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North American Birds Require Mitigation and Adaptation
to Reduce Vulnerability to Climate Change
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Abstract. Biodiversity is being lost at an alarming rate across the globe, with extinction rates up to a hundred
times greater than historical norms. Climate change will only exacerbate this crisis. The rapid pace of projected climate
change is set to push birds to seek new locations, drastically reshuffling the avian communities of North America. In an
emerging climate crisis, effective conservation requires both adaptation and mitigation to improve the resilience of spe-
cies. However, the pledged reductions in greenhouse gas emissions outlined in the Paris Agreement framework would
still lead to a 3.2°C or greater increase in global mean temperature by the end of this century. In this study, we use big
data analytics to develop species distribution models and assess the vulnerability of 604 North American birds to multiple
climate change scenarios. We assess how climate change mitigation can affect the number of species vulnerable to cli-
mate change, as well as the species and locations at risk if emissions continue unchecked. Our results indicate that over
two-thirds of North American birds are moderately or highly vulnerable to climate change under a 3.0°C global warming
scenario. Of these climate-vulnerable species, 76% would have reduced vulnerability and 38% of those would be consid-
ered non-vulnerable if warming were stabilized at 1.5°C. Thus, the current pledge in greenhouse gas reductions set by
the Paris Agreement is inadequate to reduce vulnerability to birds. Additionally, if climate change proceeds on its current
trajectory, arctic birds, waterbirds and boreal and western forest birds will be highly vulnerable to climate change; groups
that are currently not considered of high conservation concern. Thus, there is an urgent need for both aggressive policies
to mitigate emissions and focused conservation adaptation actions to protect birds and the places they need in a chang-

ing climate.

INTRODUCTION

Biodiversity is being lost globally at an alarming rate, with ex-
tinction rates up to a hundred times greater than historically
seen [1]. Within North America, 37% of bird species are under
high risk of extinction [2]. Climate change exacerbates the
global biodiversity crisis [3], with 24—50% of bird species vul-
nerable to climate change alone [4], and 11-15% both vulnera-
ble to climate change and already threatened with extinction per
the [IUCN Red List. The threat of climate change affects species
differently, as each has a unique set of physiological tolerances,
competitive interactions, genetic variation, and habitat require-
ments. These differences translate into range limits for species
and across species into patterns of biodiversity. Across land-
scapes, climate and weather have been shown to limit range
boundaries [5—7]; regulate abundance [8], affect spatial pattern-
ing [9] and species richness of birds [10]; and directly influence
habitat quality and type [11]. Given that climate has a strong
influence on the spatial patterns of bird occurrence and abun-
dance, changes in climate will disrupt both species and commu-
nities.

Given enough time, species can, and historically are known
to, respond to climate change by shifting their ranges and track-
ing suitable environmental conditions as they move across the
landscape [12,13]. Indeed, birds already respond to contempo-
rary climate change with range shifts [14—19]. However, on our
current trajectory, contemporary climate change is anticipated
to be 20 times faster in the next century than at any period over
the last two million years [20], and even common and wide-
spread species are anticipated to experience significant range
contractions [18]. This rapid pace of climate change will lead to
more range shifts [21], pushing birds to seek new locations at a
greater velocity [22], and drastically reshuffling the avian com-
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munities of North America [16,23]. Effective climate change
conservation requires an understanding of species’ vulnerability
to climate change. Vulnerability is based on species’ specific
exposure, sensitivity, and adaptive capacity [24-27]; e.g. the
local pressures to be experienced from a changing climate, the
characteristics that result in sensitivity to change, and how well
a species may be able to cope with change, respectively. Here,
we assess climate change vulnerability of North American bird
species. Armed with this information, we can better gauge
where to focus conservation efforts for birds in a changing cli-
mate.

Furthermore, we utilize our understanding of vulnerability
to inform climate change mitigation and adaptation to reduce
vulnerability and improve species’ ability to cope with climate
change [24,28,29]. Identifying appropriate mitigation, policy
actions set to reduce the magnitude of climate change as much
as possible, and adaptation, conservation actions to help cope
with the consequences of inevitable climate change [30], strate-
gies are thus imperative.

To understand how climate mitigation could potentially
alter species vulnerability to climate change, we assess vulnera-
bility of birds in North America in the context of accepted fu-
ture climate trajectories. The Intergovernmental Panel on Cli-
mate Change (IPCC) recommends a limit in global mean tem-
perature to less than 2.0°C above pre-industrial levels, and pref-
erably to 1.5°C if possible [31-34]. Currently, we are on track
to surpass this limit: ~1.0°C (0.8-1.2°C) of warming has already
occurred [32] and 3.0°C is expected by 2100 under a conserva-
tive business-as-usual trajectory [35]. Indeed, there is high con-
fidence that we will reach 1.5°C between 2030 and 2052 [32]
regardless of emissions reductions strategies. The currently
pledged reductions in greenhouse gas emissions (i.e., National-
ly Determined Contributions) outlined in the Paris Agreement
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framework would lead to at least a 3.2°C increase in global
mean temperature [35]. Here we assess the risk of climate
change vulnerability to birds in North America for three policy-
relevant scenarios: 1.5°C, 2.0°C, and 3.0°C increases in global
mean temperature. These scenarios reflect current and potential
climate change emissions reduction targets and provide relevant
content for national policies that would address mitigation of
the threat of climate change.

To address optimal adaptation strategies and identify where
we can focus conservation actions to help buffer species from
rapid change, we next determine which bird species and which
locations in North American are at risk under possible climate
change scenarios. High-resolution, continental scale projections
of species range shifts from species distribution models (SDMs)
are able to provide information at the spatial scale relevant to
on-the-ground actions. SDMs can give us a snapshot of poten-
tial futures to help identify which scenarios will be problematic,
and which regions and species might be at risk. Birds serve as
an ideal study group to forecast potential realities in a changing
climate using SDMs [36]. First, they are ubiquitous taxa, and
the millions of geo-located observations covering much of
North America are now available in global databases. These
avian data sets come from the growth of community science
programs such as eBird; large online databases such as the
Global Biodiversity Information Facility (GBIF), Avian
Knowledge Network (AKN), and Biodiversity Information
Serving Our Nation (BISON); long-term surveys, such as the
North American Breeding Bird Survey (BBS); and a multitude
of scientific studies by individual researchers. Second, birds
serve as a conservative baseline for other taxa facing climate
change. Given their higher dispersal rates and migration capaci-
ty, it is likely that birds will fare better than less vagile species
[37,38]. Paired with the continental-scale availability of high-
resolution environmental data, remote sensing products, and
future projections of climate and vegetation change, and with a
well-developed field of SDM research [39], these data sets al-
low us to provide projections of future possibilities for bird
species that are relevant for adaptation planning [39,40].

