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Abstract

The potential for species to shift their ranges to avoid extinction is contingent on the future
availability and accessibility of habitats with analogous climates. To develop conservation
strategies, many previous researchers used a single method that considered individual fac-
tors; a few combined 2 factors. Primarily, these studies focused on identifying climate
refugia or climatically connected and spatially fixed areas, ignoring the range shifting pro-
cess of animals. We quantified future habitat availability (based on species occurrence,
climate data, land cover, and elevation) and accessibility (based on climate velocity) under
climate change (4 scenarios) of migratory birds across the Yangtze River basin (YRB).
Then, we assessed species’ range-shift potential and identified conservation priority areas
for migratory birds in the 2050s with a network analysis. Our results suggested that medium
(i.e., 5–10 km/year) and high (i.e., ≥ 10 km/year) climate velocity would threaten 18.65%
and 8.37% of stable habitat, respectively. Even with low (i.e., 0–5 km/year) climate veloc-
ity, 50.15% of climate-velocity-identified destinations were less available than their source
habitats. Based on our integration of habitat availability and accessibility, we identified a
few areas of critical importance for conservation, mainly in Sichuan and the middle to
lower reaches of the YRB. Overall, we identified the differences between habitat availabil-
ity and accessibility in capturing biological responses to climate change. More importantly,
we accounted for the dynamic process of species’ range shifts, which must be considered
to identify conservation priority areas. Our method informs forecasting of climate-driven
distribution shifts and conservation priorities.
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Priorizar los esfuerzos de conservación en función de la disponibilidad y accesibilidad
futura de hábitats ante el cambio climático
Resumen: El potencial de las especies para desplazar sus rangos y evitar la extinción
depende de la disponibilidad y accesibilidad futura de hábitats con climas análogos. Para
desarrollar estrategias de conservación, muchos investigadores anteriores utilizaron un solo
método que consideraba factores individuales; algunos combinaron 2 factores. Principal-
mente, estos estudios se centraron en identificar refugios climáticos o áreas climáticamente
conectadas y espacialmente fijas, ignorando el proceso de desplazamiento de rangos de
los animales. Cuantificamos la disponibilidad futura de hábitats (basada en la presencia
de especies, datos climáticos, cobertura terrestre y elevación) y la accesibilidad (basada en
la velocidad climática) bajo el cambio climático (4 escenarios) de aves migratorias en la
cuenca del río Yangtsé (YRB). Luego, evaluamos el potencial de desplazamiento de rangos
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de las especies e identificamos áreas prioritarias de conservación para las aves migrato-
rias en la década de 2050 mediante un análisis de redes. Nuestros resultados sugieren que
una velocidad climática media (es decir, 5−10 km/año) y alta (es decir, ≥ 10 km/año)
amenazarían el 18.65% y el 8.37% del hábitat estable, respectivamente. Incluso con una
velocidad climática baja (es decir, 0−5 km/año), el 50.15% de los destinos identificados
por la velocidad climática eran menos disponibles que sus hábitats de origen. Basándonos
en nuestra integración de la disponibilidad y accesibilidad de hábitats, identificamos algunas
áreas de importancia crítica para la conservación, principalmente en Sichuan y en las partes
media e inferior del YRB. En general, identificamos las diferencias entre la disponibilidad
y accesibilidad de hábitats en la captura de respuestas biológicas al cambio climático. Más
importante aún, tuvimos en cuenta el proceso dinámico de los desplazamientos de rangos
de especies, lo cual debe considerarse para identificar áreas prioritarias de conservación.
Nuestro método contribuye a la predicción de cambios en la distribución impulsados por
el clima y las prioridades de conservación.

PALABRAS CLAVE

adaptación al cambio climático, velocidad del clima, conectividad, idoneidad del hábitat, análisis de redes
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INTRODUCTION

As the impacts of climate change intensify, species will be
increasingly forced to relocate to more climatically suitable areas
in order to avoid extinction (McGuire et al., 2016; VanDer-
Wal et al., 2013). There is mounting evidence that species have
shifted their distributions in response to climate change (Chen
et al., 2011; VanDerWal et al., 2013), particularly mobile species
with complex spatial dynamics (Huang et al., 2017). However,
traditional conservation plans are static and generally deter-
mined based on species distribution data for a specific period
or space (Araujo et al., 2004; Liang et al., 2018b), which may be
ineffective to maintain or improve species conservation status
over the long-term. Therefore, spatially dynamic threats have
sparked a surge in research to investigate the future effects of cli-
mate change on species range shifts and to inform conservation
priorities under climate change (D’Aloia et al., 2019; Stralberg
et al., 2020; Xu et al., 2022; Zhu et al., 2022).

