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ABSTRACT

Current and near future climate policy will fundamentally influence the integrity of ecological systems. The Neotropics is a re-
gion where biodiversity is notably high and precipitation regimes largely determine the ecology of most organisms. We modeled
possible changes in the severity of seasonal aridity by 2100 throughout the Neotropics and used birds to illustrate the implica-
tions of contrasting climate scenarios for the region's biodiversity. Under SSP-8.5, a pessimistic and hopefully unlikely scenario,
longer dry seasons (>5%), and increased moisture stress are projected for about 75% of extant lowland forests throughout the
entire region with impacts on 66% of the region's lowland forest avifauna, which comprises over 3000 species and about 30% of
all bird species globally. Longer dry seasons are predicted to be especially significant in the Caribbean, Upper South America,
and Amazonia. In contrast, under SSP-2.6—a scenario with significant climate mitigation—only about 10% of the entire region's
forest area and 3% of its avifauna will be exposed to longer dry seasons. The extent of current forest cover that may plausibly func-
tion as precipitation-based climate refugia (i.e., <5% change in length of dry periods) for constituent biodiversity is over 4 times
greater under SSP-2.6 than with SSP-8.5. Moreover, the proportion of currently protected areas that overlap putative refugia areas
is nearly 4 times greater under SSP-2.6. Taken together, our results illustrate that climate policy will have profound outcomes for
biodiversity throughout the Neotropics—even in areas where deforestation and other immediate threats are not currently in play.

1 | Introduction

Maintaining tropical ecosystems is critical to the conservation
of global biodiversity, carbon storage and the survival of local
peoples. Yet, forest cover continues to decline rapidly in many
tropical regions (Anderegg et al. 2022; Lapola et al. 2023; Lapola,
Silva, and Joly 2020). Recent analyses indicate that the ecologi-
cal integrity of up to half of extant forest has been compromised
by fragmentation, drought, fires, overharvesting of plants and
animals, and land use such as agriculture and mining (Albert

et al. 2023; Barlow et al. 2016; Grantham et al. 2020). Climate
change is a cofundamental and pervasive threat to tropical for-
ests with the potential for widespread and irreversible outcomes
(Hannah et al. 2007).

Whereas increasing average temperatures and the frequency
of extreme temperature events will profoundly change natural
systems globally, changing precipitation regimes may present
an equally or more significant direct threat to tropical forest
systems (Laurance et al. 2012; Lovejoy and Nobre 2019; Phillips
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et al. 2009; Tao et al. 2022). The amount and timing of precipi-
tation are essential to the biology of tropical systems and studies
of drought in tropical forests indicate that long-term changes
in rainfall regimes will lead to changes in the distribution, flo-
ristic composition, and structural complexity of tropical forests
(Corlett 2016). Numerous analyses project increases in the dura-
tion and severity of dry periods in the Neotropics (Fu 2015; Tao
et al. 2022) owing to likely changes in atmospheric circulation
patterns (De Faria et al. 2021). Moreover, rising temperatures
can lead to increased evapotranspiration, potentially exacerbat-
ing local precipitation deficits (van der Schrier et al. 2013). The
dominant trend will be for more frequent and intense seasonal
aridity; however, some areas such as the Pacific Andes are pre-
dicted to experience wetter conditions due to climate change
(Duffy et al. 2015).

Evidence is growing that repeated exposure to moisture stress
will degrade the integrity of lowland Neotropical forests, espe-
cially those classified as “moist” or “wet.” These forests will
likely lose their ability to recover from stress events, a change that
may already be underway (Boulton, Lenton, and Boers 2022; Tao
et al. 2022), and undergo wholesale change to dryer, more open
forests—a process known as “savannization” (Malhi et al. 2008;
Nobre and Fabricio-Neto 2021; Sales, Galetti, and Pires 2020).
Severe episodic droughts have already been observed in re-
cent decades over the Amazon basin and other regions in the
Neotropics (Jiménez-Mufioz et al. 2016; Xu et al. 2011), and the
tipping point for widespread changes in moist tropical forests
may be soon be realized without substantial and immediate cli-
mate mitigation (Armstrong McKay et al. 2022).

For terrestrial tropical fauna, the effects of altered rainfall re-
gimes are uncertain, but evidence is accumulating that even
short-term changes in the severity of drought or seasonal aridity
may significantly impact animal populations and communities
in the Neotropics (Ameca y Juarez et al. 2013; Brawn et al. 2017;
Franca et al. 2020; Ryder and Sillett 2016) and other tropical
regions such as northern Australia (Chambers, Hughes, and
Weston 2005), and southeast Asia (Adeney et al. 2006). A recent
review developed a conceptual basis and empirical summary of
the importance of precipitation to the evolutionary ecology and
conservation of tropical endotherms such that dryer or wetter
conditions outside of a species’ “hygric niche” will impair fitness
and adversely affect the viability of populations (Boyle, Shogren,
and Brawn 2020). The conceptual framework of the hygric niche
holds that both the quantity and timing of rainfall can affect an-
imal survival and reproductive success.

The inevitability of climate-related environmental change has
motivated interest in identifying climate refugia where ecolog-
ical systems and biodiversity will be buffered and hopefully
persist under predicted climate scenarios (Keppel and Wardell-
Johnson 2012). Characterizing climate refugia will be particu-
larly important for conservation priorities intended to conserve
endemic species with relatively small ranges as these species
are often common on islands and other geographically isolated
sites (Manes et al. 2021). A related issue is the degree to which
currently protected areas will suffice as climate refugia. Thus
far, establishing the locations of potential refugia has focused
largely on rising temperatures (Sales and Pires 2023) and pro-
jections for precipitation-moisture refugia for tropical fauna

have centered on specific ecosystems and regions (Avalos and
Hernandez 2015; Borges and Loyola 2020; Reside, Butt, and
Adams 2018; Tonetti et al. 2023).

Presented here is the first regionwide, ecosystem-based ac-
count of the potential exposure of Neotropical wildlife and ex-
tant protected areas to possible changes in rainfall regimes. We
projected the severity of seasonal drought and focused on im-
plications for the region's protected areas and birds in lowland
forests—an avifauna that constitutes roughly 30% of the world's
bird species (Pillay et al. 2022). Our approach was to model and
contrast projections for the end of the current century under pes-
simistic and optimistic levels of climate mitigation.

We considered four questions under two contrasting scenar-
ios that bracket a wide range of climate pathways (SSP-8.5 and
SSP-2.6): (1) where will the duration of dry periods change
throughout lowland Neotropical forests during the 21st cen-
tury?; (2) what proportion of the resident forest avifauna will
be exposed to changing rainfall regimes?; (3) will endemic or
restricted range species be disproportionately exposed?; and (4)
to what extent will currently protected areas serve as climate
refugia by the end of the 21st century?

2 | Methods And Materials
2.1 | Climate Data

The historical (1970-2000) and future projection (through
2100) data for 20-year-averaged monthly precipitation are pro-
vided by the Intergovernmental Panel for Climate Change Sixth
Assessment Report (IPCC-AR6), downscaled to a resolution of
2.5 arc minutes (approximately 5km, available at https://world
clim.org/ see Fick and Hijmans 2017). The historical data used for
the downscaled model outputs include databases with long-term
averaged values (FAO 2001; WMO 1996), time-series of monthly
averages by year (Harris et al. 2014; Lawrimore et al. 2011;
Rohde et al. 2013) and daily weather data (NCEI 2015), which
were all aggregated to monthly climate averages and down-
scaled to finer resolutions. The target temporal range for station
data was between 1970 and 2000. Stations with observations for
at least 25years within this period; those with at least 10years
of data between 1960 and 2010, after removing duplicates, were
considered for surface fitting. Climate data cover forested habi-
tat at tropical latitudes between tropics of Cancer and Capricorn
in the Americas at elevations from sea level to 1000 m.

