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Abstract

Amphibians are severely affected by climate change, particularly in regions where droughts
prevail and water availability is scarce. The extirpation of amphibians triggers cascading
effects that disrupt the trophic structure of food webs and ecosystems. Dedicated assess-
ments of the spatial adaptive potential of amphibian species under climate change are,
therefore, essential to provide guidelines for their effective conservation. I used predictions
about the location of suitable climates for 27 amphibian species in the Iberian Peninsula
from a baseline period to 2080 to typify shifting species’ ranges. The time at which these
range types are expected to be functionally important for the adaptation of a species was
used to identify full or partial refugia; areas most likely to be the home of populations mov-
ing into new climatically suitable grounds; areas most likely to receive populations after
climate adaptive dispersal; and climatically unsuitable areas near suitable areas. I imple-
mented an area prioritization protocol for each species to obtain a cohesive set of areas
that would provide maximum adaptability and where management interventions should
be prioritized. A connectivity assessment pinpointed where facilitative strategies would
be most effective. Each of the 27 species had distinct spatial requirements but, common
to all species, a bottleneck effect was predicted by 2050 because source areas for subse-
quent dispersal were small in extent. Three species emerged as difficult to maintain up to
2080. The Iberian northwest was predicted to capture adaptive range for most species. My
study offers analytical guidelines for managers and decision makers to undertake system-
atic assessments on where and when to intervene to maximize the persistence of amphibian
species and the functionality of the ecosystems that depend on them.

KEYWORDS
adaptation, climate change, connectivity, conservation plan, cost-effectiveness, decision support, optimization,
refugia

Planeacion efectiva de la conservacion de anfibios ibéricos con base en una regionalizacién
del rango de cambios causados por el clima

Resumen: El cambio climético afecta severamente a los anfibios, en particular en las
regiones en donde prevalecen las sequias y el agua es escasa. La extirpacion de los anfibios
dispara efectos en cascada que interrumpen la estructura trofica de las redes alimenticias
y los ecosistemas. Por lo tanto, son esenciales los analisis especializados en el potencial
de adaptacion espacial de las especies anfibias ante el cambio climatico para proporcionar
las directrices para su conservacion efectiva. Usé predicciones de la ubicacion de climas
adecuados para 27 especies anfibias en la Peninsula Ibérica a partir de un periodo base
hasta 2080 para tipificar los rangos de las especies cambiantes. Usé el tiempo en el cual se
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espera que estos tipos de rango sean funcionalmente importantes para la adaptacion de una
especie para identificar refugios completos o parciales; las areas con mayor probabilidad de
ser el hogar de las poblaciones que se mudan hacia nuevos terrenos con climas mas ade-
cuados; las dreas con mayor probabilidad de recibir poblaciones después de la dispersion
adaptativa por el clima; y areas con clima inadecuado cerca de las 4reas adecuadas. Imple-
menté un protocolo de priorizacién de area para cada especie y asi obtener un conjunto
completo de areas que proporcionarfan la méxima adaptabilidad y en donde las interven-
ciones de manejo deberfan priotizarse. Un andlisis de conectividad identifico6 en donde
serfan mds efectivas las estrategias facilitadoras. Cada una de las 27 especies tuvo requet-
imientos espaciales distintos, pero, comin a todas las especies, se pronosticé un efecto
de cuello de botella para el 2050 debido a que las areas de origen para la dispersion sub-
secuente tenian una extension pequefia. Tres especies emergieron como complicadas de
mantener hasta el 2080. Mi estudio ofrece directrices analiticas para que los gestores y los
organos de decision realicen evaluaciones sistematicas de en déonde y cuando intervenir
para maximizar la persistencia de las especies anfibias y la funcionalidad de los ecosistemas
que dependen de ellas.

PALABRAS CLAVE
adaptacion, cambio climético, conectividad, optimizacion, plan de conservacion, refugios, respaldo a la decision,
rentabilidad
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INTRODUCTION

Amphibians fulfill critical roles in the maintenance of ecological
processes (Hocking & Babbitt, 2014), being key elements in the
balance of energy and nutrients between freshwater and terres-
trial realms (Batl et al., 2022; Fritz & Whiles, 2018). They also
control insect-borne diseases and seed dispersal; affect nutri-
ent cycles and primary productivity in ponds. Fossorial species
alter the physical properties of soils (e.g., water infiltration, oxy-
gen, and carbon uptake). In ephemeral ponds of temperate
and Mediterranean regions, amphibians fill the trophic role of
ichthyofauna (Clancy, 2017). Their great sensitivity to environ-
mental changes and a high degree of specialization make them
effective ecological indicators (Stapanian et al., 2015). Their sen-
sitivity is evidenced by abrupt population fluctuations. These

fluctuations signal the need for urgent habitat restoration, which
indirectly favors populations of other less responsive taxa (Qazi
& Ashok, 2012). Loss of amphibians may trigger detrimental
cascading effects leading to large disturbances of ecosystems.
Amphibians are particularly susceptible to climate change
because they have relatively small ranges and are greatly depen-
dent on the quality of habitats through which they disperse (de
Vries et al., 2017). At local scales, amphibian demographic rates
(Ficetola, 2015) are affected directly by temperature and water
availability (Taylor et al., 2013). Typically, for some species, local
biophysical conditions, untelated to weather, militate against cli-
mate fluctuations by providing microrefugia (Ashcroft et al.,
2012). However, the current magnitude and rate of regional cli-
mate change is negating the balancing effect of these local bio-
physical factors, leading to negative changes in metapopulation
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dynamics (Suggitt et al., 2018). The loss of microrefugia is of
particular concern for species with limited dispersal. To con-
serve amphibians, actions must be scaled up from the provision
of local refugia to the conservation or restoration of larger areas
with transient ecological value, where climate-driven adaptive
movements are likely to occur (Alagador et al., 2014). Assisted
colonization plans may be the last resort for saving highly
threatened species.