The potential for species to shift their range in response to
rapid climate change is contingent on the future availability and
accessibility of habitats with analogous climates (Littlefield et al.,
2019; Senior et al., 2019), resulting in 2 mainstream approaches
to forecasting climate-driven distribution shifts and developing
climate-adaptive conservation strategies (Araujo et al., 2004).
Suitability-based approaches focus on the future availability
of habitats, assuming that species are more likely to persist
or establish new populations in habitats with similar environ-
ments (Hamann & Aitken, 2013). Species distribution models
(SDMs), for example, have been widely used to predict changes
in the spatial pattern of biodiversity as a result of climate
change. The results of these models are then used to develop
conservation strategies (Liang et al., 2018a; Martinez-Lopez
et al., 2021; Vaz et al., 2021). However, this approach ignores
the fact that unsuitable areas (i.e., movement barriers) may
restrict species’ movement to areas of future habitat (McGuire
et al., 2016).
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In contrast, connectivity-based approaches emphasize the
accessibility from the species’ current distribution to future
habitats by considering barriers to species movement under cli-
mate change (Carroll et al., 2018; Littlefield et al., 2019; McGuire
et al., 2016). Climate velocity (CV), one of the metrics for cli-
mate connectivity, estimates the rate at which a species must
shift its ranges to retain similar climate conditions over a given
time period (Hamann et al., 2015) (Appendix S1; Loarie et al.,
2009). This metric has been used to identify the climate refu-
gia (Michalak et al., 2020), assess the climate change exposure
of species (Parks et al., 2020), and establish corridors for facili-
tating climate connectivity (Carroll et al., 2018). Even so, CV is
an imperfect metric (Batllori et al., 2017; Dobrowski & Parks,
2016), necessitating the development of composite metrics or
multiobjective combined methods.

Several recent studies have combined CV with various met-
rics to develop climate-informed conservation planning with
different conservation goals. Ordonez and Williams (2013)
proposed biotic velocity to combine CV metrics with habitat
suitability metrics. Carroll et al. (2017) identified refugia with
a multiobjective solution based on 6 environmental diversity
metrics and climatic velocity. Stralberg et al. (2020) identified
priority conservation areas based on microrefugia, macrorefu-
gia, and climate corridors. Michalak et al. (2020) emphasized the
importance of incorporating climatic exposure, environmental
diversity, and climate tracking data in refugia analyses. However,
many previous studies focused on identifying climate refugia or
climate connectivity areas in fixed areas based on CV and habitat
suitability analyses and ignored the species’ range shifts implied
by the 2 methods.

According to future habitat availability and accessibility
under climate change, what is the likelihood of species suc-
cessfully shifting ranges in response to rapid climate change?
Where are the priority conservation sites and paths (i.e., corri-
dors) for facilitating successful range shifts in such situations?
Across the Yangtze River basin (YRB), we applied a mixed
approach (Appendices S2 & S3) that combined network anal-
yses with habitat availability and accessibility to determine
the critical areas for future habitat availability and accessibil-
ity under climate change; the risks and opportunities associated
with shifting ranges of migratory birds as the climate warms;
the potential for species to successfully shift their ranges in
response to future climate change; and the conservation prior-
ity sites and corridors that could allow species to successfully
shift their ranges under climate change. Finally, we constructed a
climate-informed network of priority areas for the conservation
of migratory birds across the YRB into the 2050s. We sought
to provide decision-makers with a spatially explicit conserva-
tion strategy that maximize species persistence under climate
change.

METHODS

Study region

The YRB (24◦30′N−35◦45′N, 90◦33′E−122◦25′E) is 1.8 mil-
lion km2, which is 18.7% of China’s total area (Kong et al.,

2020). Because of its complex topography and diverse climate,
the region provides abundant habitat for a wide range of organ-
isms, making it a biodiversity hotspot in China (Ni et al., 1998).
The YRB contains several important wintering areas for migra-
tory birds in the Central Asian and East Asian-Australasian
Flyways (Shimazaki et al., 2004; Wang et al., 2017). However,
recent environmental changes in this region have altered bird
distributions, and this trend is expected to continue (Liang et al.,
2021; Wang et al., 2017). Therefore, it is necessary to develop
conservation plans for migratory birds to maximize species per-
sistence under environmental change. To reduce the boundary
effects of CV caused by artificial truncation of the study area
(Senior et al., 2019), we analyzed future habitat availability and
accessibility within 100 km of the study area.

Species records

We used species occurrence records from 2001 to 2018 because
they were accurate and collected during the period for which
climate data were available. Given our emphasis on modeling
potential wintering range shifts and identifying protected pri-
ority areas, we selected migratory bird occurrences recorded
in winter (Thuiller et al., 2019). We used BirdLife data (www.
birdlife.org) to identify migratory bird species with wintering
ranges within the study area, set November to March as the
wintering season, and retained only occurrences recorded dur-
ing this period (Heim et al., 2020). We downloaded occurrence
data for migratory birds from the citizen-science databases
eBird (https://science.ebird.org/en/use-ebird-data) and GBIF
(https://www.gbif.org/) and excluded occurrences with spa-
tial uncertainty >5 km. These procedures produced a database
containing 37,462 winter occurrences (235 species) of migra-
tory birds recorded from 2001 to 2018 (Appendix S4). To
reduce sampling bias and spatial autocorrelation related to over-
sampling, we removed duplicate geographic locations for each
species and used R package spThin (Aiello-Lammens et al.,
2015) to filter the data set to match the resolution of the climate
variable layers used (5×5 km grids); 1 record was kept per grid.
Furthermore, we included only those species with at least 25
unique records in the model because this threshold is useful for
generating robust distribution models (Hernandez et al., 2006;
Pearson et al., 2007; Proosdij et al., 2016; Ureta et al., 2022). Ulti-
mately, 9489 unique occurrence records of migratory birds (n =
104 species) were retained for subsequent analyses (Appendices
S3a, S5, & S6).

