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Abstract
Aim: The dynamic nature of climate change diminishes the effectiveness of static ap-
proaches to nature conservation. Areas that were once suitable for species may no 
longer be suitable, and areas that are suitable now, may be unsuitable in the future. 
Despite increasing global awareness of the threats posed by climate change, it re-
mains poorly accounted for in conservation programmes, such as translocation. In this 
study, we project changes in climate suitability for populations of ectothermic species 
that have been successfully established through translocation efforts.
Location: Biogeographical realms: Australasia, Holarctic, Palearctic and Nearctic.
Methods: We use species distribution models (SDMs) to project changes in macro-
climatic suitability across 65 translocation recipient sites involving 38 ectothermic 
species. We consider optimistic (SSP126) and pessimistic (SSP370) scenarios of cli-
mate change for five general circulation models spanning three time horizons from 
2021–2040 up to 2061–2080.
Results: Our models predict that at least 74% of recipient sites are projected to de-
cline in climate suitability, regardless of the SSP scenario or time horizon. While re-
cipient site suitability, scaled from 0 to 1 (low–high), was typically very high (>0.75, 
39% of sites) under baseline climate conditions (1960–2010), models project a marked 
shift towards low suitability climates (<0.25, 40% of sites) by the middle of the cen-
tury (2041–2060) onwards under the more pessimistic scenario. Relative to species' 
ranges, recipient sites located closer to the equator are projected to experience the 
most significant declines in suitability.
Main Conclusions: Our results call for greater consideration of spatiotemporal factors 
during the recipient site selection process, so that translocated populations are more 
strategically placed for long-term persistence under climate change.

K E Y W O R D S
amphibians, assisted colonisation, climate change, conservation translocation, insects, 
reintroduction, reptiles, species distribution models
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1  |  INTRODUC TION

Climate change affects many aspects of biodiversity, including 
species distributions, phenology, population dynamics, community 
structure and ecosystem function (Díaz et al., 2019). Local extinc-
tions caused by climate change are already widespread, with one 
recent study finding that 47% of species from a global sample of 
animals and plants have already experienced losses (Wiens, 2016). 
These impacts have occurred as the average global temperature 
has increased by 1°C, yet without major reductions in greenhouse 
gas emissions, a rise of 2°C or more is increasingly probable (Liu & 
Raftery, 2021). Consequently, many more declines and extinctions 
are likely (Hoegh-Guldberg et al., 2019), leading to a deterioration in 
ecosystem health and functioning (Pecl et al., 2017).

In the past, conservation has predominantly relied on a static 
approach, whereby protected areas are managed to maintain their 
species assemblages (McLaughlin et al., 2022). When species have 
been lost from protected areas, or reached critically low numbers, 
reintroductions and reinforcements have been used in attempts 
to restore viable populations (Seddon,  2010). However, the dy-
namic nature of climate change diminishes the effectiveness of 
the static approach (Prober et al., 2019), as areas that were once 
suitable for a species may not continue to be, and areas that are 
suitable now, may be unsuitable in the future. These shifting con-
ditions under climate change leave populations with four possi-
ble responses: migrate, adapt, decline, or face extinction (Davis 
et al., 2005). To effectively prevent species from local extinction, 
conservation programmes will need to anticipate future condi-
tions (Thomas, 2011).

Conservation translocation, which is an umbrella term covering 
reintroduction, reinforcement, assisted colonisation, and ecological 
replacement (IUCN,  2013), is the intentional movement of organ-
isms for conservation purposes. As with the conservation sector 
more widely, there is increasing recognition that translocation pro-
grammes should be more forward-looking in their approach (e.g., Butt 
et al., 2020; Hoegh-Guldberg et al., 2008; Thomas, 2011). When se-
lecting a recipient site for release, the Guidelines for Reintroductions 
and Other Conservation Translocations (IUCN,  2013) recommend 
that the climate requirements of the focal species be “matched to cur-
rent and/or future climate at the destination site”. Despite extensive 
calls for increased consideration of climate change in translocation 
management plans, evidence of translocation programmes proac-
tively taking decisions based on potential climate change impacts is 
scarce (Butt et al., 2020). To illustrate this point, we combined trans-
location reports from the IUCN SSC Conservation Translocation 
Specialist Group database with translocation programmes found 
during a literature search described in Bellis et al. (2020) to estimate 
how often climate change is factored into decisions related to re-
cipient site selection (methods detailed in Appendix S1). Of the 369 
translocation programmes examined, 2% explicitly mentioned that 
climate change had been a consideration during the recipient site se-
lection process (see Appendix S1 for list of projects). While recognis-
ing that papers and reports do not always provide detailed accounts 

of translocation planning and implementation processes, this figure 
remains alarmingly low.