In this work, we compile more than 140 million observa-
tions to develop SDMs and an assessment of climate change
vulnerability for 604 North American bird species at a conti-
nental scale in both breeding and non-breeding seasons and
under multiple global climate change scenarios. We aim to
identify how different climate change targets translate to poten-
tial changes in bird communities across North America in order
to aid in both mitigation policy and conservation adaptation
decisions to ameliorate the impacts of global climate change on
birds.

MATERIALS AND METHODS

We assess species’ vulnerability to climate change as a function
of a species' climate change exposure, sensitivity, and adaptive
capacity [27]. We do so for 604 species across Canada, the
United States, and Mexico using a combination of species dis-
tribution models (SDMs) and trait-based information [41]. In
doing so, we adapt the methods from Wilsey et al. (2019) to
develop mitigation policy and conservation adaptation relevant
results. Our modeling effort includes data extraction and filter-
ing, model building and evaluation, and model projection under
climate change [25].

Response Variable: Bird Data

We compiled more than 140 million bird occurrence records
from 70+ datasets across Canada, the United States, and Mexi-
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co for 604 species in the breeding and non-breeding seasons.
We cleaned all datasets to remove occurrence records that were
incomplete (i.e., missing geographic coordinates), extraneous
(i.e., coordinates outside of the survey area of the data source),
had inexact spatial information (i.e., traveling surveys longer
than 1 km or area surveys greater than 100 ha), were of long
durations (>180 min), or were greater than 1 km in extent. For
data from GBIF, we only downloaded data not included in other
datasets (e.g. eBird). To account for variation in species iden-
tification across multiple datasets with varying expertise on bird
taxa, we took several additional approaches to clean our data
and remove unreasonable records. This included a vagrant rule
to remove records for rarely occurring species and a minimum
of two experts to review each species/season occurrence da-
taset. First, we established a minimum ‘vagrant rule’, requiring
a species to occur in a Bird Conservation Region (BCRs;
NABCI, http://nabci-us.org/resources/bird-conservation-regions
-map/) in at least two separate years. For some species, we in-
creased this vagrant rule to drop BCRs that contained vagrant
records in more than two years. Next, we visually inspected
each species occurrence dataset in both the breeding and non-
breeding season and dropped erroneous records from BCRs
outside of the current range of the species (based on bird range
maps from the Birds of North America [42]) if increasing the
vagrant rule did not sufficiently address this issue. Finally, we
enlisted a minimum of two experts to review each species/
season occurrence dataset and identify erroneous records. Oth-
ers have identified that expert opinion improves species distri-
bution models [43]. In some instances, experts identified addi-
tional records to remove that were not contributors to the breed-
ing populations (e.g. immatures, ‘lame’ or non-migrating indi-
viduals, or feral stock).

We included bird species where their breeding or non-
breeding ranges occurred primarily within the United States and
Canada [36], and included all available bird occurrence data
across North America for these 604 species in order to sample
from the full range of environmental conditions possible for
each species [39,44]. These data included a combination of both
structured and unstructured avian surveys, so we took action to
reduce sampling biases that are inherent in non-systematically
designed surveys. To address bias and avoid model over-fitting
[45,46], we applied both a geographic filtering approach and a
target-group background approach [47], weighting our back-
ground sampling by the number of occurrence points within
each grid cell. To ensure that the geographic extent of our data
was appropriate, we defined the extent from which we sampled
both the occurrence and background points using a movement-
hypothesis approach to improve model performance and gener-
alizability [45]. This approach accounts for regions that a spe-
cies could have experienced historically through movement
[44] and are potentially suitable and accessible, but do not in-
clude areas beyond this [39]. We extracted background points
with an approximate ratio of 5:1 background points per occur-
rence points, but restricted the number of points to be between
10,000 and 100,000, with a minimum density of 0.0001 points/
km2 in each Bird Conservation Region (BCR). For some spe-
cies, we manually added or dropped BCRs from background
sampling when selecting adjacent BCRs was inconsistent with a
species’ natural history. See S1 Bird Data Sources for a full list
of datasets sources.

To distinguish breeding and non-breeding occurrence rec-
ords, we first assigned each species a resident status based on
published range maps [42], life history [42] and expert opinion.
Species were classified as breeding-only (non-breeding range
outside of North America), two-season (separate breeding and
non-breeding ranges within North America), or permanent-
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resident (non-migratory). We consulted with experts to define
default breeding (June-July) and non-breeding (January-
February) seasonal date ranges that worked well for most spe-
cies, and custom seasonal date ranges for species with different
migration timing (breeding season of June only for plovers,
sandpipers, and hummingbirds; wintering season of December
only for hummingbirds and swallows, December-January for
grassland birds). We assigned each species to a habitat affinity
group based on NABCI’s 2009 State of the Birds report
(www.stateofthebirds.org). These included: arctic, aridlands,
boreal forests, coastal, eastern forests, generalists, grasslands,
marshlands, subtropical forests, urban/suburban, waterbirds,
and western forests (range in the number of species per group =
9-89). For species encompassing more than one group, we se-
lected the group that best matched their habitat needs. In a few
instances, we grouped species in different habitats for breeding
and non-breeding seasons based on their ecology (see S95).