Effective conservation depends on careful planning, ideally,
with a low impact on conventional socioeconomic activities.
Understanding of species’ responses to climate change at tem-
poral and spatial scales and evaluation of shifts in the extent and
proximity of climatically suitable areas over time are needed to
provide guidelines for the effective protection of species and
their adaptive habitats (Alagador et al., 2010).

The Iberian Peninsula is home to 27 species of amphib-
ians that are phylogeographically distinct from central European
herpetofauna (Dufresnes & Perrin, 2015; Gémez & Lunt, 2007;
Loureiro et al., 2008; Pleguezuelos et al, 2002). Of these
27species, 10 are endemic to the Iberian Peninsula, five also
occur in restricted regions in southern Europe, and 12 are
distributed throughout Europe. Because the Iberian Penin-
sula is expected to undergo extensive periods of dryness, at
short to medium terms (Cardoso Pereira et al., 2020), to be
exposed to extreme temperatures (Viceto et al., 2019), and to be
invaded by species from North Africa (Ascensdo et al., 2021),
the persistence of Iberian amphibians is a matter of extreme
concern.

Several studies have been carried on the Iberian Peninsula
to predict the responses of amphibians to plausible climate
change scenarios (Carvalho et al,, 2011; Carvalho et al., 2019;
Enriquez-Urzelai et al., 2019; Rodriguez-Rodriguez et al., 2020a;
Sillero, 2021). None, however, provide a framework for strate-
gic allocation of conservation actions in space and time in
a manner that maximizes the persistence of amphibians over
the long term (i.e., 50 years). I aimed to close this gap and
deliver the first comprehensive assessment of the potential spa-
tial adaptive responses of amphibians to climate change in the
Iberian Peninsula. The analysis aims to support the design
of appropriate climate-change adaptation strategies through
time. I predicted species’ potential distributions from a baseline
period to 2080 based on species-specific dispersal windows that
outlined potential adaptive rearrangements of species’ ranges.
The time at which each area is expected to be functionally
important for the adaptation of a species was used to classify
areas into range types: full or partial refugia (i.e., areas with
extensive periods of climatic suitability); leading or source areas
for dispersal (i.c., areas most likely to be home to popula-
tions moving into new climatically suitable grounds); colonizing
areas (i.e., areas most likely to receive populations after climate
adaptive dispersal); and gap areas (climatically unsuitable areas
near suitable areas and where assisted colonization may pro-
vide good prospects for species’ persistence). A cohesive set of
areas adequately representing each species’ range type with the
maximum functionality was obtained through a spatial prioriti-
zation model. Finally, I assessed landscape connectivity for each
species using circuit theory complemented by a graph-based

minimum spanning tree connectivity to highlight the areas that
best favor the spatial adaptive responses of each species in
prioritized areas.

METHODS

T used the amphibian taxonomy in the amphibian atlases of Por-
tugal (Loureiro et al., 2008) and Spain (Pleguezuelos et al., 2002)
to obtain presence and absence records of 27 amphibian species
in a 10X10 km grid covering the Iberian Peninsula (Appendix
S1). For comparative purposes, a more recent taxonomy of
amphibian species is available (Speybroeck et al., 2020).

Ensembles of bioclimatic niche models were used to predict
the spatial and temporal distribution of suitable climates for
each species. Climate data (average annual minimum tempera-
ture, average annual maximum temperature, and average annual
total precipitation) were gathered from WordClim 2.1 (Fick
& Hijmans, 2017). This parsimonious set of variables covers
important climatic axes that limit the distribution of terres-
trial coldblooded species and avoids model overfitting: thermal
amplitude, which reflects activity time (maximum and mini-
mum temperatures); the minimum amount of energy available
for the activity of species (minimum temperature); and water
availability (annual precipitation). To make bioclimatic analyses
straightforward, the three variables were considered equally rel-
evant for the 27 species assessed. Data for those variables refer
to three periods: 1970-2000 (baseline period, which for conve-
nience I assumed to be stable until 2020), 2041-2060 (referred
to as 2050), and 2061-2080 (referred to as 2080). I used these
periods so there would be similar 30-year time intervals among
the periods assessed. Grid cell resolution was 5X5 arcmin grid
(approximately 100 km?) for calibration data and 30X30 arcsec
(approximately 1 km?) for projection data.

Future climate data were derived from a set of selected
global circulation models (GCMs) that incorporate the most
pressing shared socioeconomic pathway scenario (SSP585).
The 10 GCMs were built under the Coupled Model Inter-
comparison Project Phase 6 and were selected to trepresent
the highest variability in predictions of the thermic and
water-based climatic components: BCC-CSM2-MR, CMCC-
ESM2, GISS-E2-1H, HadGEM3-GC31-LL, INM-CM5-0,
IPSL-CMOA-LR, MIROC-ES2L, MIROC6, MRI-ESM2-
0, and UKESM1-0-LL (complete description of GCMs at
https://pemdi.llnl.gov/CMIPG6/).

Bioclimatic models were run in the sdm package (Naimi
& Aratgjo, 2016) in R (R Development Core Team, 2021)
with 11 model typologies (generalized linear models, general-
ized additive models, classification and regtression trees, boosted
regression trees, random forests, multiple discriminant analy-
sis, supported vector machines, multivariate adaptive regression
splines, maximum entropy, bioclimatic envelope, and domain)
and default settings. For each species, 1000 pseudoabsence
points were randomly recorded as background data. A £-fold
cross-validation (£ = 5) was established, within which occur-
rence data were randomly partitioned into five sets. Each set
was used to calibrate each model while leaving the remaining
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FIGURE 1 The analytic framework defining the typologies of adaptive range shifts of amphibian species over time (shapes, climatic suitability regions; dark
red, 2020; beige, 2050; green, 2080): (a) transient partial refugia from 2020 to 2050 (PR, 5) and from 2050 to 2080 (PRy 50) and full stable refugia (FR); (b) leading
range areas in 2020 (L, 50), colonizing ranges from 2020 to 2050 (Cy 50), and gap areas (Gap, 50) (solid line, areas within the maximum dispersal range from 2020
to 2050 such that in 2050 over this range the climatically suitability regions will not be colonized [cross]; dashed line, range of areas in 2020 [leading range areas]