The source data for future projections under the emission sce-
nario SSP-2.6 (which represents strong sustainability efforts
and a rapid transition to a low-carbon economy) and SSP-8.5
(which represents the high end of greenhouse gases emissions
pathway) are from CMIP6 (the Coupled Model Intercomparison
Project 6) and are calibrated based on the observed baseline
climate. The result is averaged over the nine available models,
including BCC-CSM2-MR (Beijing Climate Center climate sys-
tem model version 2), CNRM-CM6-1 (sixth-generation atmo-
sphere-ocean general circulation model jointly developed by
Centre National de Recherches Météorologiques and Cerfacs
for CMIP6), CNRM-ESM2-1 (Second generation of the Earth
System Model developed by the Centre National de Recherches
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Météorologiques and Cerfacs), CanESMS5 (The Canadian Earth
System Model version 5), GFDL-ESM4 (Geophysical Fluid
Dynamics Laboratory's Earth System Model Version 4), IPSL-
CM6A-LR (model developed by Institute Pierre-Simon Laplace
as part of the sixth phase of the CMIP6), MIROC-ES2L (Model
for Interdisciplinary Research on Climate, Earth System ver-
sion-2 for Long-term simulations), MIROC6 (The sixth version
of the Model for Interdisciplinary Research on Climate), and
MRI-ESM2-0 (The Meteorological Research Institute Earth
System Model version 2.0).

2.2 | WorldClim Data Downscaling

The monthly averages of precipitation measured at more than
47,000 weather stations globally, mostly for the 1950-2000
period, were compiled and interpolated using the thin-plate
smoothing spline algorithm implemented in ANUSPLIN (Fick
and Hijmans 2017), creating global climate land surfaces for
monthly precipitation.

The input weather station data were collected from several
sources, including The Global Historical Climate Network
Dataset (GHCN), the WMO climatological normal (CLINO), the
FAOCLIM 2.0 global climate database (FAO 2001), a database as-
sembled by Peter G. Jones and collaborators at the International
Center for Tropical Agriculture (CIAT) in Colombia, and some
additional regional databases. The compiled database consisted
of precipitation records from 47,554 locations after removing sta-
tions with errors (Hijmans et al. 2005).

The construction of the climate surfaces was done by SPLINA
in the package ANUSPLIN, after dividing the global domain
into 13 overlapping zones. The surface can be constructed for
any specific location and elevation within the specified domain.
SPLINA fits a continuous surface to the points, but the surface
does not necessarily go through every observed point. The el-
evation data were from the Shuttle Radar Topography Mission
(SRTM), and the latitude/longitude geographical coordinate sys-
tem was used for all climate surfaces.

In ANUSPLIN, spline models of the observed data values are fit
by setting:

p
z=f(x%)+ Zﬂj(pj(xi) +e (=1 - ,mj=1, - ,p) @
=

where f is an unknown smooth function to be estimated, the ¢,
are a set of p known functions and the f; are a set of unknown
parameters which have also to be estimated (Hutchinson, 1995).
The x; commonly represent coordinates in three-dimensional
Euclidean space (latitude, longitude, and elevation in this case).
The ¢; are zero mean random errors. They were all aggregated to
monthly climate averages after downscaled to finer resolutions.
The target temporal range for station data was between 1970 and
2000.

For future projections, the first step was to estimate changes in
precipitation, which were computed as the relative difference
between the output of the Global Climate Models simulations

for the baseline years (1960-1990) and for the target future years
(2020-2100). These changes were then interpolated onto a high-
resolution surface grid created, with the assumption that the
change in climate does not change the spatial gradient of the
climate variable that is being downscaled using Equation (1). To
derive the predicted climate, the high-resolution changes were
added to the high-resolution interpolated historical climate data
for the baseline years.

2.3 | Calculation of Dry Season Length

We defined dry season length (DSL) as the sum of consecu-
tive months with precipitation lower than the annual mean of
monthly precipitation. To better assess the effect of rainfall re-
gime on bird demographics, we calculated the DSL in months per
year for the study area, based on the annual mean precipitation of
the reference period (Li and Fu 2004; Marengo et al. 2001). The
start of the dry season was marked by the change in monthly rain
rate from above to below the climatological annual mean rain
rate, and vice versa for defining the end of the dry season (Fu
et al. 2013). This definition captures the temporal patterns of the
rainfall variation to find DSL, and it is not influenced by the bias
in precipitation amount in a particular dataset or model. Using
the monthly precipitation provided by WorldClim, we assumed
that the change of rainfall amount between adjacent months are
continuous and linear. We thus determined the start (and end) of
dry periods as the intercept between the precipitation timeseries
and the reference annual mean. When there was more than one
period in a year below annual mean, DSL is defined as the sum
of their lengths. To determine predicted changes in the length of
dry seasons from the present day to between 2080 and 2100, we
compared predicted climate models to historical data from 1970
to 2000 and subtracted differences in DSL from the latter.

In this paper, the benchmark for “change” in the duration of
DSL was 5% longer or shorter than that during the baseline pe-
riod (1970-2000).

2.4 | Bird Data

The ranges of bird species were downloaded from Birdlife
International in January of 2020 (Handbook of the Birds of the
World and Birdlife International 2020). Using the attributes of
presence and origin associated with each species’ range poly-
gons, we included only areas that were classified as extant, prob-
ably extant, or possibly extant (presence values of 1, 2, and 3,
respectively), and native (origin values of 1). Additionally, we ex-
cluded range polygons classified as “non-breeding,” “passage,”
or “uncertain” (season values of 3, 4, and 5). Of the resulting bird
ranges, we removed any species where < 50% of their range over-
lapped with the area between the Tropic of Capricorn and Tropic
of Cancer in the Caribbean and Central and South America. We
filtered the remaining species to only include those species for
which forest habitats are of “major” importance as defined by
the habitat classification scheme in the Birdlife dataset and on
the TUCN Red List. This method followed the method used by
Luther et al. (2020). In addition, only year-round resident birds
were included in the study; thus, austral and neotropical mi-
grants were not included.

30f12

2SUDOIT SUOWIWO)) dANEa1) dqedridde ayy £q pauIdA0S A1k SAOIIE V() ‘aSN JO SN 10§ AIRIQIT AUIUQ) AS[IAL UO (SUOHIPUOI-PUB-SULI) WO AJ[IM " ATeIqIjour[uo//:sdpy) suonIpuoy) pue swid ], oy 39S "[z0z/11/01] U0 Areiqu auruQ AT “bHSL1°998/1111°01/10p/wod Ko[im K1eiqrjourjuo//:sdny woiy papeojumo ‘01 “+20Z ‘98¥7S9E1



We utilized a global digital elevation map (DEM) with 7.5 arc-
second spatial resolution to eliminate areas above 1000m in
elevation (Danielson and Gesch 2011). These areas are suscep-
tible to large error rates in climate model outputs due to quickly
changing microclimates as well as unpredictable elevation
movements of avian species based on different climate sce-
narios. Therefore, we clipped out these areas from our climate
model data and from the range areas of each species since we
could not make accurate assessments of these areas.

2.5 | Data Aggregation

Data were aggregated at a scale applicable for forest restoration
and management using a global grid of equal area, equal shape
hexagons with a 10km? resolution (Luther et al. 2020) using
the R-package “dggridR” (Barnes et al. 2017). Species-specific
data for the remaining species within our area of interest were
spatially joined to the hexagon grid layer across their respec-
tive ranges from which we calculated the number of species
in each grid cell. We also calculated the mean and median cli-
mate model projections of relative difference in DSL and dry
season precipitation for each grid cell. Finally, each bioregion
was joined to each grid cell using One Earth's terrestrial biore-
gions of the world (Dinerstein et al. 2017). We then grouped
these bioregions into subregions (see Figure S1) to better rep-
resent areas with similar taxonomy and geology. To identify
areas with high concentrations of area restricted endemic spe-
cies (Stein, Kutner, and Adams 2000), the rarity-weighted rich-
ness (RWR) was calculated for each species as the inverse of the
range size (Usher 1986; Williams et al. 1996). Specifically, RWR
per hexagon=Y" (1/¢;)where c, is the number of hexagons in
which species i occurs summed for the n species that occur at
that hexagon. We also assessed the impact of predicted change
in DSL on current protected areas using the World Database on
Protected Areas (UNEP-WCMC 2020). We limited our focus
to protected areas with an TUCN protected area management
classification (categories I-VI). We also calculated the average
and median change in the number of dry season months in each
protected area to assess the impact of climate change on them
(Luther et al. 2021).

3 | Results
3.1 | Predicted Changes in Rainfall Regimes

As expected, projected changes in rainfall regimes differed
substantially between the SSP-2.6 and 8.5 pathways (Figure 1,
Table 1). Changes of 5% or more in the duration of dry periods
were predicted for 80% of lowland forest under SSP-8.5 but only
17% of the region with SSP-2.6. The extent of areas predicted to
experience longer and shorter dry periods under SSP-2.6 were
similar (10% and 7% of the region, respectively). In contrast,
under SSP-8.5, nearly all predicted change was for dryer condi-
tions. Extreme changes of >25% change in duration of dry peri-
ods were projected under SSP-8.5 for approximately 1.9 million
km? of lowland forest (16% of the region), of which, 95% was for
more severe dryness. <1% of the region was predicted to have
changes >25% with SSP-2.6.