Currently, species distribution models (SDMs) represent the 
most widely proposed approach for assessing climate change 
impacts at prospective recipient sites (Chauvenet et  al.,  2013; 
IUCN, 2013; Krause & Pennington, 2012; Osborne & Seddon, 2012). 
Thoughtfully constructed SDMs can indicate if a species' physiolog-
ical preferences or limits will become decreasingly or increasingly 
aligned with changing environmental conditions at recipient sites. 
Although the potential of SDMs for this purpose has received no-
table attention in the context of assisted colonisation (e.g., Butt 
et al., 2020; Chauvenet et al., 2013; Hoegh-Guldberg et al., 2008), 
there are very few cases where SDMs have been applied to rein-
troductions (but see Bellis et  al.,  2021; Maes et  al.,  2019) despite 
reintroductions being attempted far more frequently than as-
sisted colonisation (e.g., Bellis et  al.,  2019; Brichieri-Colombi & 
Moehrenschlager, 2016). Because assisted colonisation is often mo-
tivated by threats that are expected to increase in severity in the 
future (Chauvenet et al., 2013), the need to consider how changing 
climatic conditions may affect translocated populations is perhaps 
more discernible than for reintroductions, which are motivated by 
the recreation of historical conditions. Some reintroduction practi-
tioners may also be deterred by the well-known limitations of SDMs, 
such as the potential for disequilibrium between geographic range 
and niche (Galante et  al.,  2018) and the inherent uncertainties of 
future climate projections (Kujala et al., 2013). Nonetheless, when 
validated on previous translocation attempts (in both experimental 
and practical conservation settings), outputs from SDMs have cor-
related well with benchmarks of successful establishment (Bellis 
et al., 2020; Lee-Yaw et al., 2016), or with recent climate change-in-
duced changes in abundance and distribution (Gregory et al., 2009; 
Stephens et al., 2016).

In this study, we use SDMs to estimate changes in the macro-
climatic suitability of recipient sites where amphibian, reptile and 
terrestrial insect populations have been successfully established 
through translocation. These translocated populations have per-
sisted for more than 10 years and have completed full lifecycles 
at their locations of release, demonstrating an alignment between 
recent environmental conditions and the species' physiological 
preferences (Bellis et  al.,  2020). However, with so few transloca-
tion programmes (<2%) explicitly factoring climate change into re-
cipient site selection processes (Appendix  S1), there is a risk that 
sites were chosen in areas where species' physiology and climate 
will misalign in the future (e.g., Soroye et al., 2020). Biogeographical 
theory suggests that misalignments caused by rising temperatures 
should pose the greatest threat to translocated populations located 
in the equatorial or lower elevational portions of the species range, 
since they are temporally closer to breaching thermal tolerances 
(Hampe & Petit, 2005). But it is unclear how much these elements 
of biogeographical theory have influenced the choice of recipient 
sites for ectotherms or other animal taxa (limited evidence in plant 
translocations, see Diallo et al., 2021). Here, we focus on three ques-
tions about climate change in the context of translocation. (1) What 
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    |  3BELLIS et al.

percentage of translocated populations are threatened by projected 
climate change in the short (2021–2040), medium (2041–2060) and 
long-term (2061–2080)? (2) Are projected changes in recipient site 
suitability concordant with changes projected across species' global 
ranges? (3) Do spatial attributes of recipient sites associated with lat-
itude and elevation influence the climate change exposure of trans-
located populations?

2  |  METHODOLOGY

Our dataset comprises a subset of the amphibian, reptile and ter-
restrial insect conservation translocations that were defined as ‘suc-
cessful’ in a peer-reviewed study by Bellis et al.  (2020). This study 
established that conservation translocations had a higher probabil-
ity of success in areas where SDMs predicted higher macroclimatic 
suitability. In the present study, we assume that this association be-
tween macroclimatic suitability and translocation outcome will hold 
true under future climate change.

The definition of success adopted in Bellis et al. (2020) was based 
on three criteria: (1) ≥10 years had elapsed between the time of most 
recent release and most recent monitoring, (2) the period between 
the most recent release and most recent monitoring exceeded the 
generation time of the species, and (3) the results of the most recent 
monitoring indicated individuals were still present. This is a gener-
alised definition of translocation success, selected according to the 
availability of usable information in the literature. Owing to the rapid 
increases in available occurrence data since the downloads were 
conducted for Bellis et al. (2020) in 2018, two additional species (in-
volved in two translocation programmes) were eligible for inclusion 
in the present study. In total, our subset of conservation translo-
cations included 65 recipient sites involving 38 species, including 9 
amphibians (to 14 sites), 12 reptiles (to 26 sites), and 17 insects (to 
25 sites).