Environmental variables

Climate data for the current (2001−2018, representing 2010s)
and future (2041−2060, representing 2050s) periods were
derived from Worldclim 2.1 (https://www.worldclim.org/) at
2.5-min spatial resolution (Hijmans et al., 2005). For the cur-
rent period, we generated 19 bioclimatic variables based on
the average minimum temperature, average maximum tem-
perature, and total precipitation with R package dismo. For
the future period, we extracted 19 bioclimatic variables for
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4 shared socioeconomic pathways scenarios (SSPs) (SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5). Future climate projec-
tions were generated using a multimodel ensemble of 22
global circulation models: ACCESS-CM2, ACCESS-ESM1-
5, BCC-CSM2-MR, CanESM5, CanESM5-CanOE, CMCC-
ESM2, CNRM-CM6-1, CNRM-CM6-1-HR, CNRM-ESM2-1,
EC-Earth3-Veg, EC-Earth3-Veg-LR, GISS-E2-1-G, GISS-E2-
1-H, INM-CM4-8, INM-CM5-0, IPSL-CM6A-LR, MIROC-
ES2L, MIROC6, MPI-ESM1-2-HR, MPI-ESM1-2-LR, MRI-
ESM2-0, and UKESM1-0-LL. We resampled the original
climate data grids at the 5-km spatial grid scale with bilinear
interpolation. Given the problems with multicollinearity in cli-
mate data, we ran a preliminary screening of the 19 bioclimatic
variables to identify the important bioclimatic variables that
most affect the occurrence of migratory birds for each species
(Appendices S3a & S7).

Nonclimate variables included land cover and elevation
(Appendix S3a). The elevation map with a spatial resolution
of 2.5 min was obtained from WorldClim 2.1 (Hijmans et al.,
2005). Land-cover data at 1-km spatial resolution for 2010 and
2020 were provided by the Data Center for Resources and Envi-
ronmental Sciences, Chinese Academy of Sciences (RESDC)
(http://www.resdc.cn). The land cover for 2010 corresponded
to the current period, and the land cover for 2020 corresponded
to the future period, based on the assumption that future land
use would remain consistent with that of 2020. For future land
cover, we did not use simulated land use or cover data due to
the low classification accuracy of the available data. Land-cover
data included 6 land-cover types: forest, grassland, cultivated
land, urban land, water body, and unused land. The classification
accuracy of these classes could reach 94.3% (Liu et al., 2014). To
be consistent with the climate data, we resampled the elevation
and land-cover data to 5-km spatial resolution.

Habitat modeling

We identified the habitat of 104 migratory bird species by fitting
SDMs within the ensemble modeling platform SSDM (Schmitt
et al., 2017) in R. Climate data, land cover, and elevation were
used as environmental predictor variables for the distribution
of migratory birds in wintering areas (Appendix S3b). For each
species, we fitted models with 9 algorithms: general additive
models, generalized linear models (GLM), multivariate adap-
tive regression splines, classification tree analysis, generalized
boosted models, maximum entropy, artificial neural networks,
random forests, and support vector machines. Each algorithm
was repeated 10 times to yield 90 models.

We adopted the default pseudo-absence selection strategy
recommended by Barbet-Massin et al. (2012) for each algorithm
(i.e., 10 runs of 1000 randomly selected pseudo-absences are
performed for GLM). For each model, 70% of the randomly
sampled data were used for training, and the remaining 30% of
data were used to evaluate models with the area under curve
(AUC) of the receiver operating characteristic curve (Elith et al.,
2011). Only models that outperformed a predefined predic-
tive performance threshold were kept (i.e., AUC ≥ 0.75). These

models were then used to predict habitat occurrence in the cur-
rent and future periods. To evaluate variable importance, we
calculated Pearson’s correlation between predictions of the full
model and the one without a variable; the higher the value, the
greater the influence of the variable on the model. We used the
sensitivity-specificity equality to identify the threshold for con-
verting the habitat maps from continuous (0−1) to binary (0, 1)
(Martinez-Lopez et al., 2021), where 0 represented no habitat
and 1 represented available habitat. The continuous values were
divided into 3 categories by the natural breaks (Jenks). Finally,
we generated the ensemble SDM (ESDM) for each species by
taking the AUC-weighted mean of the outputs of the selected
models. The performance of ESDM for each species was exam-
ined, and 96 models with an AUC value ≥0.8 were retained
(Elith et al., 2011) (Appendix S8).