serving as sources for colonization in 2050); (c) climatic suitability area likely to be colonized in 2050 (encompasses partial refugia and colonizing areas in 2050); (d)
leading ranges in 2050 (L, g0), colonizing areas in 2080 (Cs g), and gap areas (Gaps(g) (graphic elements as in [b]); and (e) climatically suitable area likely to be

colonized in 2080 (encompasses full refugia, colonizing section of the partial refugia, and the colonizing areas from 2050)

four sets for validation. In each calibration stage, 20% of ran-
domly selected background points were used alongside 20% of
occurrence data. Fifty-five models (5X11) were produced for
each species, and their performance was evaluated based on
area under the curve (AUC) scores. Models were projected at
1-km? grid cell resolution for 2020, 2050, and 2080 periods.
Individual models were combined via an ensemble approach
(Aratjo & New, 2007) using an AUC-weighted average. Squared
AUC scores served as weights to give higher scores to the
better-performing models. Finally, 0—1 suitability scores were
converted to binary data by calculating the suitability score that
minimized the difference between sensitivity (true positive rate)
and specificity (true negative rate) (Appendix S1).

For each species, potential occurrence areas in the years 2020,
2050, and 2080 were partitioned into areas that delineated a
sequence of potential climate-adaptive regions (Figure 1). Full
refugia depict the areas occupied in 2020 (the baseline period)
that remain climatically suitable in 2050 and 2080. Partial refugia
encompass the areas potentially suitable in two consecutive peri-
ods of time (2020—2050 and 2050-2080). Herein, partial refugia
are not constrained by dispersal processes and may emerge in
regions far from occupied areas in 2020.

The remaining adaptive range areas were defined sequentially
based on species’ dispersal capabilities (Table 1). Potential
leading areas for adaptive displacement (i.e., sourcing grounds)
corresponded to 30 km (assuming a 1 km displacement per
year) around climatically suitable regions in period 741 that
ovetlapped with occurrence (or potentially occurrence) areas
in the previous period (4. In the opposite direction, poten-
tial areas for colonization in 41 corresponded to regions

that overlapped the 30 km surrounding occurrence ateas (or
potential occurrence areas) in # coinciding with climatically
suitable regions in 74+1. Areas with no suitable climates but
that would be reachable by species from occurrence areas in
¢t and from potentially suitable areas in 1 were gap regions
(Appendix S4). Dispersal rates are very idiosyncratic and highly
dependent on species’ requirements, life-history traits, and the
environmental context. A dispersal rate of 1 km/year assumes
abnormal, extreme individual dispersers, which may drive the
spatial adjustments of amphibian species (Pittman et al., 2014).
For each species, an optimized area selection approach was
implemented to highlight the areas needing priority conserva-
tion focus at the minimum cost (i.e., adaptive resistance). I used
the R package prioritizr (Hanson et al., 2022) and assumed that
cost to protect each 1-km? grid cell (a resistance score) is closely
related to local characteristics linked to climate buffering capac-
ity and to levels of predictive uncertainty affecting suitability
predictions. Whenever feasible, a representation target for each
range type was set to 1000 km?, an area considered sufficiently
large to provide long-term population viability (Rodrigues et al.,
2004). For range types with <1000 km? of area available, the
entire range area was required to be in the final solution. To pro-
vide solutions with a small, but significant, aggregation signal,
an outer boundary length penalty (blm = 0.1) was defined in the
objective function. The best 10 solutions (“add_top_portfolio”)
with a low suboptimality gap requirement (gap = 0.01 [ie,
the value of solutions needed to be, at most, 1% subop-
timal]) were recorded. Solutions were generated using the
Gurobi 9.5.0 mixed integer programming solver toolkit (Gurobi
Optimization, location) (R code is in Appendix S23).
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TABLE 1 Characterization of species’ range sections by their adaptive value and conservation potential
Dispersal
Range type Definition dependence Conservation role
Full refugia areas presently occupied by a species that will have  none ideal case in which management is undertaken with high

continuous climatic suitability over time

Partial refugia
consecutive petiods

Leading areas climatically suitable and potentially occupied areas
(given dispersal constraints) in time 7 that act as
source areas for dispersal into climatically
suitable areas in 7+1; may or may not coincide

with either full or partial refugia

Colonizing areas climatically suitable areas in time /41 at a dispersal
range from occupied areas in 7 where
populations are likely to settle in; may or may

not coincide with full or partial refugia

Gap areas
dispersal range from leading and colonizing
ranges in time #and 741, respectively

areas with climatic suitability for a species in two none

constrained

constrained

areas that are not climatically suitable but occur ata  constrained

stability and less exposure to uncertain responses to
environmental shifts

depending on the temporal discreteness of analyses,
management measures may be stable but over less time than
full refugia; if outside dispersal window of a species, then
assisted colonization should be considered

areas incorporate transitional value for spatial adaptive
processes; management needs to be scheduled for an
effective delivery of results; ideally, protection or restoration
of these areas in advance allows for their full functionality;
measures need to promote high dispersal success

areas that incorporate transitional value for spatial adaptive
processes; management needs to be scheduled for an
effective results; ideally, protection or restoration in advance
allows full functionality; measures need to promote high
colonization success

areas not climatically suitable or occupied by the species; may be
used if active local-scale management is implemented; serve
transient roles as leading or colonizing areas, but not as much
as permanent areas of conservation; may also be sites where
assisted colonization is promoted

The Iberian landscape was characterized using multiple fac-
tors depicting different mechanisms acting either as resistors of
species adaptive dispersal or as sources of uncertainty. The resis-
tance factors were proximity to water ways, predicted evolution
of soil moisture, habitat of sufficient quality for species, and
topographic complexity. Uncertainty sources were derived from
climate projections in two ways: identification of areas with
novel climates in future periods and accounting for predictive
uncertainty based on frequency selection (among GCMs and
model types) of areas as climatically suitable for each species.
Only this latter factor varied at a species basis (Appendix S12).