Predictor Variables: Climate and Environmental Data

Climate Data. We used gridded current and modeled future
climate developed by AdaptWest as covariates in the SDMs
[48]. Climate grids consisted of 23 million grid cells covering
North America at a 1 km resolution. For the present, we used
statistically downscaled climate normals for the time period of
1981-2010 derived from the Climatic Research Unit Time se-
ries 3.22 dataset [48]. For future projections, we used Coupled
Model Intercomparison Project phase 5 (CMIP5) projections
from three individual General Circulation Models (GCMs) and
an ensemble of 15 GCMs. The three individual GCMs capture a
range of intermediate (CCSM4), warm-wet (GFDL-CM3), and
cold-dry (INM-CM4) future conditions for the continent [48].
We included two greenhouse gas representation concentration
pathways (RCPs; RCP 4.5 and RCP 8.5) for two future time
periods (2050s and 2080s). To provide climate scenarios rele-
vant to policy, we associated a 1.5°C global mean temperature
rise with RCP 4.5 for the 2050s, 2.0°C with the RCP 8.5 for the
2050s, and 3.0°C with the RCP 8.5 2080s. Multi-year climate
averages have been shown to be a sufficient temporal scale to
capture species ranges and projections for species distribution
models [49].

The final climate covariates, after reduction of collinearity,
included nine bioclimatic variables; this included mean temper-
ature of the warmest month, chilling degree days (degree-days
below 0°C), and summer heat moisture index for the breeding
season. For the non-breeding season, we included mean temper-
ature of the warmest month, and growing degree days (degree-
days above 5°C.) In addition to these season-specific climate
variables, we included climatic moisture deficit, number of
frost-free days, mean annual precipitation, and precipitation as
snow for both breeding and non-breeding seasons. For more
details on climate data and selection, see Wilsey et al. [25].

Environmental Data. We included key environmental varia-
bles to capture habitat-specific information based on ecological
knowledge of North American bird species. We included proxi-
mal predictor variables beyond climate for all species, based on
habitat group. For all species, we included vegetation type [50],
terrain ruggedness [51], and anthropogenic land cover [52]. For
specific habitat groups, we used ecologically relevant variables
such as surface water for waterbirds and marshbirds [53], wet-
land type for waterbirds and marshbirds [54], distance to wet-
lands for waterbirds, distance to coast (excluding inland water
bodies) for coastal birds, distance to shore (including inland
water bodies) for marshbirds and waterbirds [55], and a human
influence index for urban/suburban birds [56].
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Most habitat variables were only available for the present,
except vegetation type. Future vegetation projections represent-
ed a consensus across three GCMs (CGCM3, HadCM3, GFDL
CM2.1) and two Special Report on Emissions Scenarios
(SRES) emissions scenarios (A2 and B1 or B2) from CMIP3, as
outlined in [50]. CMIP3 and CMIPS5 projections are more simi-
lar than distinct [57] and for these purposes represent the best
available vegetation projections on the continental scale [25].
We used the mid-century vegetation projections to align with
the 1.5°C and 2.0°C, and late-century projections for the 3.0°C
global mean temperature scenarios. For all other habitat varia-
bles, current conditions were included in future projections as
the best available information.

Data Processing

We aligned covariate data to a common grid covering our study
area at a 1-km resolution in an Albers equal area conic projec-
tion using utilities from GDAL/OGR [58]. We resampled data
with different methods to account for data type and original
resolution, using bilinear interpolation for high-resolution (~1
km) continuous data (climate variables, human influence in-
dex), median (terrain ruggedness) or max (surface water) for
higher-resolution (< 1 km) continuous data, nearest neighbor
for high-resolution categorical data (vegetation type), and mode
for higher-resolution categorical data (anthropogenic landcover,
wetland type). To expedite data queries connecting environ-
mental data with corresponding bird occurrence data, we built a
PostgreSQL relational database organized around a common
and unique grid ID field. See Wilsey et al. (2019) for compre-
hensive details on data processing. Our 1-km format provides
high-resolution outputs represents a spatial scale to which birds
ranges are regulated by climate and broad-scale habitat features
(citation). [59,60]

Species Distribution Modeling

Model Building. We approached our modeling effort by
integrating the latest modeling approaches with the natural his-
tory of each species, with the goal of producing the best model
for each species instead of a one size fits all approach [61]. Our
modeling effort includes data extraction and filtering, model
building and evaluation, and model projection under climate
change [25]. We modeled each species within a habitat group
context, using ecologically relevant variables for each group.
We built both breeding season and non-breeding season models
for two-season and resident species to capture the seasonal dif-
ferences in bird species ranges. We also included a multi-step
expert review process where we had an expert assess the bird
occurrence data, modeled current range, and projected future
range for each species and season [43].

Model Parameters and Performance. We used an internal
repeated geographical sub-sample of training data to generate a
robust assessment of model performance for model selection.
We performed internal cross-validation within our model build-
ing based on a 10-fold 75:25 percent training-to-testing data
partition using a masked geographically structured approach
[62]. To inform this, we used semivariograms to identify the
spatial scale that variability in our environmental data leveled
off at (200 km) [25]. We then applied a 200-km grid over our
study area and randomly sampled our occurrence data into 10
representative training and testing datasets [63]. Each of these
datasets were held constant for all models for a species to en-
sure comparability of performance measures, and to maintain
constant prevalence between the training and testing datasets
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[64].

We built models with two algorithms, boosted regression
trees (BRTs) and maximum entropy (Maxent, version 3.3.3k),
implemented in the dismo package in R. Both approaches are
well regarded in the literature for accuracy and their ability to
model non-linear species-habitat relationships [62,65]. We first
built BRTs to evaluate an appropriate filtering resolution (i.e. 1,
10, or 50 km). Model performance was evaluated using arca
under the receiving operating characteristic curve (AUC) for
predictions to the spatially stratified training datasets. We com-
pared filtering scenarios using median AUC and the top-
performing filtering approach to build Maxent models. We built
Maxent models that varied the regularization parameter from
0.5 to 4.0 and compared model performance with median AUC
as above. As our goal was projection under future climate
change scenarios, we aimed to minimize generalizability and
reduce overfitting [46] by selecting the top-performing model
based on median AUC across all BRT and Maxent model runs.
We then used the top model for model prediction.