Stacking habitat availability

To generate a community-level property for assessing habitat
availability across all modeled migratory bird species within
the study area, we stacked the ESDM results (i.e., continu-
ous and binary habitat suitability) for the 96 selected migratory
bird species (Appendix S3b). The stacked continuous habitat
suitability values were then used to develop the composite indi-
cator range shift potential (RSP), which quantified the potential
for species to successfully shift ranges in response to climate
change. The stacked binary habitat suitability maps were then
used to identify habitats for constructing a potential range shift
network. We calculated the mean of continuous habitat suitabil-
ity maps for the 96 species at each pixel to reflect overall habitat
availability for migratory birds in the current and future periods
(Naimi et al., 2022). We also stacked and summed the binary
maps of potential occurrence for the 96 species. Pixels with
values ≥1 in the stacked binary habitat suitability maps were
considered habitat for these migratory birds. Based on the vari-
able importance obtained from the ESDM of each species, we
calculated the overall contribution percentages of each variable
in terms of the modeled migratory birds. The standard protocol
ODMAP 1.0 (Zurell et al., 2020) of SDM is in Appendix S9.

CV analyses

To assess habitat accessibility, we calculated CV, defined cli-
mate analogs, and delineated potential range shift paths with
methods developed by Dobrowski and Parks (2016) and Carroll
et al. (2018) (Appendix S3b). Before conducting this analy-
sis, we retained the variable with a percent contribution >1%
and identified the 7 most important bioclimatic variables that
best predicted the occurrence of all modeled migratory birds
(Appendices S3a & S10). In this way, the ecological assump-
tion that tracks analogous habitats, instead of just climate
analogs, is realized. Following the methods of Carroll (2018 et al.
(2018), we conducted a principal components analysis on the
7 bioclimatic variables to reduce the dimensionality and col-
lapse the original multiple variables into 2 new variables, which
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incorporated the major information (88.66%) of climatic vari-
ability. This procedure yielded the scores of 2 principal
components (PC1 and PC2) for the current period climate and
the loadings of each climatic variable (Appendix S11). The load-
ings were then used to generate gridded PC1 and PC2 scores
for the future period climate. The subsequent analysis of CV
was based on the gridded PC1 and PC2 scores for the current
(2001−2018) and future (2041−2060) periods.

We applied the least-cost algorithm (van Etten, 2017) (from
R package gdistance) detailed in Dobrowski and Parks (2016)
and Carroll et al. (2018) to define climate analogs between the
current and future periods. The calculation of distance-based
CV is computationally intensive, and its feasibility and compu-
tational efficiency rely on the use of the least-cost algorithm. In
addition, the least-cost algorithm can help identify the least-cost
paths of landscape linkages that may be the most potential range
shift trajectories. The identification of these spatially explicit
paths facilitates abstracting the spatiotemporal dynamic process
of species range shifting and constructing the potential range
shift network. For each current period pixel (i.e., source pixel),
we determined the individual analog (i.e., destination pixel)
that minimized exposure to dissimilar climates based on the
minimum-resistance surfaces approach. Then, we delineated the
least-cost paths between the source pixels and their correspond-
ing destination pixels. CV (kilometers per year) was calculated
by dividing the length of the least-cost paths by the interval
between the current and future periods. Finally, we classified
the CV values into 3 groups: 0−5 km/year, 5−10 km/year,
and ≥10 km/year, defining them as low, medium, and high CV,
respectively.

Potential range shift network construction

We used RSP to construct the potential range shift network
for the selected 96 migratory bird species (Appendices S3c &
S12). We used a graph-theoretic method under the assump-
tion of unrestricted species dispersal. CV and habitat analyses
assessed future habitat accessibility and availability under cli-
mate change, taking into account different range shift processes
for species in response to climate change. The former revealed
climate analogs, potential range shift paths, and CV, indicating
the extent to which species could reach analogous future climate
habitats from their current distribution under climate change.
The latter was used to evaluate future habitat availability, reflect-
ing the degree to which analogous future climate habitats would
be suitable for species survival in the future. Therefore, RSP was
calculated as follows:

RSPs(c− f ) = CV−1
s(c− f ) × HSd ( f ), (1)

where s is the source from which a species migrates, c is the
current period, f is the future period, d is the destination of the
migrating species, CV−1

s(c-f) is the reciprocal CV value of s from c

to f, and HSd(f) is the stacked continuous habitat suitability value
(range 0−1) of the corresponding destination d in f.

Given the possibility of range shift, we constructed the
potential network in areas where the future destinations con-
tained habitat (Figure 1d & Appendices S3c, S13a, & S13b).
We extracted climate analogs and potential range shift paths as
nodes and edges, respectively. The start nodes were the sources
in the current period, and the target nodes were the corre-
sponding destinations in the future period. The edges were
the least-cost paths between each source and each destina-
tion, weighted by the RSP value. Therefore, we constructed
a weighted and directed potential range shift network for
migratory birds across the YRB (Appendix S3c).

