipitation niche and agricul-

ture affiliation may partially help explain why past studies
have found that latitudinal migrants tend to be better at
exploiting tropical agriculture (Newbold et al. 2013). Migrants
spend much of the year in high-latitude biomes, which tend to
receive less rainfall and have scrubbier vegetation than that
found in the tropics.
Our methods relied on correlative models that correct for

imperfect detection to assess links between species’ climate
niches and their response to agriculture, as well as substitute
space for time to understand how habitat affiliations shifts as a
region’s rainfall declines. While these correlative approaches
represent powerful means to elucidate trends, truly understand-
ing direct and indirect links between climate change, land-use
change, shifts in vegetation structure and animal responses,
requires long-term data sets that track these processes at local
scales over multidecadal time scales. Our current dataset spans
only 12 years – still too short to robustly infer whether fluctua-
tions in occupancy patterns are due to shifts in climate given
the need to account for time lags and temporal autocorrelation.
Accumulation of longer term datasets would solidify the mech-
anistic underpinnings of the patterns we report here.

Biogeography of the Anthropocene

Anthropogenic changes are recasting the biogeographic pat-
terns laid down over millions of years of evolutionary history.
Human transport of organisms across the globe has garnered
appreciable attention lately for its ability to modify the predic-
tions of island biogeography (Helmus et al. 2014) and create
new species distributions that reflect climatological constraints
rather than dispersal limitation (Capinha et al. 2015). Our find-
ings suggest that human land-use also may reshuffle biological
communities, breaking down older biome-based biogeographic
realms. Through land clearing, the species pool in tropical for-
est regions appears to be transitioning to include more taxa
from higher latitude grassland and scrubland biomes. This sug-
gests that many agriculture-affiliated birds in the tropics are not
forest-gap specialists but, instead, may have origins outside of
tropical forests altogether. Indeed, previous analyses have
shown that forest-gap specialists are unlikely to be found in
agriculture (Frishkoff et al. 2014). These observations raise the
possibility that some taxa currently considered ‘native’ to tropi-
cal forest regions may, in fact, be ‘exotic’, having been biogeo-
graphically restricted to true scrubland and grassland biomes
prior to anthropogenic land clearing. Future analyses that
employ historical, paleontological, or population genetic data
could evaluate this hypothesis.

Responses of Neotropical avifauna to future climate and land-use

change

On top of changes in vegetative structure brought about by
agriculture, Central America and tropical South America are

expected to lose precipitation over the coming century – per-
haps by > 20% (Magrin et al. 2014). These climate trends are
expected to result in loss of tropical forest and the expansion
of habitats structurally similar to tropical agriculture, such as
savannah (Magrin et al. 2014). Our data suggest that species
affiliated with tropical agriculture will be the most resilient to
such global changes in climate and land use. While the
amount of habitable space suitable for strongly forest-
affiliated species will decline, agriculture affiliates will, on
average, either be capable of occupying the majority of their
current ranges if dispersal is limited or expand their ranges if
they can disperse to newly habitable areas. Moreover, our
data suggest that as habitats dry, species that are today found
in agriculture may move into forests and compete with cur-
rent forest-affiliated species (Fig. 2). These findings highlight
the need to preserve tropical forest habitat and to foster con-
nectivity between forest fragments to ensure that forest spe-
cialists are able to disperse to newly habitable areas over the
next century.
Our specific predictions hinge on the assumption that spe-

cies are either completely dispersal limited or free to disperse
to available habitat without restraint. Most species will fall
somewhere between these two extremes. Further, it is proba-
ble that agriculture-affiliated species are better dispersers than
forest-restricted species, as some strongly forest-affiliated spe-
cies do not fly outside a closed canopy (Laurance et al. 2004).
If this is the case, then differences in future range size between
forest- and agriculture-affiliated species may be further exacer-
bated.

CONCLUSION

Research investigating the environmental impacts of land-use
change on the biogeographical patterns that have been laid
down over millennia is still in its infancy (Helmus et al. 2014).
Focusing our efforts on local community dynamics may
improve our predictive power in the face of future environ-
mental challenges. Here, the predictive capacity of the climate
niche revealed a potential synergy between Earth’s two great-
est environmental challenges – climate change and habitat
conversion. Specifically, we found that climate change-induced
drying will likely favour agriculture-affiliated species. At large
scales, the most important determinant of biodiversity is the
degree to which sites differ in their species compositions
(Flohre et al. 2011). If climate change and habitat conversion
do threaten and favour similar species, then global biodiver-
sity may homogenise even more rapidly than previously pre-
dicted, truly ushering in the ‘Homogocene’ (Baiser et al.
2012).
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