The extent of geographic variation in future rainfall regimes
across the Neotropics differed markedly between scenarios
(Table 1). Under SSP-2.6, variation over the region was com-
paratively modest with little change predicted for at least
70% of each subregion. Under SSP-8.5, variation among sub-
regions was far greater and notably pervasive drying trends
were projected for several areas that included nearly all Upper
South America and at least 75% of the Caribbean (especially
Puerto Rico), the Cerrado, the coastal Atlantic Rainforest
and Amazonia (Table 1, Figure 1). Extreme increases of
25% or more in DSL were projected over 35% of Upper South
America and 47% of the Caribbean with virtually no area pre-
dicted to experience shorter dry seasons within either region.
Little change in the duration of dry periods was predicted
under both climate scenarios for lowland forests in the South
American Grasslands subregion.

In contrast to the general trend regionwide, both scenarios
predicted shorter dry periods throughout much of the Andes
and Pacific Coast, southern Central America (i.e., Isthmus of
Panama), and western Amazonia. The two pathways predicted
large-scale but opposing trends in DSL by 2100 within the west-
ern Caribbean and northern Central America (Figure 1).
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FIGURE 1 | Projected changes in the length of dry seasons by 2100 throughout the Neotropics. (A) projections under SSP-2.6; (B) projections
under SSP-8.5. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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TABLE 1 | Areal extent (% of total) of projected changes in duration of dry season under SSP-2.6 and SSP-8.5 climate scenarios by the year 2100

in neotropical lowland forests.

SSP-2.6 SSP-8.5
Subregion and area (km?) >5% shorter <5%change >5%longer >5%shorter <5%change >5% longer
Amazonia (5,437,866) 7% 80% 13% 5% 12% 83%
Andes Pacific Coast (488,285) 29% 70% 1% 35% 40% 25%
Atlantic Rainforest (704,152) 9% 85% 6% 4% 26% 60%
Caribbean (224,603) <1% 89% 11% <1% 11% 78%
Central America (1,084,027) 19% 78% 3% 7% 36% 57%
Cerrado (3,287,005) 2% 92% 6% <1% 20% 80%
Mexican Drylands (11,575) 0% 0% 0% 0% 0% 0%
South American Grasslands 1% 99% 0% <1% 89% 11%
(358,599)
Upper South America 2% 81% 17% 0% 2% 98%
(1,722,540)
TOTAL (13,292,924) 7% 83% 10% 4% 20% 76%

3.2 | Impacts of Projected Rainfall Regimes on
Forest Birds

The impacts of projected changes on lowland forest birds con-
trasted sharply between the two pathways throughout the
Neotropics (Figure 2, Table 2). Under SSP-2.6, only 84 species
(< 3% of the entire region’s avifauna) may experience dryer con-
ditions, but 748 species are predicted to face shorter dry peri-
ods—over twice that expected under SSP-8.5. In contrast, under
SSP-8.5, 2444 (79%) of the region's lowland forest bird species,
and over 20% of the world's avifauna, will potentially be exposed
to altered rainfall regimes by 2100; of these, 2097 species were
predicted to face longer dry periods and 347 will be exposed to
shorter periods.

Contrasts in the possible consequences of the two climate sce-
narios for resident avifaunas were especially evident within cer-
tain subregions (Table 2, Table S2). For example, the number of
species potentially exposed to altered rainfall regimes increased
over tenfold between pathways in the Caribbean, Cerrado, and
Upper South America subregions. In Amazonia, more than 1000
species are predicted to face potentially dryer conditions under
the SSP-8.5 pathway; only 19 species are predicted to experience
longer DSL with SSP-2.6. The Andes Pacific Coast and Mexican
Drylands regions were exceptional as no species were projected
to face dryer conditions under SSP-2.6 but a large proportion of
the resident avifaunas are expected experience more severe sea-
sonal aridity under SSP-8.5.

Under SSP-8.5, over half of the area-restricted endemic species
are predicted to face longer dry seasons (Figure 2, Table 2).
For the Caribbean, where 80% of the total resident avifauna is
endemic to the region, nearly all species (96%) will be exposed
to greater DSL. Longer dry seasons are predicted for all area-
restricted endemic species (N=107) in Upper South America.
Other subregions where notably large proportions of endemics
may be heavily impacted under SSP-8.5 include the Amazon,

and Central America (Table 2). With SSP-2.6, only 84 (6.6%) of
the area-restricted endemics for the entire Neotropics are pro-
jected to face > 5% longer dry seasons, of which, 53 are in the
Caribbean. Notably, 262 (58%) of the endemic species in the
Andes Pacific Coast will face substantially shorter dry seasons
under the SSP-2.6 scenario.

3.3 | Impacts of Projected Rainfall Regimes on
Climate Refugia and Extant Protected Areas

The two pathways also presented distinctive scenarios for the
extent of potential climat refugia in the Neotropics by 2100
(Figure 3). Defining refugia broadly as areas where DSL will
stay within + 5% of the 20th-century baseline, we found that only
19% of the lowland Neotropics will encompass potential refugia
areas under SSP-8.5. By contrast, nearly 84% of the entire region
will potentially constitute refugia areas according to SSP-2.6—a
difference of approximately 8,400,000 km?. Differences between
pathways in the extent of potential refugia were most evident for
Amazonian, Caribbean, Cerrado and Atlantic Coast, and Upper
South America subregions. Consequences for Upper South
America were especially severe as only 2% of the entire region
will provide climate refugia according to SSP-8.5, but 81% of the
region will qualify under SSP-2.6. We found similar differences
for Amazonia where 79% and 12% of the lowland forests will
function as refugia under SSP-2.6 and SSP-8.5, respectively.

Projected changes in DSL also revealed significant implica-
tions for the integrity and lasting value of current protected
areas as future reserves for birds and overall biodiversity
(Figure 4, Table S1, Figure S2). At present, there are 3105 pro-
tected areas in the lowland Neotropics (UNEP-WCMC 2020).
Of these, 66% (N=2060) will lie completely outside the re-
gions projected as climate refugia under SSP-8.5 compared to
only 8% of the current protected areas under the SSP-2.6 fore-
casts (Figure 4, Tables S1 and S3). In terms of overall area, 94%
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FIGURE 2 | Exposure of Neotropical lowland birds to projected changes in length of dry season. The color codes represent both the number of

bird species and the magnitude of the predicted change in dry season length. Thus, locations predicted to have higher precipitation regime change

impact by the year 2100 have both a greater number of species and a larger change in dry season length. (A) all species under SSP-2.6 projections; (B)
all species under SSP-8.5 projections; (C) area-restricted endemic species under SSP-2.6; (D) area-restricted endemic species under SSP-8.5. Map lines
delineate study areas and do not necessarily depict accepted national boundaries.

and 22% of the current protected areas will lie in projected
refugia under SSP-2.6 and SSP-8.5, respectively. The magni-
tude of differences between forecast scenarios varied among
subregions with the Caribbean, Upper South America, and
Amazonia having the greatest difference between the propor-
tion of protected areas in refugia areas and the Andes Pacific
Coast the least difference between the two scenarios. For the
Caribbean, by 2100 barely 1000km? (11%) of currently pro-
tected areas will overlap with projected climate refugia under
SSP-8.5 (Table S1).

4 | Discussion

Our analyses under optimistic and pessimistic scenarios demon-
strate that the magnitude of climate change through the 21st
century will have profound implications for the sustainability
of neotropical forests and their constituent animal biodiver-
sity. Although this is not a novel finding, our study constitutes
the first regionwide precipitation analysis for the Neotropics'
lowland-forest birds and existing protected areas. Unmitigated
climate change may lead to altered precipitation regimes in the
21st century that could compromise the integrity of lowland

forests on a regionwide basis throughout the Neotropics. If re-
alized, these changes will affect a large proportion of extant
protected areas and limit the availability of putative climate
refugia for lowland biodiversity, as illustrated here for forest
birds. The level of threat will be especially severe—possibly
catastrophic—in the Caribbean, Upper South America, and
southern Amazonia regions. A future with comparatively mod-
est climate change, while challenging, bodes comparatively well
for a large proportion of extant protected areas and provides far
better availability of climate refugia. The Andes Pacific Coast
subregion is an exception, as both scenarios project widespread
and wetter rainfall regimes.