Our sample predominantly consisted of species with temper-
ate distributions (there were no tropical species), mostly centred in 
the Palearctic (n = 19) and Nearctic (n = 13) biogeographical realms 
(Table 1). Typically, species had large range sizes (e.g., 1,000,000–
5,000,000 km2; n = 24) and were distributed over wide latitudinal 
extents (e.g., 20–30°, n = 19).

2.1  |  Overview of species distribution models

To ensure that our work is transparent and reproducible, we com-
plied with the Overview, Data, Model, Assessment, and Prediction 
protocol (ODMAP; Zurell et al., 2020). This metadata summary pro-
vides a detailed key to the steps of our SDM-based analyses and 
is presented in Appendix S3, alongside the full SDM methodology.

We compiled a database of occurrences for each species using 
records from the Global Biodiversity Information Facility (GBIF), 
New Zealand Department of Conservation, and relevant articles in 
the academic and grey literature (see Appendix  S2). Each species 

occurrence dataset was carefully cleaned to account for coordinate 
imprecision, duplications of points, spatial biases and the presence 
of historical records. In order to reduce the effects of spatial bias 
caused by unequal sampling (Boria et  al.,  2014; Radosavljevic & 
Anderson, 2014), we subsampled the cleaned occurrence datasets 
by randomly selecting records that were at least 20 km apart, using 
the rangeBuilder package (v1.5) (Rabosky et al., 2016) in R (v3.5.1) 
(R Core Team, 2022). All presence locations excluded during spatial 
thinning were then subsampled again (following the same approach) 
and used for ensemble model evaluation.

We downloaded baseline climate data from the WorldClim 
Database (v2.1) at a resolution of 2.5 arc-minutes (~4 km at the 
equator) for the period 1960–2010 (Fick & Hijmans, 2017). We se-
lected nine bioclimatic variables known or presumed to be important 
in structuring the distributions of temperate ectotherms (Clusella-
Trullas et al., 2011; Kozak & Wiens, 2007) and that had been selected 
a priori in previous SDM studies on the same taxonomic groups 
(Cabrelli et al., 2014; Carvalho et al., 2010; Ihlow et al., 2012). These 
variables describe annual averages of temperature and precipitation, 
seasonality, highest and lowest monthly values of temperature and 
precipitation, and growing degree days (GDD) (sum of all monthly 
temperatures greater than 5°C). We removed highly inter-correlated 
variables for each species based on the variance inflation factor (VIF) 
test, using a value of >10 (Dormann et al., 2013; Guisan et al., 2017) 
as an indicator of multicollinearity.

To simulate scenarios of future societal development under 
climate change, we focused on two shared socioeconomic path-
ways (SSP126 and SSP370) from the sixth phase of the Coupled 
Model Intercomparison Project (CMIP6) for three time horizons: 
2021–2040, 2041–2060 and 2061–2080. The SSP126 scenario cor-
responds to a sustainable future in which there are low challenges 
to mitigation and adaptation, while the SSP370 scenario predicts 

TA B L E  1  Spatial summary of species translocated.

Parameter
Number 
of species

Biogeographical realm

Australasia 4

Holarctic 2

Palearctic 19

Nearctic 13

Range size (km2)

<100,000 3

100,000–1,000,000 5

1,000,000–5,000,000 24

>5,000,000 6

Latitudinal extent (decimal degrees)

<10° 3

10–20° 11

20–30° 19

>30° 5
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4  |    BELLIS et al.

a future of regional rivalry in which there are high challenges to 
mitigation and adaptation (Riahi et  al.,  2017). We selected these 
two scenarios in order to represent two alternative, but realistic 
(Hausfather & Peters,  2020), futures: one highly optimistic future 
where global average warming is limited to 2°C by the end of the 
century (SSP126), and a more pessimistic future where warming may 
reach 4.4°C (SSP370) (Tebaldi et al., 2020). We selected five general 
circulation models (GCMs) with available data on WorldClim for our 
SSP scenarios from five separate research institutes based in Europe 
(CNRM-CM6-1, IPSL-CM6A-LR), Asia (MIROC6, MRI-ESM2-0), and 
North America (CanESM3). These five GCMs represent a wide range 
of equilibrium climate sensitivity values from 2.6°C (MIROC6) up to 
a maximum of 5.6°C (CanESM3) (Meehl et al., 2020). Equilibrium cli-
mate sensitivity is defined as the global mean surface air temperature 
change due to a rapid doubling of carbon dioxide concentrations as 
soon as the associated ocean–atmosphere-sea ice processes reach 
equilibrium.