Proximity to water ways

Amphibian species are highly sensitive to water availability;
therefore, the occurrence of large extents of water ways close
to amphibian populations may determine directly or indirectly
(through local meteorological effects) their viability. Using
ArcGIS software and data obtained from the European Catch-
ments and Rivers Network System (https://www.cea.curopa.
eu/data-and-maps/data/european-catchments-and-rivers-
network), the total length of rivers in each 1X1 km grid cell was
recorded. I assumed that the larger the length of rivers inside a
grid cell were, the mote probable amphibian populations were
close to water ways.

Soil moisture

Soil moisture is often used as a predictor for amphibian occur-
rence (Haggerty et al., 2019). I obtained soil moisture data for

2020 and future periods from Ruosteenoja et al. (2018). Briefly,
soil moisture near the surface is derived from climate data and
soil geomorphology and projected for all of Europe at 0.25° x
0.25° resolution with 24 GCMs for 1961-2005 and on a yeatly
basis up to 2099. I used the summer months’ (JAS) values to
determine the evolution of soil moisture (in percentage from
the historical period) under RCP 8.5 (to better align with the
SSP585 CMIPG scenario used in bioclimatic models). Average
values for the 2041-2060 and 2061-2080 periods were used to
align with the bioclimatic modeling periods of time.

Viable habitat

Habitat characterization was based on the most recent
CORINE Land Cover data set (CLC 2018: https://land.
copernicus.eu/pan-european/corine-land-cover/clc201). With
the exception of artificial areas, sclerophyllous vegetation,
beaches, sands, burned and saline areas, all remaining land-
use classes were assumed to provide habitat for amphibian
populations.

Topographic complexity

Topographic complexity measures the variability of elevations
in each grid cell. Elevation data were obtained from a digital
elevation model built through bilinear interpolation at a 25-m
resolution (EU-DEM 1.1: https://www.cea.curopa.cu/data-
and-maps/data/copernicus-land-monitoring-service-eu-dem).
Topographic complexity reflects the standard deviation of
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elevations inside each grid cell and was produced using the
ArcGIS function Zonal Statistics. The grid cells with the
largest elevation variability potentially carry a more diverse
array of habitats and climate conditions. They, therefore, offer
microscaled opportunities for species to find conditions distinct
from the average climate conditions in grid cells.

Nonanalogue climate

Future nonanalogue climates cortesponded to patticular com-
binations of climatic variables that were not found either in past
or current periods. These constitute climate spaces where the
responses of species are highly uncertain and where the pre-
dictive performance of bioclimatic models cannot be assessed
accordingly. Based on the three climate variables used in the bio-
climatic modeling, regions with nonanalogue climates are those
whose points in the climate space fall outside the largest convex
hull defined by all the climate data for the baseline period (i.e.,
2020). This analysis was undertaken for each combination of the
two future periods and 10 GCMs. The frequency (from 0 to 20)
with which each grid cell possessed a nonanalogue climate was
recorded (R code in Appendix S23).

Variability of predictions from bioclimatic
modeling

Under an ensemble forecasting framework, the predicted agree-
ment among the GCM and combinations of tested model types
is an important indicator of the robustness of the predicted
climate suitability patterns for a species in the future. Con-
trary to all the other factors, this is the only one that was
assessed at the species level. For each species, the variance of
the AUC-weighted average obtained from the continuous cli-
matic suitability scores (i.e., previous to binary thresholding) was
attained by assessing all combinations of the 11 model types and
10 GCMs for 2050 and 2080. An overall value of predictive vari-
ability was then appraised based on the highest score obtained
in each grid cell for 2050 and 2080 (R code in Appendix S23).

Climate adaptive connectivity

To get an idea of how much the Iberian landscape facilitates
climate-adaptive dispersal movements of amphibian species, a
resistance layer was generated based on the previously defined
factors. For each species, a 0—1 normalization was undertaken
for each of the factors, and the final resistance score was defined
as an average of the six factors. Because the existence of habitat
was assumed to be the most local limiting factor for the occur-
rence of an amphibian species, the areas with no viable habitat
received the largest resistance score possible, irrespective of the
remaining factors (i.e., resistance = 1) (Appendix S13).

The value of a landscape matrix to provide connectivity for a
species depends largely on how resistant to dispersal the land-
scape is and how far a species needs to move between habitat

patches (i.e., where populations of a species are likely to pet-
sist). I used an area priotitization protocol to determine the
habitat patches that would provide suitable conditions at the
least cost. For each species, habitat patches were made up of
grid cells obtained in the best prioritization solution. For the
sake of redundancy, the grid cells selected in >5 runs (out of
10) were also included (Appendix S14). To express close prox-
imity between grid cells highlighted from the area prioritization
approach, I assumed grid cells <3 km apart were part of the
same habitat patch. In this way, the area of each habitat patch
increased and the number of patches to connect decteased.

The value of Iberian grid cells to connect the habitat patches
of each species was assessed using Circuitscape 4.0 (McRae
& Shah, 2011). Habitat patches defining the focal nodes and
the landscape resistance layer corresponded to the input resis-
tance data. In Circuitscape, relationships between resistance and
current and voltage are used to simultaneously evaluate the con-
tributions of multiple pathways in each grid cell (McRae et al.,
2008). The all-to-one circuit mode was chosen to provide bal-
anced results in terms of quality of analysis and computational
timing, For each species, a cumulative layer of conductance
values was generated based on the summing of the current
originated from all nodes that flowed into each node.