Direct habitat loss and degradation are currently the most per-
vasive threats to neotropical forests (Albert et al. 2023; Lapola
et al. 2023); nonetheless, the severity of climate change will be
critical to the long-term success of measures intended to ensure
the conservation of the world's most diverse avifauna and per-
petuation of neotropical lowland forests. Whereas our analyses
have focused on precipitation, rising temperatures will also
present a climate-related threat to the sustainability of trop-
ical forests. Warming trends and novel temperature regimes
have been observed throughout most of the world's tropical
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TABLE 2 | Numbers of neotropical bird species potentially affected by projected changes in duration of dry season under SSP-2.6 and SSP-8.5
through the year 2100. For subregions, the top row of numbers is the total number of species found in that subregion; the row below is that number

of area-restricted endemic species unique to that region.

SSP-2.6 SSP-8.5

Area >5% shorter <5%change >5%longer >5%shorter <5% Change >5% longer
Amazonia

1604 347 1238 19 60 231 1313

142 8 132 2 1 12 129
Andes Pacific Coast

1882 679 1203 0 324 306 1252

453 262 191 0 213 130 110
Atlantic Rainforest

660 1 654 5 2 77 581

55 1 51 3 2 7 46
Caribbean

224 4 166 54 0 7 217

179 4 122 53 0 6 173
Central America

1187 473 713 1 155 209 823

329 64 265 0 5 68 256
Cerrado and Atlantic Coast

958 7 948 3 4 94 860

16 0 16 0 0 2 14
Mexican Drylands

241 7 234 0 0 71 170

2 0 2 0 0 2 0
South American Grasslands

488 26 462 0 7 70 411

0 J— J— J— J— J— J—
Upper South America

1213 240 950 23 12 76 1125

107 0 98 9 0 0 107
Overall Neotropics

3115 748 2284 84 378 680 2097

forests and extend from the forest canopy down to the under-
story (Trew et al. 2024) and recent analyses indicate that tem-
perature increases expected under pessimistic climate scenarios
(i.e., SSP-6.0-8.5) may push tropical tree species to physiologi-
cal thresholds beyond which their photosynthetic function may
be compromised (Doughty et al. 2023). The added or interac-
tive effects of rising temperatures with changes in rainfall will
challenge tropical fauna as well. Whereas the thermal ecology of
tropical birds and the environmental limits within which these
species can maintain homeostasis merits much study (Pollock

et al. 2021; Pollock et al. 2024), behavioral thermoregulation
in several understory bird species appear to be driven by local
temperatures, rainfall, and local humidity (Jirinec 2024). Our
projections are independent of ongoing threats to forest bird
habitat posed by deforestation, fires, and local land use and re-
ports indicate that the pace of these threats is more rapid than
those directly attributable to current climate change (Albert
et al. 2023). Importantly, deforestation appears to exacerbate
climate-based moisture stress in forests at local and possibly re-
gional spatial scales owing to decreased evapotranspiration and
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study areas and do not necessarily depict accepted national boundaries.
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FIGURE 4 | The percent of protected areas in a subregion with predictions of < 5% change in the length of the dry season by the year 2100 under
SSP-2.6 (green) and SSP-8.5 (yellow) projections. Higher values indicate a greater proportion of protected areas in a subregion with relatively stable
precipitation regime projections. N equals the number of protected areas that will have a < 5% change in the length of the dry season in the subregion.

increased runoff (Aragdo 2012; Lawrence and Vandecar 2015;
Staal et al. 2015). Significantly dryer conditions owing to feed-
backs between land use and local moisture availability have
been well-documented in southern Amazonia (Coe et al. 2013).
Moreover, recent work linking deforestation and fire to rainfall
indicate that forest loss can exacerbate local moisture stress
and may push Amazonia closer to a critical threshold beyond
which the entire subregion's seasonal rainfall patterns will be
disrupted (Bochow and Boers 2023). Deforestation may there-
fore lead to local and regional changes in precipitation regimes

at velocities exceeding those predicted here even under the more
pessimistic climate scenario (Feeley et al. 2012).

Increases in aridity over the long-term are predicted to push
lowland forests toward open savanna-like habitat, a change that
will cause substantial changes in constituent forest bird commu-
nities. Even comparatively short-term episodes of intense sea-
sonal aridity, such as those associated with ENSO events, appear
to decrease the productivity of lowland forests and negatively
affect the reproductive behavior and breeding success of several
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neotropical bird species and other wildlife (Brawn et al. 2017;
Martin and Mouton 2020; Sales, Galetti, and Pires 2020). Less
clear is the fate of ecosystems and wildlife populations in areas
such as the Andes Pacific Coast that may experience less se-
vere seasonal drought; however, there is evidence that signifi-
cantly more rain can also have adverse outcomes for lowland
forest birds and change the structure of historically dryer forests
(Boyle et al. 2020; Takano-Rojas et al. 2023).

Whereas the mechanisms underlying the responses of neo-
tropical bird populations to episodic drought require study,
dryer conditions will likely affect the availability of food re-
sources; which, for most neotropical bird species, consists of
some combination of arthropods, fruit, and nectar (Stutchbury
and Morton 2022). Episodic drought can have a positive ef-
fect on fruit and nectar production (Skutch 1950; Wright
et al. 1999), but longer-term drought will lead to loss of forest
resiliency and reproductive failure. Outbreaks of arthropods
such as certain Lepidopterans can follow episodes of intense
aridity (Van Bael et al. 2004); however, experimental evidence
indicates that lasting dry conditions will decrease overall ar-
thropod abundances in humid forests (Gely et al. 2020). Trend
estimates for tropical arthropods from long-term studies in
Costa Rica and elsewhere suggest that regional declines in the
abundances of selected arthropod groups are partly attribut-
able to reductions in rainfall that have already been realized
(Janzen and Hallwachs 2021).

Far more research is needed to estimate the thresholds for
change in precipitation regimes beyond which the viability of
tropical bird populations and overall integrity of lowland for-
est ecosystems will be compromised. Our modeling adopted
a threshold of 5% for “change” but whether this benchmark is
realistic requires continued study. How individual species will
react to altered rainfall regimes and associated habitat changes
is difficult to predict, as vulnerability to changing environments
may be a complex function of intrinsic traits and ecological inter-
actions (Beissinger and Riddell 2021). Recent analyses indicate
that species' traits can have limited value in predicting the fates
of individual species facing environmental change (Wiethase
et al. 2024). Thus, field-oriented monitoring programs will be
needed to assess and predict the relative vulnerability of species
as climatic conditions change.

Whereas a wide spectrum of reactions among species is
likely—empirical evidence confirms that understory forest
birds in general, and area-restricted endemic species in par-
ticular, are highly sensitive to environmental change owing
to low vagility (Manes et al. 2021; Moore et al. 2008). Many
species of terrestrial and understory insectivores, for example,
appear unable to disperse over open habitat or persist in highly
altered, open forests (Powell et al. 2015). Limited vagility may
restrict the ability of many lowland forest species to extend
their ranges to more climatically favorable areas. For many
areas, the geographic extent of projected changes in rainfall
regimes is so extensive that many lowland species may simply
have “no place to go”—even within intact tracts of forest. We
do not contend that all species exposed to changing rainfall
regimes will be adversely affected—some species will cer-
tainly benefit. Nonetheless, we concur with previous analyses
that predict “many losers and few winners” for tropical fauna

under plausible climate change scenarios and continued defor-
estation (Tabarelli et al. 2012).

Protected areas are fundamental to the sustainability of tropical
biodiversity and, whereas their success appears to vary among
taxa (Fajardo et al. 2023), protected sites have already proven
effective in conserving endemic and threatened species of birds
in the Neotropics (Cazalis et al. 2020) and around the world
(Bolam et al. 2021; Luther et al. 2021). Our results and other re-
ports (Torres-Amaral et al. 2023) show that the continued value
of many protected areas in the Neotropics may be undermined
by significant changes in precipitation regimes. Planning for fu-
ture protection should therefore take climate change forecasts
into account and identify potential climate refugia that will
plausibly protect neotropical biodiversity in the 22nd century.
Climate refugia will be especially valuable if they can be pro-
tected from the land use changes that are ongoing throughout
the Neotropics (Hansen et al. 2020). Policy guidelines for sus-
taining tropical biodiversity under different climate scenarios
have been presented and suggest that with <2°C change, pro-
tecting 30% of tropical terrestrial landcover will reduce extinc-
tion risks (all taxa) by 50% (Hannah et al. 2020). Finer spatial
scale analyses than those presented here will be needed to iden-
tify the locations and extent of potential climate refugia regard-
ing expected change in rainfall. For example, local floodplain
areas may offer microclimate refuge in otherwise dry areas. We
hope our analyses will add to the ongoing dialog about where
future protected areas need to be established or maintained for
birds and other components of tropical biodiversity, especially
under pessimistic scenarios and in regions where changes in
precipitation regimes may be widespread and severe.