Conservation priority areas identification

We used network analysis to measure site importance by cal-
culating local nodal metrics and analyzing global network
robustness with a node-removal process (Appendix S3d). These
analyses were carried out with Gephi 0.8.2 (Bastian et al., 2009)
and the R igraph package (Csardi & Nepusz, 2006). We assumed
that the removal of a node was equivalent to the degradation
of a site in the potential range shift network. As a result, net-
work robustness was defined here as the ability of the potential
range shift network to continue to function when a habitat lost
accessibility and availability due to disruption.

We used 4 nodal metrics related to node centrality: weighted
degree (WD), weighted in-degree (Win-D), betweenness cen-
trality (BC), and eigenvector centrality (EC). Each metric
measures the importance of sites from a slightly different per-
spective (Appendices S14 & S15). To simulate the effects of
disruption and identify key sites, we analyzed network robust-
ness in an iterative node-removal process in which removal
order was determined by the 4 local nodal metrics. First, we cal-
culated 4 nodal metrics for each site in the initial network. Then,
we removed nodes sequentially, starting with 1 and progressing
by 1 node per iteration until the network crashed. The order
of node removal per iteration included 4 scenarios: descending
WD, descending Win-D, descending BC, and descending EC.
After each iteration, we calculated 3 network metrics (i.e., con-
nectivity robustness, global efficiency, and average path length
[Appendix S15]) to evaluate the overall characteristics of the
new temporary network (Iyer et al., 2013). The sharp drop in the
3 network metrics indicated that the removed sites had a signif-
icant impact on network connectivity and resilience (Luo et al.,
2020; Xu et al., 2020). According to this, we identified key sites
that, if destroyed, could cause the range shift network to col-
lapse due to the effects of climate change. Important sites were
identified by observing a 50% decrease in the network metrics
value when nodes were removed according to the order of the
sensitivity nodal metric (i.e., the fastest declining metric). The
corresponding edges of these important site sites were identi-
fied as important paths, which were reclassified based on CV
values. For each network metric, we constructed a protected pri-
ority areas subnetwork based on the key sites and paths. Then,
we combined the 3 subnetworks mentioned above to con-
struct a climate-informed protected areas network for migratory
birds (Appendix S3d). Finally, we compared the identified
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FIGURE 1 For 96 migratory bird species across the study area, distribution of (a, b) stacked continuous habitat suitability and (c, d) stacked binary habitat
suitability across the Yangtze River basin (YRB) (a, c) currently and (d, b) under the SSP2-4.5 future climatic scenario.

FIGURE 2 Distribution of climate velocity across the Yangtze River
basin (YRB) under the future climatic scenario of SSP2-4.5 for migratory birds
(dark gray, areas of disappearing climates).

conservation priority areas network with the current protected
areas (UNEP-WCMC & IUCN, 2023).

RESULTS

Future habitat availability and accessibility
under climate change

Our primary focus in the analysis was the SSP2-4.5 scenario.
Results for the other 3 scenarios are in Appendices S16−S25.
Habitat availability and accessibility presented distinct geo-
graphic distribution patterns across the YRB (Figures 1 & 2).
The stacked habitat suitability maps revealed stable habitat avail-
ability across the YRB as the climate changes (Figure 1). Details

on changes in the proportion of habitat area for each species
are in Appendix S19. Currently, about 79.85% of the study area
contained habitat. This proportion was predicted to be 74.62%
by the 2050s under the SSP2-4.5 scenario (67.08% maintained
area [stable areas] and 7.54% new area [area gain]) (Figure 3b).
Some species were predcited to shift their ranges from current
habitats to future destination habitats (i.e., stable areas). How-
ever, when climate change velocity was accounted for, species
living in 18.65% of these areas experienced medium CV (i.e.,
5–10 km/year), whereas 8.37% experienced higher CV (i.e.,
≥10 km/year) (Figure 3b).

Other species were predicted to shift their ranges from areas
that did not currently contain habitat to areas that in the future
would contain habitat (i.e., habitat gain). Those regions con-
tained higher percentages of the areas threatened by medium
and high CV, up to 31.43% and 25.20% (Figure 3b). For 4.71%
of current habitats, there was an accompanying transformation
of areas into nonhabitat (i.e., habitat loss) even under low cli-
matic velocity (i.e., 0–5 km/year). Species living in 9.10% of
current habitats would be unable to reach their destinations
due to disappearing climates by the 2050s (Figure 3b). Such
trends were observed in all climatic scenarios but were more
pronounced in scenarios with higher emissions (see Appendices
S20−S22 for the other 3 scenarios).