Model Evaluation. We evaluated multiple thresholds for
each species and season. We calculated our threshold choices
using the SDMTools package in R [66]; these included mean
occurrence prediction (mo; mean suitability prediction for the
occurrence records), maximum sensitivity specificity (tss; max-
imized sensitivity + specificity), 10% omission (om_10; ex-
cludes 10% of occurrence records), sensitivity specificity (eq;
sensitivity is equal to specificity), maximum Kappa (mk; maxi-
mum Kappa statistic), minimum occurrence prediction,
(min_pred; minimum suitability prediction across all occur-
rence records), and a derived custom threshold to fall between
the minimum occurrence prediction and 10% omission thresh-
olds ((om_ 10+ min_pred)/3). For each threshold applied, we
calculated the true positive (commission error) and true nega-
tive (omission error) rate for how each model classified pres-
ence and background points. After visual inspection of each
model output, a final threshold was included that aligned with
expert opinion and minimized a decrease in model perfor-
mance. To ensure models approximated ecological reality, we
then evaluated each species and season output through an ex-
pert review process. This included a first pass comparison of
models with range maps [42], followed by a rigorous external
review by at least two experts for each bird species. Where spe-
cies models deviated from known ecology (e.g., errors in occur-
rence records in location or representation of predictor varia-
bles, modeled range errors, over- and under-prediction due to
unrealistic dispersal projections), efforts were taken to re-
model. Steps included for re-modeling included dropping erro-
neous occurrence records, adding or dropping BCRs from the
species background, or changing the selected threshold.

Model Projection. We generated high-resolution (1 km) pre-
dictive occurrence maps for each season and scenario (1.5°C,
2.0 °C and 3.0 °C). To provide a range of potential futures, for
each scenario we projected onto an ensemble as well as three
individual GCMs that included a range of scenarios of future
climate change including warm-wet, and cold-dry (as detailed
above). To account for uncertainty from novel conditions, we
limited extrapolation by only projecting onto vegetation and
land-use classes that were included in the model training da-
tasets for each species. We also use the ‘clamping’ feature in
Maxent and Boosted Regression Trees to limit projections to
novel climates. For resident and breeding season models, we
estimated dispersal limitations based on mean natal dispersal
[67] and generation time [68] for each species [67]. We did not
include dispersal limitations for non-breeding season models, as
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there is limited information available on non-breeding move-
ment and site fidelity for the majority of bird species. To ad-
dress model commission error and limit biological extrapola-
tion, we applied an expert-opinion based approach that identi-
fied BCRs with over-prediction [43]. We masked current and
future projections from BCRs with commission error from both
current and future projections if it was identified that the BCRs
were geographically distinct and/or biological limitations
makes it unlikely for the species to disperse there.

Vulnerability Assessment

To evaluate mitigation strategies, we assessed species vulnera-
bility to climate change under multiple climate change scenari-
os. Vulnerability to climate change is a combination of each
species’ exposure, sensitivity, and adaptive capacity [24-27].
Here, we define exposure for each species as model-based cli-
mate change projections of species ranges for multiple climate
chance scenarios, sensitivity as how much of a species’ range is
lost under future climate change in each scenario, and adaptive
capacity as the ability of a species to buffer from climate
change through shifting or gaining range in each scenario. Our
possible exposure scenarios reflect relevant climate change
mitigation policy target scenarios, with a 1.5°C global mean
temperature rise as potential climate stabilization scenario, 2.0°
C as in intermediate scenario based on IPCC recommendations,
and a 3.0°C scenario as our current business-as-usual estimate.
In each of our future scenarios, we compared current and future
range maps to classify areas projected to be lost, gained, or
maintained for each species and season. Areas that are currently
suitable but become unsuitable (i.e., drop below the threshold)
are considered loss, areas that are currently unsuitable but be-
come newly suitable (i.e., pass above the threshold) are consid-
ered gain, and areas that are suitable in both periods (i.e., re-
main above the threshold) are considered stable. We assessed
vulnerability based on projected range loss and potential gain
[25,36,69] per Wilsey et al. (2019). We use the proportion of a
range loss to define climate sensitivity, and the ratio of range
gain to range loss to define adaptive capacity. We classified
climate sensitivity by binning proportion range loss into four
equal intervals (0-25%, 25-50%, 50-75%, 75-100%) and as-
signing a value of 0-3 from low to high across bins. We classi-
fied adaptive capacity by binning the ratio of range gain to
range loss into four classes (>2:1, 1-2:1, 0.5-1:1, and 0-0.5:1)
and assigning a value of 0-3 from low to high across the bins.
We then summed the climate sensitivity and adaptive capacity
scores to get the final vulnerability score for each species and
season, classifying them as neutral (sensitivity + adaptive ca-
pacity = 0), low vulnerability (sensitivity + adaptive capacity =
1 or 2), moderate vulnerability (sensitivity + adaptive capacity
=3 or 4), and high vulnerability (sensitivity + adaptive capacity
= 5 or 6). We classified the final vulnerability class for each
species and season, classifying them as neutral, low vulnerabil-
ity, moderate vulnerability, and high vulnerability. With this
approach, species that experience greater range loss without
being able to make up for it in range gain have higher vulnera-
bility. Here, we consider species in the moderate and high vul-
nerability classes to be vulnerable to climate change. To calcu-
late confidence in our vulnerability scores, we assessed the
number of times the vulnerability score agreed across the en-
semble model and the three individuals GCMs for each of the
future scenarios.

We also assess the number of species that we classify as
climate vulnerable compared to the species currently listed on
the Partners in Flight (PIF) Watch lists [70], a list of species
currently considered of highest conservation concern across
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Fig. 1. Percentage of species vulnerable by bird habitat groupings across all scenarios and seasons. Purple and green indi-
cate percentage of species vulnerable (high and moderate) on a positive axis, and blue and yellow indicate non-vulnerable

(low and neutral) on a negative axis.

North America. PIF Watch list data was available for 495 of
our 604 species.

Spatial Assessment

To transfer the species distribution projections into tools to in-
form climate change adaptation, we mapped changes in bird
community composition across North America [40,71]. We
mapped areas of aggregated species loss, gain, and net change
in community composition for each of the habitat-associated
species groups and for all species. Climate change adaptation
strategies can be tailored for areas with high projected loss
(local extirpation), gain (colonization), or net change [72].