Author Contributions

Jeffrey D. Brawn: conceptualization, methodology, project adminis-
tration, supervision, validation, visualization, writing — original draft,
writing - review and editing. David Luther: conceptualization, formal
analysis, methodology, supervision, validation, visualization, writing -
original draft. Mingxin Qu: conceptualization, formal analysis, meth-
odology, validation, writing — review and editing. Sarah M. Farinelli:
formal analysis, methodology, validation, visualization, writing - re-
view and editing. W. Justin Cooper: formal analysis, methodology,
validation, visualization, writing - review and editing. Rong Fu: con-
ceptualization, formal analysis, methodology, supervision, writing - re-
view and editing.

Acknowledgements

This study was supported by the Department of Natural Resources
and Environmental Sciences, University of Illinois; US Department of
Agriculture National Institute of Food and Agriculture Hatch Project
ILLU-875-956; National Science Foundation Climate and Large-scale
Dynamics Program Award # 1917781 to RF; and the Department of
Biology at George Mason University.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available in
Dryad at https://doi.org/10.5061/dryad.h9wOvt4sm and in Zenodo at
https://doi.org/10.5281/zenodo.13883438.

9o0f12

2SUDOIT SUOWIWO)) dANEa1) dqedridde ayy £q pauIdA0S A1k SAOIIE V() ‘aSN JO SN 10§ AIRIQIT AUIUQ) AS[IAL UO (SUOHIPUOI-PUB-SULI) WO AJ[IM " ATeIqIjour[uo//:sdpy) suonIpuoy) pue swid ], oy 39S "[z0z/11/01] U0 Areiqu auruQ AT “bHSL1°998/1111°01/10p/wod Ko[im K1eiqrjourjuo//:sdny woiy papeojumo ‘01 “+20Z ‘98¥7S9E1


https://doi.org/10.5061/dryad.h9w0vt4sm
https://doi.org/10.5281/zenodo.13883438

References

Adeney, J. M., J. Ginsberg, G. Russell, and M. Kinnaird. 2006. “Effects
of an ENSO-Related Fire on Birds of a Lowland Tropical Forest in
Sumatra.” Animal Conservation 9, no. 3: 292-301.

Albert,J. S., A. C. Carnaval, S. G. Flantua. et al. 2023. “Human Impacts
Outpace Natural Processes in the Amazon.” Science 379, no. 6630:
eabo5003.

Amecay Juarez, E. I., G. M. Mace, G. Cowlishaw, W. A. Cornforth, and
N. Pettorelli. 2013. “Assessing Exposure to Extreme Climatic Events for
Terrestrial Mammals.” Conservation Letters 6, no. 3: 145-153. https://
doi.org/10.1111/§.1755-263X.2012.00306.x.

Anderegg, W.R. L., C. Wu, N. Acil, et al. 2022. “A Climate Risk Analysis
of Earth's Forests in the 21st Century.” Science 377, no. 6610: 1099-1103.
https://doi.org/10.1126/science.abp9723.

Aragdo, L. E. O. C.. 2012. “The Rainforest's Water Pump.” Nature 489,
no. 7415: 217-218. https://doi.org/10.1038/nature11485.

Armstrong McKay, D. L., A. Staal, J. F. Abrams, et al. 2022. “Exceeding
1.5°C Global Warming Could Trigger Multiple Climate Tipping Points.”
Science 377, no. 6611: eabn7950.

Avalos, V., and J. Hernandez. 2015. “Projected Distribution Shifts and
Protected Area Coverage of Range-Restricted Andean Birds Under
Climate Change.” Global Ecology and Conservation 4: 459-469. https://
doi.org/10.1016/j.gecco.2015.08.004.

Barlow, J., G. D. Lennox, J. Ferreira, et al. 2016. “Anthropogenic
Disturbance in Tropical Forests Can Double Biodiversity Loss From
Deforestation.” Nature 535, no. 7610: 144-147. https://doi.org/10.1038/
naturel8326.

Barnes, R., K. Sahr, G. Evenden, A. Johnson, and F. Warmerdam. 2017.
“dggridR: Discrete Global Grids for R.” R Package Version 0.1, 12, 963.

Beissinger, S. R.,and E. A. Riddell. 2021. “Why Are Species’ Traits Weak
Predictors of Range Shifts?” Annual Review of Ecology, Evolution, and
Systematics 52, no. 1: United Nations: 47-66. https://doi.org/10.1146/
annurev-ecolsys-012021-092849.

Bochow, N., and N. Boers. 2023. “The South American Monsoon
Approaches a Critical Transition in Response to Deforestation. Science.”
Advances 9, no. 40: eadd9973. https://doi.org/10.1126/sciadv.add9973.

Bolam, F. C., L. Mair, M. Angelico, et al. 2021. “How Many Bird and
Mammal Extinctions Has Recent Conservation Action Prevented?”
Conservation Letters 14, no. 1: el2762. https://doi.org/10.1111/conl.
12762.

Borges, F. J. A., and R. Loyola. 2020. “Climate and Land-Use Change
Refugia for Brazilian Cerrado Birds.” Perspectives in Ecology and
Conservation 18, no. 2: 109-115. https://doi.org/10.1016/j.pecon.2020.
04.002.

Boulton, C. A., T. M. Lenton, and N. Boers. 2022. “Pronounced Loss of
Amazon Rainforest Resilience Since the Early 2000s.” Nature Climate
Change 12: 271-278. https://doi.org/10.1038/s41558-022-01287-8.

Boyle, W. A., E. H. Shogren, and J. D. Brawn. 2020. “Hygric Niches
for Tropical Endotherms.” Trends in Ecology & Evolution 35: 938-952.
https://doi.org/10.1016/j.tree.2020.06.011.

Brawn, J. D., T. J. Benson, M. Stager, N. D. Sly, and C. E. Tarwater. 2017.
“Impacts of Changing Rainfall Regime on the Demography of Tropical
Birds.” Nature Climate Change 7, no. 2: 133-136. https://doi.org/10.
1038/nclimate3183.

Cazalis, V., K. Prince, J. B. Mihoub, J. Kelly, S. H. M. Butchart, and A.
S. L. Rodrigues. 2020. “Effectiveness of Protected Areas in Conserving
Tropical Forest Birds.” Nature Communications 11, no. 1: 4461. https://
doi.org/10.1038/s41467-020-18230-0.

Chambers, L. E., L. Hughes, and M. A. Weston. 2005. “Climate Change
and Its Impact on Australia's Avifauna.” Emu-Austral Ornithology 105,
no. 1: 1-20.

Coe, M. T., T. R. Marthews, M. H. Costa, et al. 2013. “Deforestation
and Climate Feedbacks Threaten the Ecological Integrity of South-
Southeastern Amazonia.” Philosophical Transactions of the Royal
Society B-Biological Sciences 368, no. 1619: 20120155. https://doi.org/10.
1098/rstb.2012.0155.

Corlett, R. T. 2016. “The Impacts of Droughts in Tropical Forests.”
Trends in Plant Science 21, no. 7: 584-593. https://doi.org/10.1016/j.
tplants.2016.02.003.

Danielson, J. J., and D. B. Gesch. 2011. “Global Multi-Resolution Terrain
Elevation Data 2010 (GMTED2010).”

De Faria, B. L., A. Staal, C. A. Silva, P. A. Martin, P. K. Panday, and
V. L. Dantas. 2021. “Climate Change and Deforestation Increase the
Vulnerability of Amazonian Forests to Post-Fire Grass Invasion.”
Global Ecology and Biogeography 30, no. 12: 2368-2381.

Dinerstein, E., D. Olson, A. Joshi, et al. 2017. “An Ecoregion-Based
Approach to Protecting Half the Terrestrial Realm.” Bioscience 67, no. 6:
534-545. https://doi.org/10.1093/biosci/bix014.