Complementing the overall landscape connectivity layer, the
single trajectories of minimum cost linking all the habitat
patches (minimum spanning tree in graphs) were identified
using the cost connectivity function in ArcGIS over the
resistance layer created in Circuitscape.

The cumulative value of landscapes to support adaptive range
displacements for all analyzed species was obtained in two ways.
First, I summed the 27 aggregated conductance scores deliv-
ered by Circuitscape, which favors the connectivity scores of the
species with the most discrete habitats prioritized. Second, the
conductance values for each species were 0—1 normalized and
summed. With this metric landscape, connectivity was assessed
homogeneously among species.

Analyses were conducted at the basin scale with the level-
5 classification data from HydroSHEDS (Lehner et al., 2006),
which allowed the delineation of 16 river basins (Appendices
S11 & S21).

Landscape resistance values, conductance scores, and the
number of species in patches prioritized in protected areas were
compared with the same values in unprotected Iberian lands
with Mann—Whitney U tests from the wilcox.test f in the stats
R package.

To summarize the adaptive performance of species with
respect to the multiple factors assessed (based on range type
area, protected area coverage, and landscape connectivity), a
principal component analysis was conducted in the prcomp
function in R stats.

RESULTS

In general, the selected climatic variables described the cur-
rent ranges of species reasonably well. Ensemble models had
omission error rates below 0.10 (Appendix S1).
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Predicted distribution of adaptive range types for 27 species of amphibians responding to climate change in the Iberian Peninsula: (a) full refugia;

(b) partial refugia stable from 2020 to 2050; (c) partial refugia stable from 2050 to 2080; (d) leading areas in 2020; (e) colonizing areas in 2050; (f) leading areas in
20505 (g) colonizing areas in 2080; (h) gap areas from 2020 to 2050; and (i) gap areas from 2050 to 2080. Types of areas (c.g., full refugia) are defined in Table 1

Geographic basis

Full refugia for the largest number of species occurred predom-
inantly in coastal regions of the Iberian Peninsula, particularly
in the northwest, in a large longitudinal stripe in the north,
the Catalonia region, and in the south along Cadiz and Malaga
(Figure 2). The northwest and most western regions were also
predicted to be of particular value for climate-driven coloniza-
tion areas for 2050 and 2080. A general bottleneck emerged in
2050. Very small functional areas were available in leading areas,
and when they did occur, they could only support a few species.
This showed the critical conservation value of the very small
and scattered leading adaptive areas. These were relevant for
a large number of species and served as leading grounds for
dispersal processes. A large fraction in the center of the penin-
sula was predicted to be unsuitable for most of the amphibians

through time because it lacked refugia, leading, and colonizing
areas. However, this central zone accommodated gap areas for
several species.

At the river basin scale, the full climatic refugia for the 27
species covered >60% of the basins along the Atlantic coast
and in the southeast. With time, the species ranges of the 27
species got less coincident at the river basin level (Appendices
S8, 89, 516, & S17). The bottleneck effect evidenced in the low
representativeness of leading areas in 2050 was replicated at the
river basin level, and its magnitude was expressed in a latitudinal
gradient of basin coverage; the northernmost basins contained
the largest coverages of 2050 leading areas.

Generally, the areas highlighted for the protection of the cli-
mate adaptive range types for the 27 amphibian species were
scattered throughout most of the Iberian Peninsula. No pri-
ority areas were highlighted in the most central part of the
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FIGURE 3  The climate adaptive range areas (a) prioritized for conservation (nsp, number of species favored by the protection of a grid cell) and associated

landscape connectivity, (b) sum of connectivity patterns among species (0-2145), and (c) sum of standardized connectivity patterns among species (0-3.73).

region (Figure 3). A few small areas were valuable for up to
six species (very localized regions in the north), but extensive
areas valuable for 3—4 species followed several mountain ranges
in the west (Serra de Aire e Candeeiros), northwest (Cordillera
Cantabria), west Pyrenees and the Betic Chain; and coastal
region of Andalusia. Because landscape conductance closely fol-
lowed the density of areas to link, these same regions had the
largest adaptive conductance scores.

In general, protected areas appeared well located to facili-
tate the adaptive movement of species up to 2080. Resistance
values in protected areas were significantly lower (U = 4.9¢10;
p < 0.001) than friction values in unprotected areas. Comple-
mentarily, conductance (U = 4.7¢10; p < 0.001) and species
richness in prioritized patches (U = 4.6e10; p < 0.001)
were significantly higher inside protected areas than outside
(Appendix S22).

Species basis

Between 2050 and 2080, only Bufo bufo and Rana perezi occu-
pied almost all their available suitable range by 2020 (Figure 4).
For three species, large negative biases were predicted in the
occupancy of climatically suitable areas (Discoglossus pictus, Rana
dalmatina, and Rana pyrenaica). For most of the species, these
occurrences to potential occurrence equilibrium ratios were
maintained inside and outside protected areas (Appendices
S5-57).

All species had very small colonizing areas by 2050 at a
functional dispersal distance from the baseline range (Figure 4).
This was particularly marked for Alytes dickbilleni (11% poten-
tially suitable range area by 2050), R. dalmatina (12%), D. pictus
(18%y), and R. pyrenaica (22%). For these species, by 2050 their
functional leading adaptive areas were also particularly small.
The most extreme case was for R. dalmatina. It had only a small
leading area in 2050. However, an abrupt reduction in leading
range area by 2050 was predicted for most species because large
distances between colonizing areas in 2050 and climatically
suitable areas in 2080 were predicted.

The amount of climatically suitable colonizing area declined
from 2020 to 2080; the largest decreases were predicted for
Abtes cisternasii (42% of 2020 area), Alytes obstetricans (62%), R.

perezi (14%), Pelodytes punctatus (76%), and A. dickhilleni (80%).
Contrarily, for half the species, colonizing areas in 2080 were
significantly larger than occurrence areas in 2020.