RESULTS

Nearly two-thirds, 64% (389/604), of species were climate vul-
nerable in at least one season and scenario (S4 Table). Some
habitat groups were highly vulnerable across the majority of
species (Fig 1), including 100% of arctic birds (16/16), fol-
lowed by 98% of boreal forest birds (47/48), 86% of western
forest birds (63/73), and 78% of waterbirds (66/85). Habitat
groups with intermediate vulnerability included subtropical
forests (71%, 25/35), grasslands (68%, 27/38) eastern forests
(59%, 41/69), and coastal (52%, 31/60). Habitat groups with
lower vulnerability included urban/suburban (50%, 3/8), arid-
lands (45%, 31/69), marshlands (41%, 25/61), and generalists
(31%, 15/48), although even in these groups more than a quar-
ter of the species were considered climate vulnerable.
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Vulnerability declined in scenarios with greater mitigation
to reduce warming (Fig 2). Nearly two-thirds (63%, 383/604) of
all species across both seasons were classified as vulnerable at
3.0 °C, compared to 54% at 2.0°C (N = 327), and 47% at 1.5°C
(N = 286) global mean temperature rise (Fig 2). In fact, across
seasons for species considered vulnerable (high and moderate
vulnerability) at 3.0°C, 76% (290 unique species of 383, 356
combinations of breeding and non-breeding) drop at least one
climate vulnerability category lower, and 38% (146 unique spe-
cies of 383, 159 combinations of breeding and non-breeding)
are no longer vulnerable under 1.5°C. One species, the Golden-
cheeked Warbler (Setophaga chrysoparia), could drop vulnera-
bility by up to three categories, from high vulnerability at 3.0°
C, to neutral vulnerability at 1.5°C in the breeding season.

Vulnerability was considerably higher in the breeding sea-
son compared to the non-breeding season. In the breeding sea-
son, 58% (345/597) of species are vulnerable at the 3.0°C sce-
nario. However, stabilizing global warming at 1.5°C global
mean temperature rise would bring this down to 43% (254/597)
of breeding species classified as vulnerable (Fig 3, S4 Species
Vulnerability). In the breeding season, the most vulnerable
groups at 3.0°C were arctic (100%) boreal forests (98%), west-
ern forests (78%), and waterbirds (78%) (S3.1 Table). In these
four groups, at least 62% of species were still vulnerable at 1.5°
C in the breeding season. Stabilizing mean global temperatures
at 1.5°C as compared to 3.0°C had the greatest reduction in the
number of species vulnerable in the breeding season, the most
for the urban/suburban group (38% reduction), followed by the
boreal forests (23% reduction), grasslands (23% reduction),
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eastern forests (20% reduction), and generalists (17% reduc-
tion) groups. We saw moderate reductions in the vulnerability
of western forests, subtropical forests, marshlands, aridlands,
waterbirds, and coastal species in the breeding season, with
additional climate change adaptation actions required for arctic
species, which were 100% vulnerable regardless of climate
change scenario (See S3 Supplementary Figures and Results,
S3.1-12 Figs).

Vulnerability was considerably lower in the non-breeding
compared to the breeding season, with 30% (165/546) of spe-
cies in the non-breeding season vulnerable at the 3.0°C scenar-
i0. This would be reduced to just 19% (104/546) of species
classified as vulnerable in a 1.5°C scenario in the non-breeding
season. In the non-breeding season, the most vulnerable groups
include subtropical forests (59%), boreal forests (58%), western
forests (51%), and arctic (47%) species (S3.1 Table), although
vulnerability was considerably lower across all groups com-
pared to the breeding season. All groups had reduced vulnera-
bility in the 1.5°C scenario, with the greatest effects seen in
boreal forests (24% reduction) and grasslands (20% reduction)
in the non-breeding season (S3.1 Table). Across all species and
scenarios, we found 93% agreement (48% agreement across all
scenarios, 45% across three scenarios) on vulnerability scoring
across our GCM ensemble and three individual GCM scenarios.
Vulnerability scores for all species and model agreement across
our GCM ensemble and three individual GCM scenarios can be
found in S4 Species Vulnerability.

Areas of overlapping range loss across species varied by
both scenario (1.5 vs 3.0°C) and season (breeding vs. non-
breeding; Fig 4). In the breeding season, bird communities lost
up to 106 species locally with a 3.0°C scenario, with a pro-
nounced loss of species in the northern and eastern temperate
forests, the Boreal Shield of Canada, and the northern parts of
the Midwest and Northeast in the United States. Although less
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concentrated, losses were also high in the Pacific Northwest,
Rocky Mountains, and Alaska. Losses were less dramatic under
a 1.5°C scenario, with up to 79 species lost locally, and concen-
trated mostly within the Boreal Plain region of Canada. In the
non-breeding season, species losses were lower, with up to 70
species lost from communities locally at 1.5°C scenario and 90
at 3.0°C, spread out across the United States and Mexico. High
loss is seen in the Yucatan Peninsula and eastern Mexico at 1.5°
C, with patterns shifting to more pronounced loss in the western
US and the Canadian boreal under the increased 3.0°C warm-
ing scenarios (Fig 4).

Communities gained up to 115 potential colonizers per grid
cell in the breeding season and 105 in the non-breeding season
under the 3.0°C scenario (Fig 5). In the breeding season, peak
gains were concentrated in the taiga and tundra ecoregions of
Canada, and to a lesser extent in the northern forests of the
United States and Canada and along mountain ranges like the
Rockies and Sierra Madre (Fig 5). In the non-breeding season,
peak gains were concentrated in western Alaska, Newfound-
land, Nova Scotia, the Great Lakes, the central southern US,
and the Sierra Madre in Mexico. In both the breeding and non-
breeding seasons, species range gains are more dilute at the 1.5°
C scenario with no peak concentration areas identified.

We projected a net decline in species richness across most
of North America in both scenarios for the breeding season,
except in the tundra and taiga ecoregions, the Southern Great
Plains in Texas and New Mexico, and parts of the Rocky and
Sierra Madre mountains. Net losses were more widespread in
the US and the boreal region of Canada under the 3.0°C scenar-
io, but is still prevalent at 1.5°C (Fig 6). In contrast, the non-
breeding season was projected to experience limited net loss
across all of North America in either scenario, with net loss
restricted to Mexico, Florida, and southern California (Fig 6).
Projected gains in the non-breeding season were greatest under
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3.0°C in western Alaska, Newfoundland, Nova Scotia, the
Great Lakes, and central Texas.