Doughty, C. E., J. M. Keany, B. C. Wiebe, et al. 2023. “Tropical Forests
Are Approaching Critical Temperature Thresholds.” Nature 621, no.
7977:105-111. https://doi.org/10.1038/s41586-023-06391-z.

Duffy, P. B., P. Brando, G. P. Asner, and C. B. Field. 2015. “Projections
of Future Meteorological Drought and Wet Periods in the Amazon.”
Proceedings of the National Academy of Sciences 112, no. 43:13172-13177.

Fajardo, J., J. Lessmann, C. Devenish, et al. 2023. “The Performance of
Protected-Area Expansions in Representing Tropical Andean Species:
Past Trends and Climate Change Prospects.” Scientific Reports 13, no.
1: 966.

FAO. 2001. FAOCLIM 2.0 A World-Wide Agroclimatic Database. Rome,
Italy: United Nations.

Feeley, K. J., Y. Malhi, P. Zelazowski, and M. R. Silman. 2012. “The
Relative Importance of Deforestation, Precipitation Change, and
Temperature Sensitivity in Determining the Future Distributions and
Diversity of Amazonian Plant Species.” Global Change Biology 18, no. 8:
2636-2647. https://doi.org/10.1111/j.1365-2486.2012.02719.x.

Fick, S. E., and R. J. Hijmans. 2017. “WorldClim 2: New 1-Km Spatial
Resolution Climate Surfaces for Global Land Areas.” International
Journal of Climatology 37, no. 12: 4302-4315.

Franca, L. F., V. H. Figueiredo-Paixdo, T. A. Duarte-Silva, and K. B.
Santos. 2020. “The Effects of Rainfall and Arthropod Abundance on
Breeding Season of Insectivorous Birds, in a Semi-Arid Neotropical
Environment.” Zoologia (Curitiba) 37: 1-7.

Fu, R. 2015. “Global Warming-Accelerated Drying in the Tropics.”
Proceedings of the National Academy of Sciences of the United States of
America 112, no. 12: 3593-3594. https://doi.org/10.1073/pnas.1503231112.

Fu, R., L. Yin, W. Li, et al. 2013. “Increased Dry-Season Length Over
Southern Amazonia in Recent Decades and Its Implication for Future
Climate Projection.” Proceedings of the National Academy of Sciences of
the United States of America 110, no. 45: 18110-18115. https://doi.org/10.
1073/pnas.1302584110.

Gely, C.,S. G. W. Laurance, and N. E. Stork. 2020. “How Do Herbivorous
Insects Respond to Drought Stress in Trees?” Biological Reviews 95, no.
2:434-448. https://doi.org/10.1111/brv.12571.

Grantham, H. S., A. Duncan, T. D. Evans, et al. 2020. “Anthropogenic
Modification of Forests Means Only 40% of Remaining Forests Have
High Ecosystem Integrity.” Nature Communications 11, no. 1: 5978.
https://doi.org/10.1038/s41467-020-19493-3.

Hannah, L., G. Midgley, S. Andelman, et al. 2007. “Protected Area Needs
in a Changing Climate.” Frontiers in Ecology and the Environment 5, no.
3:131-138.

Hannah, L., P. R. Roehrdanz, P. A. Marquet, et al. 2020. “30% Land
Conservation and Climate Action Reduces Tropical Extinction Risk by

10 of 12

Global Change Biology, 2024

2SUDOIT SUOWIWO)) dANEa1) dqedridde ayy £q pauIdA0S A1k SAOIIE V() ‘aSN JO SN 10§ AIRIQIT AUIUQ) AS[IAL UO (SUOHIPUOI-PUB-SULI) WO AJ[IM " ATeIqIjour[uo//:sdpy) suonIpuoy) pue swid ], oy 39S "[z0z/11/01] U0 Areiqu auruQ AT “bHSL1°998/1111°01/10p/wod Ko[im K1eiqrjourjuo//:sdny woiy papeojumo ‘01 “+20Z ‘98¥7S9E1


https://doi.org/10.1111/j.1755-263X.2012.00306.x
https://doi.org/10.1111/j.1755-263X.2012.00306.x
https://doi.org/10.1126/science.abp9723
https://doi.org/10.1038/nature11485
https://doi.org/10.1016/j.gecco.2015.08.004
https://doi.org/10.1016/j.gecco.2015.08.004
https://doi.org/10.1038/nature18326
https://doi.org/10.1038/nature18326
https://doi.org/10.1146/annurev-ecolsys-012021-092849
https://doi.org/10.1146/annurev-ecolsys-012021-092849
https://doi.org/10.1126/sciadv.add9973
https://doi.org/10.1111/conl.12762
https://doi.org/10.1111/conl.12762
https://doi.org/10.1016/j.pecon.2020.04.002
https://doi.org/10.1016/j.pecon.2020.04.002
https://doi.org/10.1038/s41558-022-01287-8
https://doi.org/10.1016/j.tree.2020.06.011
https://doi.org/10.1038/nclimate3183
https://doi.org/10.1038/nclimate3183
https://doi.org/10.1038/s41467-020-18230-0
https://doi.org/10.1038/s41467-020-18230-0
https://doi.org/10.1098/rstb.2012.0155
https://doi.org/10.1098/rstb.2012.0155
https://doi.org/10.1016/j.tplants.2016.02.003
https://doi.org/10.1016/j.tplants.2016.02.003
https://doi.org/10.1093/biosci/bix014
https://doi.org/10.1038/s41586-023-06391-z
https://doi.org/10.1111/j.1365-2486.2012.02719.x
https://doi.org/10.1073/pnas.1503231112
https://doi.org/10.1073/pnas.1302584110
https://doi.org/10.1073/pnas.1302584110
https://doi.org/10.1111/brv.12571
https://doi.org/10.1038/s41467-020-19493-3

More Than 50%.” Ecography 43: 943-953. https://doi.org/10.1111/ecog.
05166.

Hansen, A.J., P.Burns, J. Ervin, et al. 2020. “A Policy-Driven Framework
for Conserving the Best of Earth's Remaining Moist Tropical Forests.”
Nature Ecology & Evolution 4, no. 10: 1377-1384. https://doi.org/10.
1038/s41559-020-1274-7.

Harris, I., P. D. Jones, T. J. Osborn, and D. H. Lister. 2014. “Updated
High-Resolution Grids of Monthly Climatic Observations-the CRU
TS3. 10 Dataset.” International Journal of Climatology 34, no. 3:
623-642.

Hijmans, R.J.,S. E. Cameron, J. L. Parra, P. G. Jones, and A Jarvis. 2005.
“Very High Resolution Interpolated Climate Surfaces for Global Land
Areas.” International Journal of Climatology 25, no. 15: 1965-1978.
https://doi.org/10.1002/joc.1276.

Janzen, D. H.,and W. Hallwachs. 2021. “To Us Insectometers, It Is Clear
That Insect Decline in Our Costa Rican Tropics Is Real, So let's Be Kind
to the Survivors.” Proceedings of the National Academy of Sciences 118,
no. 2: €2002546117.

Jiménez-Muiioz, J. C., C. Mattar, J. Barichivich, et al. 2016. “Record-
Breaking Warming and Extreme Drought in the Amazon Rainforest
During the Course of El Nifio 2015-2016.” Scientific Reports 6: 33130.
https://doi.org/10.1038/srep33130.

Jirinec, V. 2024. “Thermoregulation of Understory Birds in Lowland
Amazonia.” Oikos 2024. https://doi.org/10.1111/0ik.10554.

Keppel, G., and G. W. Wardell-Johnson. 2012. “Refugia: Keys to Climate
Change Management.” Global Change Biology 18, no. 8: 2389-2391.
https://doi.org/10.1111/j.1365-2486.2012.02729.x.

Lapola, D. M., P. Pinho, J. Barlow, et al. 2023. “The Drivers and Impacts
of Amazon Forest Degradation.” Science 379, no. 6630: eabp8622.
https://doi.org/10.1126/science.abp8622.

Lapola, D. M., J. M. C. Silva, and C. A. Joly. 2020. “A Climate-Change
Vulnerability and Adaptation Assessment for Brazil's Protected Areas.”
Conservation Biology 34, no. 2: 427-437. https://doi.org/10.1111/cobi.
13405?download=true.