In terms of CV, the mean velocity was 4.64 km/year under
the SSP2-4.5 scenario; maximum values reached 39.23 km/year
across the study area (Figure 2) (see Appendices S23−S25 for
the other 3 scenarios). However, 50.15% of destinations had
less habitat availability than their source habitats, despite being
exposed to low CV (i.e., 0–5 km/year) (Appendix S27). The
53.49% of sources predicted to face high CV (i.e., ≥10 km/year)
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CONSERVATION BIOLOGY 7 of 13

FIGURE 3 Projection of habitat conversion and climate velocity from habitat source pixels to habitat destination pixels under the future climatic scenario of
SSP2-4.5 for migratory birds: (a) loss, stable, gain, unreachable, and no-presence habitat conversion types in the destination-pixel locations of current habitats under
climate change and (b) percentage of habitat types (suitable or unsuitable) in source-pixel locations (left bar), fraction of habitat conversion types (loss, stable, gain,
or unreachable) in the destination-pixel locations (right bar), and climate velocity levels species may experience as they migrate from source pixels to destination
pixels (middle bar) (percentages, percentage of conversion type in the study area).

would also experience a decline in habitat availability (Appendix
S27, see Appendices S26, S28, & S29 for other scenarios). Fur-
thermore, the comprehensive assessment, measured by current
habitat availability and accessibility under the SSP2-4.5 sce-
nario, showed that 10.82% of the study area predicted to have
medium-high habitat availability (i.e., habitat suitability) and
low-medium habitat accessibility (i.e., ≥5 km/year CV) over-
lapped in Sichuan and the eastern YRB (Figure 4a). Some areas
of high habitat availability were subject to climate change at rates
exceeding 10 km/year. The areas with disappearing climates
were mostly located in southern Sichuan, northeast Yunnan,
eastern Qinghai, and eastern Jiangxi (Figure 4a). About one-
half of them were in the species’ current potential distribution
regions (Appendix S27). Again, trends are qualitatively con-
sistent across emissions scenarios (Appendices S30a, S31a, &
S32a).

Consideration of the future habitat availability of destination
pixels revealed an increase in the proportion of habitat in each
CV range (Appendix S27). In particular, for areas predicated to
face low habitat accessibility (i.e., ≥10 km/year CV), 75.03%
of them were in current potential distribution regions, whereas

91.84% of their destination pixels were in future potential distri-
bution regions under the climatic scenario SSP2-4.5 (Appendix
S27). In comparison with the current habitat availability and
accessibility assessment, the assessment of future habitat avail-
ability and accessibility suggested that overlapping areas of
medium-high habitat availability and low-medium habitat acces-
sibility would increase by 1.84% (Figure 4b). This increase in
overlapping areas was mostly in eastern Sichuan and Chongqing
(Figure 4b). Furthermore, the assessment of future habitat and
CV revealed a 2.32% decrease in high-potential range shift areas
with high future habitat availability and high habitat accessibility
(Figure 4b). Such trends were found in other climatic scenarios
(Appendices S30b, S31b, & S32b).

Conservation priority sites and paths

In terms of the important sites for range shifts, the 4 local
nodal metrics exhibited slightly different distribution pat-
terns under scenario SSP2-4.5 (Figure 5) (see Appendices
S33−S35 for the other scenarios). Weighted degree and Win-
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8 of 13 Liang ET AL.

FIGURE 4 (a) Overlap of current stacked continuous habitat suitability and (b) future stacked continuous habitat suitability with climate velocity under the
future climatic scenario SSP2-4.5. Habitat availability (i.e., habitat suitability) and accessibility (i.e., climate velocity) were split into 3 classes to define categories of
different risk for migratory birds’ dispersal (current, source habitat pixels under the current period; future, habitat destination pixels in the future; solid rectangles,
areas of increased risk with medium-high habitat availability and low-medium habitat accessibility in the future; dashed rectangles, decreased amount of potential
areas with high habitat availability and high habitat accessibility in the future; dark gray, areas of disappearing climates).

FIGURE 5 Spatial patterns of important sites for conservation of migratory birds in Yangtze River basin (YRB) evaluated based on 4 nodal metrics under the
future climatic scenario of SSP2-4.5: (a) weighted degree (high values, important sites as potential outgoing or incoming sites for migratory birds’ dispersal), (b)
weighted in-degree (high values, important sites as potential incoming sites for migratory bird dispersal), (c) betweenness centrality (high values, important
intermediary sites to facilitate dispersal), and (d) eigenvector centrality (high values, sites important for efficient ecological networks).

D showed high centrality in the middle to lower reaches of
the YRB (Figure 5a,b), revealing significant potential outgo-
ing or incoming sites for migratory birds’ dispersal. High
betweenness centrality and EC values were concentrated in

Sichuan and the middle reaches of the YRB (Figure 5c,d). These
areas were not only crucial intermediary sites for migratory
birds’ dispersal, but also well-connected to other important
sites.
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In general, the 3 network metrics used to evaluate the net-
work characteristics changed in 3 phases during the robustness
analysis: rapid decline, slow decline, and leveling off. Con-
nectivity robustness, global efficiency, and average path length
were all reduced by nearly half when nodes were removed
by 0.45%, 0.4%, and 0.6%, respectively, under the SSP2-4.5
scenario (Appendices S37a, S37c, & S37e). Global efficiency
was the first of the 3 network metrics to fall by half from its
original value. It declined fastest when nodes were removed
in descending order of their importance as measured by EC
(Appendix S37d). However, connectivity robustness and aver-
age path length of the range shift network declined fastest when
nodes were removed in descending order of their importance
as measured by BC (Appendices S37b & S37f). This trend was
largely consistent across all climate scenarios (see Appendices
S36, S38, & S39 for the other scenarios), with the exception of
SSP1-2.6, under which connectivity robustness decreased the
fastest when nodes were removed in the descending order of
their importance as measured by EC (Appendix S36b).