When looking across bird habitat groups, patterns of net
change varied geographically and seasonally (S2 Supplemen-
tary Figures and Results, S2.1-S2.12 Figs). Four habitat groups
dominated the aggregate patters (Fig 6), including boreal forest
(net change min-max: -43 — 40), eastern forest (net change min-
max: -26 — 35), waterbirds (net change min-max: -33— 40), and
western forests (net change min-max: -35 — 33). The subtropi-
cal (S52.9 Fig), boreal (52.3 Fig) and western forests (S2.12 Fig)
groups all have dominant net loss in both seasons, although less
pronounced in the non-breeding season (S3.2 Table). Several
other groups exhibited loss in the breeding season including
arctic (S2.1 Fig), eastern forest (S2.5 Fig), grasslands (S2.7
Fig), and waterbirds S2.11 Fig). Some groups had net gains in
both seasons, which included the aridlands, coastal, generalists,
marshlands, and urban/suburban groups (S2 Figs, S3.2 Table).

The present conservation status of climate vulnerable spe-
cies varied widely. Among climate vulnerable species across
seasons, 50 were also listed on the PIF Watch List (Fig 7).
Thus, the adaptive capacity of these species is further dimin-
ished by their current state of conservation need. These include
species from the grasslands (7); aridlands (7); coastal (8); sub-
tropical (3), western (7), eastern (5), and boreal forests; marsh-
lands (5); waterbirds (5); and arctic (2). Audubon priority spe-
cies among these include: Baird’s Sparrow, Bobolink, Canada
Warbler, Cerulean Warbler, Chestnut-collared Longspur, Flori-
da Scrub Jay, Golden-winged Warbler, Greater Sage-Grouse,
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Marbled Godwit, Mountain Plover, Piping Plover, Saltmarsh
Sparrow, Semipalmated Sandpiper, Sprague’s Pipit, Tricolored
Blackbird, and Wood Thrush. Furthermore, 323 of our climate
vulnerable species across seasons are not currently on the
Watch List (Fig. 7), suggesting and emerging future conserva-
tion need as climate change advances.

Model Accuracy

Overall models performed well with cross-validation when pre-
dicting to spatially independent datasets (AUC of 0.92 [IQR:
0.87-0.96]) across all species. Between seasons, models per-
formed slightly better in the breeding season, with a median
testing AUC of 0.93 (IQR: 0.88-0.97) in breeding and 0.91
(IQR: 0.85-0.95) in non-breeding season. All models across
seasons performed better than random with all AUC values
above 0.5 and a minimum AUC of 0.62. Maxent (N = 496) out-
performed BRT (N = 101) 83% of the time in breeding, and
88% of the time in non-breeding (Maxent, N =483; BRT, N =
63). A spatial resolution of 1 km (breeding N = 386, non-
breeding N = 352) outperformed other spatial scales (10 km,
breeding N = 146, non-breeding = 148; 25 km, breeding N = 2,
non-breeding N = 5; 50 km, breeding N = 63, non-breeding N =
41).

For all species, the median suitability threshold was 0.32
(IQR: 0.24-0.40) with tss (N = 451) being the most common
threshold applied, followed by om 10 (N = 338), mk (N = 152),
mo (N =123), and eq (N = 79). Across all thresholds, median
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Fig. 4. Tallies of overlapping species with projected range loss across North America in the breeding and non-breeding sea-
sons under 1.5°C (left) and 3.0°C (right) warming. The number of species with overlapping range loss in a single grid cell in
the breeding season ranged from 0-106, and from 0-90 in the non-breeding under 3.0°C warming. Under 1.5°C warming,
counts of projected range loss in the breeding range from 0-79, and from 0-70 in non-breeding.

true positive rate (0.90, IQR: 0.84-0.92) exceeded median true
negative rate (0.85, IQR: 0.72—0.93), meaning that, on average,
models included 90% of occurrence and excluded 85% of non-
occurrence grid cells across species. For true positive and true
negative rates by threshold choice, see S2.13 Fig. For species-
specific results for AUC, TPR, TNR, threshold choice and val-
ue regularization parameters, and model algorithm and spatial
filtering resolution selected, See S5 Species Model Evaluation.
In the breeding season, degree-days <0 °C, mean warmest
month temperature, and vegetation type were the most im-
portant variables across all species (S2.14 Fig). In non-breeding
season, mean coldest month temperature, degree-days >5°C,
and climatic moisture deficit were the most important variables
across all species (S2.14 Fig). In breeding season, temperature
variables were most important across all species (median
37.99%), followed closely by precipitation (median 27.88%)
and habitat variables (median 12.84%). The same pattern was
observed in non-breeding season, although temperature was
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even more dominant in this season (median 54.25), then precip-
itation (median 15.91) and habitat (median 9.24). Of the habitat
variables, vegetation type was most important across all species
(S3.3 Table). Variable importance varied by habitat group and
season, with group-specific variables being important for some.
Distance to the coast, for example, had a strong influence for
coastal species. Other key group variables were surface water
occurrence for waterbirds, coastal species, and marshbirds in
breeding season and non-breeding season, and the human influ-
ence index for urban/suburban species. Distance to shore, wet-
land type, and distance to wetland had limited influence on
models (S3.4 Table).

DISCUSSION
Our results indicate that nearly two-thirds of North American

birds are moderately or highly vulnerable to climate change,
confirming that climate change is an emerging threat to birds in
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counts of projected range loss in the breeding season ranged from 0-93, and from 0-66 in non-breeding.