Laurance, W. F., D. Carolina Useche, J. Rendeiro, et al. 2012. “Averting
Biodiversity Collapse in Tropical Forest Protected Areas.” Nature 489,
no. 7415: 290-294. https://doi.org/10.1038/naturel1318.

Lawrence, D., and K. Vandecar. 2015. “Effects of Tropical Deforestation
on Climate and Agriculture.” Nature Climate Change 5, no. 1: 27-36.
https://doi.org/10.1038/nclimate2430.

Lawrimore, J. H.,M.J. Menne, B. E. Gleason, et al. 2011. “An Overview of
the Global Historical Climatology Network Monthly Mean Temperature
Data Set, Version 3.” Journal of Geophysical Research-Atmospheres 116,
no. D19: 897-910. https://doi.org/10.1175/JTECH-D-11-00103.1.

Li, W,, and R. Fu. 2004. “Transition of the Large-Scale Atmospheric
and Land Surface Conditions From the Dry to the Wet Season Over
Amazonia as Diagnosed by the ECMWF Re-Analysis.” Journal of
Climate 17, no. 13: 2637-2651.

Lovejoy, T. E., and C. Nobre. 2019. “Amazon Tipping Point: Last Chance
for Action.” Science Advances 5, no. 12: eaba2949. https://doi.org/10.
1126/sciadv.aba2949.

Luther, D., C. R. Beatty, J. Cooper, et al. 2020. “Global Assessment
of Critical Forest and Landscape Restoration Needs for Threatened
Terrestrial Vertebrate Species.” Global Ecology and Conservation 24:
€01359. https://doi.org/10.1016/j.gecco.2020.e01359.

Luther, D., W. J. Cooper, J. Wong, et al. 2021. “Conservation Actions
Benefit the Most Threatened Species: A 13-Year Assessment of Alliance
for Zero Extinction Species.” Conservation Science and Practice 3, no.
10: €510. https://doi.org/10.1111/csp2.510.

Malhi, Y., J. T. Roberts, R. A. Betts, T. J. Killeen, W. H. Li, and C. A.
Nobre. 2008. “Climate Change, Deforestation, and the Fate of the

Amazon.” Science 319, no. 5860: 169-172. https://doi.org/10.1126/scien
ce.1146961.

Manes, S., M. J. Costello, H. Beckett, et al. 2021. “Endemism Increases
species’ Climate Change Risk in Areas of Global Biodiversity
Importance.” Biological Conservation 257: 109070. https://doi.org/10.
1016/j.biocon.2021.109070.

Marengo, J. A., B. Liebmann, V. E. Kousky, N. P. Filizola, and I. C.
Wainer. 2001. “Onset and End of the Rainy Season in the Brazilian
Amazon Basin.” Journal of Climate 14, no. 5: 833-852.

Martin, T. E., and J. C. Mouton. 2020. “Longer-Lived Tropical Songbirds
Reduce Breeding Activity as They Buffer Impacts of Drought.”
Nature Climate Change 10: 953-958. https://doi.org/10.1038/s4155
8-020-0864-3.

Moore, R. P., W. D. Robinson, I. J. Lovette, and T. R. Robinson. 2008.
“Experimental Evidence for Extreme Dispersal Limitation in Tropical
Forest Birds.” Ecology Letters 11, no. 9: 960-968. https://doi.org/10.
1111/j.1461-0248.2008.01196.x.

NCEL 2015. “Global Surface Summary of the Day.” NOAA National
Centers for Environmental Information.

Nobre, C. A., and A. Fabricio-Neto. 2021. “The Amazon Forest and
Climate Change: A Sustainable Pathway to Avoid a Tipping Point.” Our
Warming Planet: Climate Change Impacts and Adaptation 2: 412.

Phillips, O. L., L. E. O. C. Aragao, S. L. Lewis, et al. 2009. “Drought
Sensitivity of the Amazon Rainforest.” Science 323, no. 5919: 1344-1347.
https://doi.org/10.1126/science.1164033.

Pillay, R., M. Venter, J. Aragon-Osejo, et al. 2022. “Tropical Forests
Are Home to Over Half of the world's Vertebrate Species.” Frontiers in
Ecology and the Environment 20, no. 1: 10-15. https://doi.org/10.1002/
fee.2420.

Pollock, H.S.,J. D. Brawn, and Z. A. Cheviron. 2021. “Heat Tolerances of
Temperate and Tropical Birds and Their Implications for Susceptibility
to Climate Warming.” Functional Ecology 35, no. 1: 93-104. https://doi.
org/10.1111/1365-2435.13693.

Pollock, H. S., C. L. Rutt, W. J. Cooper, J. D. Brawn, Z. A. Cheviron,
and D. A. Luther. 2024. “Equivocal Support for the Climate Variability
Hypothesis Within a Neotropical Bird Assemblage.” Ecology 105, no. 2:
€4206. https://doi.org/10.1002/ecy.4206.

Powell, L. L., N. J. Cordeiro, and J. A. Stratford. 2015. “Ecology and
Conservation of Avian Insectivores of the Rainforest Understory: A
Pantropical Perspective.” Biological Conservation 188: 1-10. https://doi.
org/10.1016/j.biocon.2015.03.025.

Reside, A. E., N. Butt, and V. M. Adams. 2018. “Adapting Systematic
Conservation Planning for Climate Change.” Biodiversity and
Conservation 27, no. 1: 1-29.

Rohde, R., R. Muller, R. Jacobsen, et al. 2013. “A New Estimate of the
Average Earth Surface Land Temperature Spanning 1753 to 2011.”
Geoinfor Geostat: An Overview 1: 1. https://doi.org/10.4172/2327-4581.
1000101.

Ryder, T. B., and T. S. Sillett. 2016. “Climate, Demography and Lek
Stability in an Amazonian Bird.” Proceedings of the Biological Sciences
283, no. 1823: 20152314. https://doi.org/10.1098/rspb.2015.2314.

Sales, L. P., M. Galetti, and M. M. Pires. 2020. “Climate and Land-Use
Change Will Lead to a Faunal “Savannization” on Tropical Rainforests.”
Global Change Biology 26, no. 12: 7036-7044. https://doi.org/10.1111/
gcb.15374.

Sales, L. P., and M. M. Pires. 2023. “Identifying Climate Change Refugia
for South American Biodiversity.” Conservation Biology 37, no. 4:€14087.
https://doi.org/10.1111/cobi.14087.

Skutch, A. F. 1950. “The Nesting Seasons of Central American Birds in
Relation to Climate and Food Supply.” Ibis 92, no. 2: 185-222. https://
doi.org/10.1111/j.1474-919X.1950.tb01749.x.

11 of 12

2SUDOIT SUOWIWO)) dANEa1) dqedridde ayy £q pauIdA0S A1k SAOIIE V() ‘aSN JO SN 10§ AIRIQIT AUIUQ) AS[IAL UO (SUOHIPUOI-PUB-SULI) WO AJ[IM " ATeIqIjour[uo//:sdpy) suonIpuoy) pue swid ], oy 39S "[z0z/11/01] U0 Areiqu auruQ AT “bHSL1°998/1111°01/10p/wod Ko[im K1eiqrjourjuo//:sdny woiy papeojumo ‘01 “+20Z ‘98¥7S9E1


https://doi.org/10.1111/ecog.05166
https://doi.org/10.1111/ecog.05166
https://doi.org/10.1038/s41559-020-1274-7
https://doi.org/10.1038/s41559-020-1274-7
https://doi.org/10.1002/joc.1276
https://doi.org/10.1038/srep33130
https://doi.org/10.1111/oik.10554
https://doi.org/10.1111/j.1365-2486.2012.02729.x
https://doi.org/10.1126/science.abp8622
https://doi.org/10.1111/cobi.13405?download=true
https://doi.org/10.1111/cobi.13405?download=true
https://doi.org/10.1038/nature11318
https://doi.org/10.1038/nclimate2430
https://doi.org/10.1175/JTECH-D-11-00103.1
https://doi.org/10.1126/sciadv.aba2949
https://doi.org/10.1126/sciadv.aba2949
https://doi.org/10.1016/j.gecco.2020.e01359
https://doi.org/10.1111/csp2.510
https://doi.org/10.1126/science.1146961
https://doi.org/10.1126/science.1146961
https://doi.org/10.1016/j.biocon.2021.109070
https://doi.org/10.1016/j.biocon.2021.109070
https://doi.org/10.1038/s41558-020-0864-3
https://doi.org/10.1038/s41558-020-0864-3
https://doi.org/10.1111/j.1461-0248.2008.01196.x
https://doi.org/10.1111/j.1461-0248.2008.01196.x
https://doi.org/10.1126/science.1164033
https://doi.org/10.1002/fee.2420
https://doi.org/10.1002/fee.2420
https://doi.org/10.1111/1365-2435.13693
https://doi.org/10.1111/1365-2435.13693
https://doi.org/10.1002/ecy.4206
https://doi.org/10.1016/j.biocon.2015.03.025
https://doi.org/10.1016/j.biocon.2015.03.025
https://doi.org/10.4172/2327-4581.1000101
https://doi.org/10.4172/2327-4581.1000101
https://doi.org/10.1098/rspb.2015.2314
https://doi.org/10.1111/gcb.15374
https://doi.org/10.1111/gcb.15374
https://doi.org/10.1111/cobi.14087
https://doi.org/10.1111/j.1474-919X.1950.tb01749.x
https://doi.org/10.1111/j.1474-919X.1950.tb01749.x