Chioglossa  lusitanica, Discoglossus ~ galganoi, Hyla meridionalis,
Pelodytes ibericus, and Rana iberica had more than 90% of their
current occupied areas continuously preserved climatically until
2080 (full refugia). For most of the species, the relative
occupancy of full refugia was maintained inside and outside
protected areas (Appendices S5-57).

For R. pyrenaica, R. dalmatina, and P. ibericus, the 1000-km? pro-
tection target was not achieved for at least one adaptive range
type. The latter two species had very small suitable leading areas
available in 2050 (Figures 3 & 4). For Euproctus asper, Lissotri-
ton helveticus, P. ibericns, and R. perezi, the range areas to prioritize
for conservation covered <4000 km?. In general, the climate
adaptive range areas of most species were in the northernmost
river basins (Norte, Duero, Ebro, and Onyar) (Appendix S10).
Except for P. ibericus, the species with the largest full refugia
areas were not the ones with the lowest area prioritized for
protection (Appendix S15).

The highest average standardized resistance values were for
Hyla arborea (0.74), Bufo calamita (0.71), A. cisternasi (0.70), Tritu-
rus marmoratus (0.70), and D. galganoi (0.70). Average friction of
R. perezi was the lowest (0.55). Lissotriton boscai had the lowest
friction value (0.11). In general, friction scores were equally dis-
tributed among species’ range sections (Appendices S18 & S19).

A. obstetricans, B. bufo, and R. perezi had the largest positive
deviances of conductance scores from an expected value for
species with a similar extent of area and number of patches to
prioritize (Appendix S20). At the other extreme, the very low
conductance scores for the adaptive movements of R. pyrenaica
deviated greatly from the expected for a species with the same
total area and the number of patches needed for protection.
With the exception of R. iberica, the species with large num-
bers of patches (>60) had smaller conductance hotspot areas
than expected for species with the similar area and the num-
ber of patches prioritized. In contrast, /7. arborea, a clear outlier,
had a conductance hotspot area much higher than expected
for species with a similar surface area and the number of
patches prioritized. Maps of landscape conductance and mini-
mum spanning tree connectivity of each species are in Appendix
S10.
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FIGURE 4 Total area associated with each climate adaptive range type: occurrence range in the baseline period (2020); range of populations in the baseline

petiod at an effective dispersal distance from climatically suitable areas in 2050 (120); occurrence ateas in the baseline period with suitable climate in 2050 (£20.50);

climatically suitable areas in 2050 potentially at an effective dispersal distance from occurrence areas in the baseline period (¢20.50); climatically suitable areas in 2050

(2050); populations in colonizing and refugia 20202050 at an effective dispersal distance from climatically suitable areas in 2080 (150); areas in 2050 that maintain
climate suitability in 2080 (r50.80); climatically suitable areas in 2080 potentially at an effective dispersal distance from the colonizing and refugia 2020-2050 (c50.80);

climatically suitable areas in 2080 (2080); stable refugia maintaining climatic suitability from the baseline period to 2080 (ref); areas with no suitable climate in the

baseline period and 2050 but at dispersal distance from occurrence areas in 2020 and the colonizing 2020—2050 range (gap20.50); areas with no suitable climate in
2050 and 2080 but at dispersal distance from colonizing ranges in 2020—2050 and 20502080 (gap50.80) (Aci, Ahtes cisternasii; Adi, Abytes dickbilleni; Aob, Alytes
obstetricans; Bbu, Bufo bufo; Bea, Bufo calamita; Clu, Chigglossa lusitanica; Dga, Discoglossus galganoi; Dje, Discoglossus jeanneae; Dpi, Discoglossus pictus; Eas, Euproctus asper; Har,
Hyla arborea; Hme, Hyla meridionalis; 1bo, Lissotriton boscai; Lhe, Lissotriton helveticus; Mal, Mesotriton alpestris; Pe, Pelobates cultripes; Pib, Pelodytes ibericus; Ppu, Pelodytes

punctatus; Pwa, Plenrodeles waltl; Rda, Rana dalmatina; Rib, Rana iberica; Rpe, Rana perezi; Rpy, Rana pyrenaica; Rte, Rana temporaria; Ssa, Salamandra salamandra; Tma,

Triturus marmoratus; Tpy, Triturus pygmacus)

DISCUSSION

Understanding range shifts from a biogeographical perspective
is essential for informing a changing-paradigm conservation
science and for designing conservation strategies that are resis-
tant, resilient, and facilitative of adaptation to climate change.
I explored the utility of an analytical framework to pinpoint
the time-varying patterns of spatial adaptive responses of
species to climate change. The areas identified and their specific
functional timings provide useful guidelines for the scheduling
of management actions concerning each adaptive stage.

My results reinforce the urgency for conservation and
restoration measutes to improve landscape condition and
connectivity for Iberian amphibian species and thus reduce
extinction debts (Araujo et al., 2006; Rodriguez-Rodriguez et al.,
2020a; Scroggie et al., 2019). Most of the species had small lead-
ing grounds to disperse from 2050 to 2080 relative to the size of
the other range areas. This pattern resulted from the interplay
of two mechanisms. First, for some species, suitable coloniza-
tion areas in 2050 were already small, thus providing small space
for leading areas to exist. Second, the high velocity of climate
change increased the distance between colonizing areas in 2080

from range areas in 2050, leaving less space for leading areas
in 2050 at a functional dispersal range. Although this bottleneck
effect was not predicted to undermine the persistence of species
(given the increase of colonizing area by 2080), it may still undet-
line the need for assisted colonization plans, at least for the most
affected species (e.g., R. dalmatina).