North America. Others have found that 53% of North American
birds are vulnerable to climate change [36] and that the traits of
nearly 24-50% of bird globally make them vulnerable to cli-
mate change [4]. Ours is the most comprehensive assessment of
climate change vulnerability of bird in North America to date,
due to the extensive observation dataset used and to the incor-
poration of dynamic vegetation and environmental features
such as topography, distance to shoreline, and water bodies.
However, even this assessment may reasonably be considered
conservative because the pace of change is now exceeding even
past estimates of climate change [32]. Already in 2017, there
was a +1.3°C global land temperature anomaly [73] (NOAA
National Centers for Environmental Information [NCEI],
2018), and near 1.0°C average increase already detected global-
ly over pre-industrial levels [32]. Further, the threat of climate
change occurs in addition to other threats, such as urbanization
and habitat alteration, and land conversion by human activities
[74,75].
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Climate change mitigation to stabilize warming at 1.5°C
globally would reduce vulnerability in North American bird
species. These results align with the recommendations of the
IPCC, which has identified a target of 2.0°C global temperature
increase—preferably 1.5°C—to avoid severe and irreversible
effects of climate change [32]. The current pledged reductions
in greenhouse gas emissions set in the Paris agreement at pre-
sent lead to at least 3.2°C global increase in mean temperature
[35]. In fact, on our current trajectory, potential warming likely
will exceed this (4-5+ °C) by the end of century [76,77] and
will result in inevitable warming of 1.5°C globally by 2030-
2052. Dramatic and aggressive reductions in emissions that
limit warming to 1.5°C would result in 76% of our species clas-
sified as vulnerable dropping at least one category in vulnera-
bility, and 38% of those species would be no longer vulnerable.
Our results reiterate previous findings that mitigation can have
beneficial results, and reductions in emissions by even 0.5°C
can greatly reduce the exposure and ramifications of climate
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breeding.

change for both human [78] and animal systems [18,79]. This
finding is not surprising, given that humans and nature are in-
tertwined and when areas that are important for wildlife (e.g.,
ecosystem services breakdown) suffer, so do human systems
[80]. Our results provide compelling evidence that climate
change mitigation that stabilizes warming to less than 3.0°C,
and preferably 1.5°C would be beneficial to birds. To do this,
we need aggressive climate change mitigation and adequate
policies at a national, continental, and global scale.

Current projected change in climate is set to disrupt bird
communities across North America. Changes in more than 100
species within a local community are possible under the 3.0°C
scenario in both breeding season (dominated by range loss and
local extirpation) and non-breeding season (dominated by range
gain and local colonization). The reshuffling of species at a
continental scale will likely lead to numerous and unpredictable
disruptions of ecological function, including loss of key species
that could lead to diminished and altered ecosystem health and
processes [81]. Changes at this scale could manifest in novel
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bird assemblages, with communities disassembling and reas-
sembling in new combinations, revealing new species interac-
tions [23]. These novel interactions could lead to population
declines and local extinctions if species are not able to adapt
quickly enough to new patterns in co-occurrence [82]. With the
added complexity of novel communities and ecosystems [83],
increased pressure from some invasive species [84], and agri-
cultural intensification [85,86], climate change will be a multi-
dimensional, novel experience that will increase species vulner-
ability, and thus biodiversity loss, unless actions are taken to
lessen the effects. Given this, we can use classifications of cli-
mate change vulnerability to inform community and species-
based climate change adaptation strategies. The most vulnera-
ble species merit the most attention in a triage framework for
climate change adaptation [61].

Climate change is an emerging threat to birds in addition to
existing threats such as habitat loss, changes in disturbance re-
gimes, and invasive species [87]. Of the 389 climate vulnerable
species, 73 are also on the PIF Watchlist. Thus, these species
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across both seasons.

are the priority for conservation triage in a changing climate.
However, there were also 422 climate-vulnerable species not
include in the PIF watchlist, a pattern replicated with the ITUCN
Red List, where only 6-9% of the 24-50% of climate change
vulnerable bird species globally are currently represented [4].
These species should be the focus of monitoring and observa-
tion to determine if the effects of climate change lead to a
change in conservation status (Lawler 2009). Furthermore, we
identify arctic birds, waterbirds, and boreal and western forest
birds to have 78-100% of species vulnerable at 3.0°C warming.
Interestingly, those climate-vulnerable habitat groups are not
presently classified as being of high conservation concern.
These groups merit attention, particularly in higher latitudes
where the magnitude of climate change is projected to be great-
er than global averages [81].

Maps of projected changes in community composition in-
form place-based climate change adaptation strategies [36,65].
We project large areas of range contraction across species in the
northern and eastern temperate forests, the Boreal Shield of
Canada, and the northern parts of the Midwest and Northeast in
the United States. Canada has already experienced warming at a
rate twice as fast relative to the rest of the world, and the arctic
has experienced warming three times as fast [88]. This region
has a projected shift in vegetation type, with a large contraction
of the alpine tundra as arctic tundra and Canadian taiga shift
northwards. The alpine and tundra ecoregions are threatened by
replacement in the north by Alaskan subarctic conifer forests,
and in the south by temperate deciduous forests and Great
Plains grasslands [50,89]. Loss of habitat lags in vegetation
response, and the pace of climate change in this area makes it
vulnerable for birds in the future [89,90]. However, these areas
are also considered some of the most important places for
breeding birds, deemed the ‘nurseries of North American birds’
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where nearly half of all North American species breed [91].
This includes 30% of North America’s landbirds, 30% of shore-
birds, and up to 38% of waterbirds.