Staal, A., S. C. Dekker, M. Hirota, and E. H. van Nes. 2015. “Synergistic
Effects of Drought and Deforestation on the Resilience of the South-
Eastern Amazon Rainforest.” Ecological Complexity 22: 65-75. https://
doi.org/10.1016/j.ecocom.2015.01.003.

Stein, B. A., L. S. Kutner, and J. S. Adams. 2000. Precious Heritage: The
Status of Biodiversity in the United States. New York: Oxford University
Press.

Stutchbury, B.J., and E. S. Morton. 2022. Behavioral Ecology of Tropical
Birds. 2nd ed. New York: Academic Press.

Tabarelli, M., C. A. Peres, and F. P. L. Melo. 2012. “The ‘Few Winners
and Many Losers’ Paradigm Revisited: Emerging Prospects for Tropical
Forest Biodiversity.” Biological Conservation 155: 136-140. https://doi.
org/10.1016/j.biocon.2012.06.020.

Takano-Rojas, H., G. Murray-Tortarolo, M. Maass, and A. Castillo. 2023.
“Characterization, Variability and Long-Term Trends on Local Climate
in a Mexican Tropical Dry Forest.” International Journal of Climatology
43, no. 11: 5077-5091. https://doi.org/10.1002/joc.8133.

Tao, S., J. Chave, P.-L. Frison, et al. 2022. “Increasing and Widespread
Vulnerability of Intact Tropical Rainforests to Repeated Droughts.”
Proceedings of the National Academy of Sciences 119, no. 37:€2116626119.
https://doi.org/10.1073/pnas.2116626119.

Tonetti, V., F. Bocalini, F. Schunck, et al. 2023. “The Protected Areas
Network May Be Insufficient to Protect Bird Diversity in a Fragmented
Tropical Hotspot Under Different Climate Scenarios.” Perspectives in
Ecology and Conservation 22: 63-71. https://doi.org/10.1016/j.pecon.
2023.12.002.

Torres-Amaral, C., L. J. S. Anjos, and E. B. de Souza. 2023. “The
Climatic Risk of Amazonian Protected Areas Is Driven by Climate
Velocity Until 2050.” PLoS One 18, no. 6: €0286457. https://doi.org/10.
1371/journal.pone.0286457.

Trew, B. T., D. P. Edwards, A. C. Lees, et al. 2024. “Novel Temperatures
Are Already Widespread Beneath the world's Tropical Forest Canopies.”
Nature Climate Change 14: 753-759. https://doi.org/10.1038/s41558-
024-02031-0.

Usher, M. B. 1986. “Wildlife Conservation Evaluation: Attributes,
Criteria and Values.” In Wildlife Conservation Evaluation, edited by M.
B. Usher, 3-44. Netherlands: Springer. https://doi.org/10.1007/978-94-
009-4091-8_1.

Van Bael, S. A., A. Aiello, A. Valderrama, E. Medianero, M. Samaniego,
and S. J. Wright. 2004. “General Herbivore Outbreak Following an
El Nino-Related Drought in a Lowland Panamanian Forest.” Journal
of Tropical Ecology 20: 625-633. https://doi.org/10.1017/s026646740
4001725.

van der Schrier, G., J. Barichivich, K. Briffa, and P. Jones. 2013. “A
scPDSI-Based Global Data Set of Dry and Wet Spells for 1901-2009.”
Journal of Geophysical Research: Atmospheres 118, no. 10: 4025-4048.

Wiethase, J. H., P. S. Mostert, C. R. Cooney, R. B. O'Hara, and C. M.
Beale. 2024. “Spatio-Temporal Integrated Bayesian Species Distribution
Models Reveal Lack of Broad Relationships Between Traits and Range
Shifts.” Global Ecology and Biogeography 33, no. 5: €13819. https://doi.
org/10.1111/geb.13819.

Williams, P., D. Gibbons, C. Margules, A. Rebelo, C. Humphries, and R.
Pressey. 1996. “A Comparison of Richness Hotspots, Rarity Hotspots,
and Complementary Areas for Conserving Diversity of British Birds.”
Conservation Biology 10, no. 1: 155-174.

WMO. 1996. Climatological Normals (CLINO) for the Period 1961-1990.
Geneva: Switzerland.

Wright, S. J., C. Carrasco, O. Calderon, and S. Paton. 1999. “The El
Nino Southern Oscillation Variable Fruit Production, and Famine in a
Tropical Forest.” Ecology 80, no. 5: 1632-1647. https://doi.org/10.1890/
0012-9658(1999)080[1632:tenoso0]2.0.co;2.

Xu, L., A. Samanta, M. H. Costa, S. Ganguly, R. R. Nemani, and R.
B. Myneni. 2011. “Widespread Decline in Greenness of Amazonian
Vegetation due to the 2010 Drought.” Geophysical Research Letters 38,
no. 7: LO7402. https://doi.org/10.1029/2011GL046824.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

12 of 12

Global Change Biology, 2024

2SUDOIT SUOWIWO)) dANEa1) dqedridde ayy £q pauIdA0S A1k SAOIIE V() ‘aSN JO SN 10§ AIRIQIT AUIUQ) AS[IAL UO (SUOHIPUOI-PUB-SULI) WO AJ[IM " ATeIqIjour[uo//:sdpy) suonIpuoy) pue swid ], oy 39S "[z0z/11/01] U0 Areiqu auruQ AT “bHSL1°998/1111°01/10p/wod Ko[im K1eiqrjourjuo//:sdny woiy papeojumo ‘01 “+20Z ‘98¥7S9E1


https://doi.org/10.1016/j.ecocom.2015.01.003
https://doi.org/10.1016/j.ecocom.2015.01.003
https://doi.org/10.1016/j.biocon.2012.06.020
https://doi.org/10.1016/j.biocon.2012.06.020
https://doi.org/10.1002/joc.8133
https://doi.org/10.1073/pnas.2116626119
https://doi.org/10.1016/j.pecon.2023.12.002
https://doi.org/10.1016/j.pecon.2023.12.002
https://doi.org/10.1371/journal.pone.0286457
https://doi.org/10.1371/journal.pone.0286457
https://doi.org/10.1038/s41558-024-02031-0
https://doi.org/10.1038/s41558-024-02031-0
https://doi.org/10.1007/978-94-009-4091-8_1
https://doi.org/10.1007/978-94-009-4091-8_1
https://doi.org/10.1017/s0266467404001725
https://doi.org/10.1017/s0266467404001725
https://doi.org/10.1111/geb.13819
https://doi.org/10.1111/geb.13819
https://doi.org/10.1890/0012-9658(1999)080%5B1632:tenoso%5D2.0.co;2
https://doi.org/10.1890/0012-9658(1999)080%5B1632:tenoso%5D2.0.co;2
https://doi.org/10.1029/2011GL046824

	Prospects for Neotropical Forest Birds and Their Habitats Under Contrasting Emissions Scenarios
	ABSTRACT
	1   |   Introduction
	2   |   Methods And Materials
	2.1   |   Climate Data
	2.2   |   WorldClim Data Downscaling
	2.3   |   Calculation of Dry Season Length
	2.4   |   Bird Data
	2.5   |   Data Aggregation

	3   |   Results
	3.1   |   Predicted Changes in Rainfall Regimes
	3.2   |   Impacts of Projected Rainfall Regimes on Forest Birds
	3.3   |   Impacts of Projected Rainfall Regimes on Climate Refugia and Extant Protected Areas

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