The classification of species according to the adaptive factors
evaluated indicated that the species that had the largest occur-
rence areas in 2020 in protected areas were also the species that
had the lowest fraction of climatically suitable colonizing areas
in 2050 and 2080 (Figure 5). This negative correlation between
both factors means that species whose 2020 ranges are secure in
protected areas will be the same species that in the future time
will have the fewest colonizing areas available, thus reflecting
an impoverishment of their expected persistence in the Iberian
Peninsula. This was particulatly evident for 4. dickbilleni, R. pyre-
naica, A. cisternasii, D. pictus, and R. dalmatina. The second PCA
axis showed an inverse relationship between occurrence areas by
2020 and the size of colonizing areas in 2080. The latter three
of the above-mentioned species are particulatly vulnerable in
this respect, and they had the largest adaptive area to prioritize
because of the low geographic overlap of their adaptive range
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FIGURE 5 (a) Principle component analysis (PCA) defining an analytical space used to priotitize species protection based on species’ adaptive performance
under climate change (red arrows, factors with the largest variability explained in the first PCA axis; blue arrows, factors with the largest vatiability explained in the
second PCA axis; Q1, Q2, Q3, and Q4 are quadrants of the analytical space) and (b) performance of the amphibian species for 13 evaluation indices (A—M) based on
their climate adaptive capabilities in the Iberian Peninsula (colors, adequacy of species performance under each factor in a gradient from worst performing [dark red]
to best performing [dark greens]; na, not assessed; species abbreviations, defined in the legend of Figure 4; A, percentage of potential climatically suitable areas in the
baseline period occupied by the species; B, percentage of occupied areas in the baseline period in protected areas; C, percentage of predicted climatically suitable
areas in 2050 with colonizing-prone areas; D, percentage of predicted climatically suitable areas in 2080 with colonizing prone areas; E, percentage of occurrence
areas in the baseline period available as sourcing grounds of populations toward climatically suitable areas in 2050 [leading 2020]; F, percentage of colonizing areas in
2050 available as soutcing grounds of populations toward climatically suitable areas in 2080 [leading 2050]; G, percentage of total area of occurring ranges in baseline
period against predicted colonizing area by 2080, H, percentage of occurring areas in the baseline period predicted to maintain climatic suitability up to 2080 [full
refugial; 1, feasibility of 1000 km? range section representation targets; J, total area [km?] selected as the minimum area representing adequately adaptive range
section at 1000 km?; K, average friction values of the areas selected [compared with the average friction among species, 0.64]; T, absolute deviance of conductance
levels from the interval of confidence obtained after regressing conductance with the amount of areas selected and number of patches; M, absolute deviance of
conductance hotspot area from the interval of confidence obtained after regressing conductance with the amount of areas selected and number of patches). In
factors A—H, the neutral performance value is 30% (yellow) because it defines the area target identified for protection by 2030 (Convention of Biological Diversity)

types with time. A. cisternassi, D. pictus, and R. dalmatina emerged
as the species with the least adaptability to the predicted climate
change in the Iberian Peninsula, and their persistence is largely
reliant on the effectiveness of conservation measures.

There is a wide set of options for the conservation of species
presenting significant climate-driven range shifts (Krosby et al.,
2010; Littlefield et al., 2019; McGuire et al., 2016), including
measutes to bolster resistance, resilience, and facilitative adap-
tation to climate change. Resistance actions can overcome the
effects of small levels of climate change or, when climate veloc-
ity is high, save native species in the short term until other
options ate available (gap zones in Table 1). Resistant strategies
may include increasing water supply through small manipula-
tions of hydrological flows or moisture regimes; filling of natural
or artificial ponds; amelioration of irrigation systems; establish-
ment of naturalized fountains in urban or semiurban gardens
or sprinkler systems to retain surface moisture; improving soil
permeability; and watering vegetation well to provide enduring
moisture conditions necessary for amphibian life-cycles (Shoo
et al,, 2011). The occupation of the Iberian Peninsula by Moors
2000 years ago left a wide array of water reservoir infrastructures

in small urban and petiurban settlements that might have been
essential for the persistence of amphibians by that time and that
may be important for the persistence of the species now and in
the future. The eradication of invasive species, such as the com-
mon water hyacinth (Eichhornia crassipes), red swamp crayfish
(Procclarkia clarkii), and largemouth bass (Micropterus salmoides)
(very pervasive in freshwater systems in the Iberian Peninsula)
(Anastacio et al., 2019; Falaschi et al., 2020), and the control of
disease outbreaks are central actions to take into account (Rosa
etal., 2017).

Resilience strategies provide the means for species’ pop-
ulations to recover from disturbances (here climate change).
The restoration of degraded ecosystems, particulatly rivers and
pounds, may enlarge the suitable areas needed for amphibian
species to endure. The legal protection of wetlands and other
habitats considered to maintain amphibian populations viabil-
ity under climate change may provide the means for systems to
self-regulate. Preferably, those areas should encompass a rich
mosaic of habitats and high physiographic diversity, involv-
ing vegetation systems that preserve cool and wet regimes,
north-facing slopes, and depressions, which function as climatic
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refugia (Hannah et al., 2014; Lenoir et al., 2017). In the Iberian
Peninsula, water transfers are already being made from rivers in
the northern basins to southern ones to attenuate the increasing
dryness of southern river systems in summer. Judicious and con-
trolled water transfers may still be a positive management option
for several amphibian species’ populations to persist in the
south. However, these highly artificial interventions along river
courses may facilitate the flow of invasive species and pathogens
that may add another layer of threat to climate change.

The longer periods of dryness predicted for the upcoming
years may lead to more aggtressive and intensive agriculture
practices. The excessive use of water and fertilizers may
interact with climate change to stress amphibian populations
(Egea-Serrano & Van Buskirk, 2016). Thus, incentives to
make agriculture production more environmentally friendly
are requested in national and European policies. The new
European Common Agriculture Policy goes in this direction
(see:  https://ec.curopa.cu/info/food-farming-fisheries /key-
policies/common-agricultural-policy/new-cap-2023-27_en).