The identified priority areas subnetworks for protection
showed that the networks built based on connectivity robust-
ness and average path length were similarly concentrated in
Sichuan and the middle and lower reaches of the YRB under
the SSP2-4.5 scenario (Appendices S41a & S41c, see Appen-
dices S40, S42, & S43 for the other scenarios). The network
built based on global efficiency was primarily concentrated
in Sichuan, Chongqing, Guizhou, and the middle and lower
reaches of the YRB (Appendix S41b). Important sites linked
by high CV paths indicated high-risk areas where exposure to
climate change could limit species range shift to future habitats,
whereas important sites linked by low CV paths revealed areas
with high potential for species range shifts. Under the SSP2-
4.5 scenario, the priority protected-areas network contained 335
important sites and 8876 important paths (Figure 6a). Seventeen
of these sites were in currently protected areas, and 16 had a high
potential to be areas to which species could move. In scenarios
with higher emissions, more critical sites and paths were identi-
fied, resulting in a more complex network of protected priority
area than under the SSP1-2.6 scenario (Appendices S44−S46).

DISCUSSION

There is a profound interest in the development of climate-
informed conservation strategies. Many previous studies used
habitat suitability and CV analyses to identify climate refugia or
climate connectivity areas in fixed areas. Here, we combined
habitat availability and accessibility with network analyses to
quantify future habitat under climate change, thereby assessing
RSP and identifying conservation priority areas.

We found spatial heterogeneity of habitat availability and
accessibility in areas critical for the conservation of migratory
birds. The stabilization of habitats suggests that it will persist
for species under climate change, but most of it will be in areas
of high CV, resulting in low accessibility (Figure 3 & Appendices
S20−S22). The implicit assumption of SDMs is that the realized
niches of species remain constant or change slowly (Parmesan,

2006). This means that, if climate change occurs, species may be
forced to shift their ranges to find habitat (Martinez-Meyer et al.,
2004). However, due to limited dispersal capacity, the maximum
speed species could achieve when tracking their habitats is likely
to be slower than the velocity of climate change. In fact, CV
above 10 km/year has already exceeded the range shifting abil-
ities of most species (Batllori et al., 2017; Santini et al., 2016).
Thus, existing research focusing solely on habitat presence may
overestimate the odds of successful range shifts.

Our findings showed that many climate-velocity-identified
destinations will lose habitat over time. CV is a coarse-filter
approach that lacks species-specific information in general
(Batllori et al., 2017; Dobrowski & Parks, 2016). In our study,
the destinations tracked by this method were climate analogs
instead of analogous habitats. It is unknown whether the cli-
mate analogs will be suitable for species survival in the future.
We cannot rule out the possibility that assessing CV alone might
overestimate species’ long-term survival. Hence, focusing solely
on habitat suitability or CV would underestimate shift risks. The
use of habitat suitability and CV should take into account their
differences in capturing complex biological responses to climate
change.

Some studies show differences in climate exposure patterns
revealed by habitat suitability and CV (Brito-Morales et al., 2020;
Carroll et al., 2017; Stralberg et al., 2020). They mostly concen-
trated on current habitat suitability and CV (Brito-Morales et al.,
2020). We further investigated the relationship between future
habitat and CV. Our findings revealed more overlapping areas
with medium-high habitat availability and low-medium accessi-
bility and fewer overlapping areas with high habitat availability
and high habitat accessibility.

Although there were differences between habitat availability
and accessibility, integrating them could reflect different risks
and opportunities for species shifting in response to climate
change (Appendix S13). High habitat availability and low habi-
tat accessibility combined revealed potential risk areas where
high climate-change exposure might limit species movement
to future habitats if they exist (Appendices S13a & S13b).
High habitat availability and high habitat accessibility com-
bined revealed areas with high potential for species range
shifts (Appendices S13a & S13b). Low habitat availability and
high habitat accessibility combined revealed potential areas for
species extinction due to a lack of habitat, even with low expo-
sure to climate change (Appendix S13c). These assessments
would provide critical information on habitat availability and
accessibility to quantify RSP and inform conservation priorities
(Carroll et al., 2017; Dobrowski & Parks, 2016).

The successful species distribution shift process is influenced
by 2 critical factors: future habitat availability and accessibil-
ity of habitats along pathways. Habitat changes and dispersal
limitations have been considered in graph-theoretic prioritiza-
tion of areas for conservation (Phillips et al., 2008). Here, we
used network theory to develop the RSP indicator and identify
conservation priorities. Compared with graph theory, network
theory treats dynamic range shift as an entire network con-
taining information about movement behavior (Kenett et al.,
2015), so it offers a foundation for studying the effects of
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10 of 13 Liang ET AL.