Our results suggest that range loss will be more pronounced
in the breeding season, and outpaces gains across the majority
of North America with the exception of the Arctic region. Large
losses in breeding season ranges are problematic, given that
ranges defined from SDMs have been shown to reflect abun-
dance and carrying capacity, with lower suitability often reflect-
ed in lower species abundances [92]. Range loss of this magni-
tude, therefore, does not bode well for sustainable breeding
populations. Disruptions in the breeding season could lead to
declines across the species full annual cycle population [93—
95]. This idea is proposed by the “tap-hypothesis”, which con-
tends that changes in climate during the breeding season can
influence population size for a species by regulating the number
of new recruits into the population the following year [96]. Per-
sistence of bird populations is linked to breeding success and
productivity, which is often linked to temperature [97-99].
Warming temperatures and changes in climate could potentially
reduce breeding productivity, leading to population declines
and, in some cases, quasi-extinction when warming is not
curbed [93]. In contrast, our results highlight an overall gain in
species ranges in the non-breeding season across all scenarios,
which have mixed implications. For some species, the increased
suitability in the non-breeding season could help balance re-
duced recruitment in the breeding season through reduced mor-
tality in the non-breeding season-i.e., the “tub-hypothesis” [96],
if breeding season loss is minimal. However, if projected spe-
cies gains in the non-breeding season coincide with large
amounts of range loss in the breeding season, then this will be
less likely. In some areas, such as the southeastern US, gains
are especially pronounced. There appears to be relative stability
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in climate boundaries for evergreen and deciduous forests [50]
in this region, plus a likely influx of range expansions from
more southerly species. However, range gains can be problem-
atic too, leading to novel communities and changes in species
co-occurrence and interactions [23]. Such large-scale disrup-
tions can even lead to modifications of ecosystem function and
net negative consequences for species and ecosystem services
[81]. Range gains for species are associated with areas that are
newly suitable to a species, indicating that a species would need
to shift its range, colonize, and establish new populations. This
comes with added complications of species establishment such
as competition and multitrophic interactions, as well as specific
habitat requirements [100]. Range gains may be problematic for
some species, especially when paired with the total loss of his-
toric breeding range. This is seen in Cerulean Warbler
(Setophaga cerulean), Black-headed Gull (Chroicocephalus
ridibundus), and Golden-cheeked Warbler (Setophaga chrys-
oparia) all of which are projected to lose more than 90% of
their current range, but gain more than 70% elsewhere, or Gold-
en-winged Warbler (Vermivora chrysoptera), which is project-
ed to lose 99% of its current range while gaining 60% in a new-
ly suitable location. For species such as these, it is unknown if
range gains in new locations will be sufficient for sustaining
populations, given the rapid nature of climate change and the
time it takes to establish populations. Lastly, novel climates
aren’t projected to peak in the non-breeding season until the
first half of the next century [101], suggesting that more chang-
es are to come beyond the temporal extent of our projections.

Caveats

Our vulnerability assessment of birds in North America is likely
a conservative estimate for several reasons. Although our study
takes into account future changes in climate and vegetation, we
do not assess changes in anthropogenic land use, sea-level rise,
extreme events or other global and climate change-related
threats to birds. In addition, projected species responses will not
always be realized for a variety of reasons, including intrinsic
factors such as phenotypic plasticity (e.g., the ability to adapt to
changing climate conditions and stay in place), dispersal and
colonization abilities, evolutionary potential (i.e., genetic diver-
sity), and extrinsic factors, such as unpredicted habitat loss,
species competition, and pollution [102]. We do not assess al-
tered species interactions or how community-level changes
could determine species realized future ranges. These were be-
yond the scope of our current vulnerability assessment, and an
identified future research direction. Additionally, we have used
a threshold-based approach that only accounts for potential
range loss or gains for each species. This accounts for how a
species will lose part of its current range, or gain range in new
locations (i.e., cross under or over the threshold of suitability),
but does not break down changes within a species’ range that
are maintained (are currently, and are projected to be above a
species threshold of suitability, e.g., ‘stable’). These ‘stable’
areas are in fact changing, with some areas improving or wors-
ening with climate change. Areas that are worsening and ap-
proach our selected threshold could indeed be of low suitability,
enough to reflect low abundance and population instability [92].

In this work, we strive to balance meeting current standards
for SDM-based biodiversity assessments [39] with the effort of
modeling 604 species in two seasons. We included an assess-
ment of each species range maps individually by bird exports in
both the breeding and non-breeding season, to establish ecolog-
ical reality of the model outputs. However, we acknowledge
that all SDM outputs include inherent uncertainties and errors
and therefore do not represent the actual species range. In addi-
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tion, the use of citizen and community science data sets in the
assessment, and the discrepancies of such data collection meth-
ods, may violate some assumptions of SDMs [103]. We
acknowledge that our bird occurrence data came from various
sources, and such were not sampled in a standardized capacity,
with uneven sampling due to survey location bias, and with
variation in individual detection probabilities and identification
skills. We balanced the need to retain as much data as possible
to capture species full ranges across North America, with exten-
sive use of spatially structured data partitioning, bias correction,
data filtering, and expert review. It has been shown, however,
that careful partitioning and analysis of avian data can yield
important full life-cycle bird distribution models [104]. Choice
of environmental data may also introduce errors and uncertain-
ty, such as the modeled future projections for vegetation data.
The vegetation projections used here are not mechanistic and
are themselves based on climate models. Climate-based vegeta-
tion projections likely overestimate range gains and underesti-
mate vulnerability [89]. Additionally, ensemble vegetation
models possibly underestimate vegetation change at 3.0°C and
over-estimate change under the 1.5°C scenario [25]. However,
continental scale vegetation projections are not readily availa-
ble, but vegetation provides important information relevant for
bird species. Despite these limitations, we chose to include
these as the best available variables biologically relevant to this
type of modeling. Lastly, uncertainties and errors also arise
from the choice of SDM and model selection. Sources of uncer-
tainty are discussed in detail in Wilsey et al. [25].

CONCLUSION

This analysis is unprecedented in scope in the suite of species
modeled and spatial coverage. In addition, it provides a full
continental scale assessment of climate change vulnerability of
the North American avifauna to inform climate change mitiga-
tion and adaptation strategies. Our results provide clear evi-
dence that we need aggressive climate mitigation policies for
birds in North America. The dire consequences of a 3.0°C
warming scenario, and the reduction in bird species vulnerabil-
ity if we stabilize global warming at 1.5°C, indicate that we
must reduce emissions as much as possible to maintain bird
communities. Stabilizing climate at 1.5°C is feasible [33,105],
but few deliberate actions have been taken to get us there. The
current pledge in greenhouse gas reductions set by the Paris
Agreement framework is estimated to equate to a 3.2 °C global
increase in mean temperature [35], which is not sufficient to
reduce vulnerability to birds.

Birds are early responders to climate change and can be
important indicators of large-scale ongoing and future ecologi-
cal change. Here we also provide clear priorities as to where we
could focus adaptation conservation efforts, and for which spe-
cies we need to alleviate climate change stressors. We identi-
fied arctic birds, waterbirds, and boreal and western forest birds
as being highly vulnerable to climate change. Interestingly,
those habitat groups most threatened by climate change were
not classified of high conservation concern presently. In an un-
certain future, our study reveals that we must pursue both miti-
gation and adaptation strategies in order to conserve North
American birds in a changing climate. Unless we take aggres-
sive policy mitigation and adaptation actions to alleviate the
effects of climate change, birds and the places they need are
under threat.
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