The genetic dimension may require action to provide
resilience to amphibian populations. Preserving genetic diver-
sity of peripheral populations, where genotypes may be better
adapted to climatic stressors (i.e., the leading grounds consid-
ered in the present study), is likely to boost future adaptation
potential (Razgour et al., 2019). In some cases, for the sake
of rational conservation investment, some populations on the
verge of extinction might be left on their own, whereas con-
servation resources atre invested in populations that might more
successfully endure in the long term (Wiedenfeld et al., 2021).
My results identify, for each species, areas that appear best suited
to provide such adaptive areas up to 2080.

Facilitative interventions are those best aligned with the aim
of this study because it provides guidance on where and when to
invest to increase the success of the natural adaptive processes
of species by means of climate-driven dispersal and coloniza-
tion mechanisms (Robillard et al., 2015). The areas providing
the best chances of adaptation need to be managed actively,
and the habitat therein is made functional for amphibian
species. For some populations to persist, assisted colonization
may be the only mechanism for providing functional grounds
outside the natural dispersal window (Gallagher et al., 2015;
McLachlan et al., 2007). Based on my results, the leading, col-
onizing, and refugia areas that were not prioritized still offer, at
particular life-history stages, conditions that provide seed pop-
ulations of amphibian species. These same interventions may
also be carried out in gap regions (but, given their unsuitable
climatic conditions, may need more active management mea-
sures) because of their strategic location within a dispersal range
from climatically suitable areas. In any case, assisted coloniza-
tion needs to be accompanied by a full screening of their effects
on the entire ecosystem.

For the sake of efficiency and effectiveness, this repertoire of
options is to be undertaken preferably in the leading, coloniz-
ing, and refugia areas pinpointed in the ptioritization protocol
because the connectivity assessment made here uses those areas
as central nodes of a coherent network of sites on which to
focus conservation. My framework provides the times when

those measures are most and least relevant and, therefore,
provides a dynamic protocol with which to identify areas for
intervention. Full refugia are, by their nature, where actions may
be planned for the long term.

As for any other conservation plan undertaken at the biogeo-
graphical level, these analyzes come with several caveats. First,
species distribution data based on different correlative mod-
els and GCMs are inherently uncertain (Aradjo et al., 2019).
At the biogeographical scale I used to calibrate the models,
the climate is one of the most limiting factors to consider
(Pearson & Dawson, 2003). At the small scale of 1 km? (i.c.,
predictive resolution), there were other factors that would need
consideration in more detailed assessments (e.g.,, vegetation
type, soil properties, and water availability). It is important to
emphasize that the resistance layers accounted for the multi-
model and GCM variability of suitability predictions for each
species through time and for the occurrence of novel cli-
mates where model performance was barely validated (Williams
et al., 2007).

Second, in my analyses, species interactions were not con-
sidered. The effect of novel communities emerging from
climate change would add another layer of uncertainty to the
way amphibians respond in the future (Ordonez et al., 2016;
Pandolfi et al., 2020). Third, a general account of species’ dis-
persal abilities relative to dispersal velocity and landscape effect
would lead to better estimates of the amount of the different
species’ range areas (McCauley & Mabry, 2011). This short-
fall was partially overcome with the use of a landscape-based
resistance layer when assessing the landscape connectivity value
in facilitating climate-driven range shifts (Keeley et al., 2018;
Keeley et al., 2021). Fourth, finer temporal-resolute predictions
of landscape characteristics in the future (i.e., more petriods of
time assessed) would better align with the future predictions of
species’ range shifts. Fifth, in cost-effective conservation plans,
a large number of species encompassing different taxonomic
and functional groups are usually considered. Therefore, in a
putative follow-up to this study, area prioritization assessments
would be better performed for a set of species instead of for
the areas that, at a species level, identify optimal areas relative
to costs and benefits. Indeed, more context-specific work at
higher resolutions would be needed to support decision-making
(Sykora-Bodie et al., 2021).

Several metrics of adaptive success were chosen to cover
a wide set of plausible geographical response modes. Several
could have been used if data were available (Oldfather et al.,
2020). Of particular interest to examine would be metapopu-
lation dynamics, effective population abundance, and genetic
diversity of populations. These factors would provide more
details about the adaptability of species at very local scales and,
therefore, could guide more specific management actions. For
example, the poor genetic diversity of some populations in the
leading edges could be compensated for with the introduction
of alleles considered more adaptive in the face of climate change
(Shoo et al,, 2013; Weeks et al., 2011). Also, the identification
of connectivity flows in a metapopulation structure would lead
to prioritizing connected areas for protection and to manag-
ing them based on expected local climatic shifts (e.g., through
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engineering schemes or persistent nature-based solutions as
artificial pounds with controlled water quality and availability)
(Campbell-Grant et al., 2010). Several studies report niche dif-
ferentiation among some of the studied species (Martinez-Gil
et al,, 2021; Rodriguez-Rodriguez et al., 2020b). Ideally, when
data exist, specific minimum atea requirements and connec-
tivity properties would be defined for each of the individual
populations, so as to conserve the variability of local species’
adaptations in a risk-averse portfolio approach. The abundance
of species could be used to identify possible extinction debts,
which cannot be obtained from binary occurrence data (Peter-
son et al.,, 2019). These debts outline natural states of decline
that need to be urgently identified and reversed (Fordham et al.,
2016). Population abundance also informs the magnitude of the
dispersal flows of individuals.

There are no easy answers to the current biodiversity cri-
sis, and actions may be costly. However, safeguarding basal
trophic groups in ecosystems, such as amphibians, may potenti-
ate ecosystem functionality and multiply by several factors the
benefits of financial investments in conservation. The design
of highly beneficial policies implies the use of dedicated spa-
tial conservation models that rely on optimization frameworks
to determine where, when, and what should be done to pre-
serve at minimum cost the adaptive potential of species and the
functioning of the ecosystems that depend on them.
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