FIGURE 6 Priority areas for migratory bird conservation across the Yangtze River basin (YRB) under the future climatic scenario of SSP2-4.5: (a) combined
protected priority areas network built based on 3 subnetworks (Appendix S41) and (b, c) close-ups of the regional networks in Sichuan and the middle and lower
reaches of the YRB (source, source from which a species migrates under the current period; destination, destination of the migrating species under the future period;
lines, potential range shift paths in the current and future periods). Important sites linked by high climate velocity paths indicate high-risk areas where climate
exposure could limit species shift to future habitats, whereas important sites linked by low climate velocity paths indicate high potential areas for species’ range shifts.

habitat change on the dispersal network (Rayfield et al., 2011).
Additionally, network theory is particularly useful for extract-
ing information from complex networks, such as the potential
range shift network we considered. Simulating the impact of
site removal on the network can quickly identify key areas. The
RSP indicator does not account for species dispersal capacity, so
our findings revealed the upper bounds of possibility associated
with species successfully shifting their ranges in response to cli-
mate change. More species may be unable to reach habitat in
the future due to their limited dispersal capacity (Thuiller et al.,
2019).

The network of priority protected areas was mainly dis-
tributed in Sichuan and the middle to lower reaches of the YRB.
These regions are mainly plains with warm climates and abun-
dant water resources, which are ideal habitats for migratory
birds (Liang et al., 2021). However, as agricultural and pop-

ulation centers, these regions have recently experienced rapid
environmental change. In such cases, species ranges would shift
across the landscape, especially for migratory birds, which are
highly mobile species that can respond quickly to environmental
changes (Tingley et al., 2009). Several lines of evidence sug-
gest that many migratory birds have relocated due to climate
change (Huang et al., 2017; Liang et al., 2021). Previous studies
of avian distribution changes focused on range edges or distri-
bution centroid shifts (Saupe et al., 2019; Socolar et al., 2017). In
contrast, our research provided clear patterns on which to base
predictions of range shifts by delineating potential range shift
paths among habitat areas. The climate-informed protected pri-
ority areas network showed that current protected areas may
not be adequate in assisting species to respond to future climate
change. To effectively address the challenge of climate change,
we recommend that managers act in advance by increasing the
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CONSERVATION BIOLOGY 11 of 13

designation of protected areas in the aforementioned critical
regions based on network results and practical considerations.

Species with restricted ranges, which are typically consid-
ered threatened, had likely limited occurrences and were thus
excluded from our modeling process for generating the stacked
habitat suitability maps. As a result, the stacked habitat suitabil-
ity values prioritized generalist species over habitat specialists.
Furthermore, we included elevation as a predictor variable,
viewing it as a relatively stable factor under climate change.
However, the relationships between elevation and climatic vari-
ables may evolve in the future (Guisan & Zimmermann, 2000;
IUCN, 2022). Consequently, the incorporation of elevation in
our models could compromise the accuracy of future predic-
tions and result in an underestimation of the projected effects of
impending climate change. By stacking the SDMs, we generated
a community-level property to evaluate habitat availability for
all modeled migratory bird species in the study area. However,
stacking the SDMs could lead to a focus on hotspots, potentially
excluding certain communities or species (Ferrier & Guisan,
2006). Community-level models may prove more advantageous
in generating more representative predictions for all species and
communities (Ferrier & Guisan, 2006; Mateo et al., 2013).

In addition, given the predicted general trend of habitat
degradation in the study area (Liang et al., 2021; Zhang et al.,
2022), our results might also overestimate future habitat, reveal-
ing the upper bounds of successful odds associated with species
range shifts in response to climate change. As simulation tech-
niques continue to improve (Ren et al., 2019; Zeferino et al.,
2020), the classification accuracy of simulated land-use data is
expected to increase significantly, allowing for more accurate
predictions of habitat availability. Moreover, land use can also be
a crucial barrier to species range shifting. However, the existing
least-cost-based CV algorithm primarily relies on climate data
as the input variable (Carroll et al., 2017; Dobrowski & Parks,
2016; Dobrowski et al., 2013; Hamann et al., 2015; Loarie et al.,
2009; Stralberg et al., 2020). Incorporating land use would sig-
nificantly increase the complexity of the algorithm, demanding a
substantial investment of time and computing resources. There-
fore, due to technological, temporal, and equipment constraints,
we opted to use only climate data as the input variable, which
might result in an overestimation of future habitat accessibility.

In general, we used a conceptually simple, widely available,
species-specific, and biologically meaningful method to address
the question of protection priority. The comprehensive assess-
ments of habitat availability and accessibility revealed different
risks and opportunities for migratory birds to shift ranges
under climate change. The climate-informed protected prior-
ity areas network considered species dynamics and was useful
for informing conservation priorities. For those important sites
linked by low CV paths, protecting the paths and their destina-
tions to facilitate successful shifts under climate change is the
most efficient strategy. Conversely, for those important sites
linked by high CV paths, maintaining the current habitat is
urgent because exposure to large climactic changes along such
paths is more likely to cause species extinction. Our research
is the first step toward developing conservation plans that take

into account future habitat availability and accessibility under
climate change. Future works can incorporate more factors
into the evaluations to predict the effects of climate change on
species.
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