For each time horizon and SSP scenario, we calculated the mean 
average of predictions across the individual GCMs to produce an en-
semble and calculated the level of agreement using the coefficient 
of variation. The degree of model extrapolation under baseline and 
individual climate change projections was assessed for each species 
using a multivariate environmental similarity surface (MESS) analysis 
(Elith et al., 2010). The MESS analysis measures the similarity of any 
given point (grid cell in projected climate data) to a reference set 
of points (grid cells in baseline climate data used to fit SDMs), with 
respect to the chosen predictor variables. It reports the closeness of 
the point to the distribution of reference points, assigning negative 
values for dissimilar points and maps these values across the whole 
prediction region.

We adopted an ensemble SDM approach with five algorithms 
implemented in the package biomod2 (v. 3.3-7) in R. Evidence in the 
tree ensemble literature suggests that ensembles work best when 
the component models are not highly correlated (Elith,  2019), 
therefore, we selected a set of algorithms with a range of fitted 
functions and model fitting approaches: Generalised Additive 
Model (GAM), Multivariate Adaptive Regression Splines (MARS), 
Generalised Boosted Model (GBM), Random Forest (RF) and 
Maxent (Thuiller et al., 2016). As we were reliant on presence-only 
data, we generated pseudo-absences for each SDM by randomly 
selecting unoccupied cells within an extended version of the spe-
cies range extent (see Appendix S3) according to the number of 
presences after spatial thinning N (if N ≤ 1000 then 1000 pseu-
do-absences were selected, otherwise 10,000 pseudo-absences 
were selected) (Barbet-Massin et  al.,  2012; Bellard et  al.,  2016). 
Because we used pseudo-absences instead of true absence data 
and suitability values were not real occurrence probabilities 
(Guillera-Arroita et  al.,  2015), to make predictions comparable 
across species we standardised the predicted climate suitabil-
ity values to range between 0 and 1 with the following formula: 
(x − min)/(max − min).

The accuracy of individual models was evaluated using the area 
under the curve (AUC) and the true skill statistic (TSS) based on a 

cross-validation procedure with five repetitions (70% of records se-
lected for model calibration and 30% set aside for model testing). 
To assess the calibration accuracy of our SDMs, we evaluated the 
final ensemble model with the continuous Boyce index (CBI) (Hirzel 
et al., 2006), according to the independent set of records that had 
been removed from each species occurrence dataset during spatial 
thinning.

2.2  |  Quantifying and comparing suitability change

Suitability change was calculated by measuring the difference 
between the baseline and future predicted suitability at each re-
cipient site (the cells selected to represent sites were defined ac-
cording to the methodology described in Bellis et  al.,  2020). To 
account for the varying magnitude of suitability declines across 
recipient localities, we categorised losses into “minor decline” 
(<0.25), “moderate decline” (0.25–0.50), and “severe decline” 
(>0.50).

To establish whether site-level changes in suitability were con-
cordant with wider trends, we compared recipient site suitability 
change with species' global averages. Global suitability change was 
calculated by extracting predicted suitability values at cleaned oc-
currence locations (limited to one value per 2.5 arc-minute grid cell) 
and computing the median average across suitability predictions. 
To statistically compare recipient site-scale suitability change with 
global predictions, we computed multiple paired Wilcoxon Signed-
Rank tests (significance set at p < .05).

2.3  |  Spatial attributes of recipient sites

We selected two spatial attributes of recipient sites that could po-
tentially be associated with climate change exposure: Latitude rela-
tive to latitudinal mean of distribution (LatDiff) and elevation relative 
to elevational mean of distribution (ElevDiff). We calculated LatDiff 
for each translocation by measuring the difference between the 
mean latitude of the species' spatially thinned occurrence dataset 
and the latitude of the recipient site. For translocations in the south-
ern hemisphere (n = 4), positive values of LatDiff were reversed to 
negative and vice versa, to allow comparison with translocations in 
the northern hemisphere.

We calculated ElevDiff using the same approach as for LatDiff. 
As our sample did not consist of any alpine specialists, which are 
highly vulnerable to climate change (Habel et al., 2011), we expected 
a positive relationship between ElevDiff and the favourability of pre-
dicted suitability change at recipient sites.

2.4  |  Statistical analyses

To understand how the spatial attributes of recipient sites related 
to predicted suitability change, we computed a linear mixed model 
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    |  5BELLIS et al.

(LMM) for each future climate change projection using the lme4 
package (v 1.1–19) in R (Bates et al., 2015). The response variable 
was the change in suitability between baseline and projected fu-
ture conditions. LatDiff and ElevDiff were fixed effects (explana-
tory variables in standard linear regression), and species was set as 
a random effect. We tested for multicollinearity among the spatial 
attributes using the Variance Inflation Factor (VIF), implemented 
in R with the package car (v. 3.0–2) (Fox, Weisberg, et al., 2019). 
Each spatial attribute had a VIF of <2, indicating minimal correla-
tion between predictors (Quinn & Keough, 2002). We standard-
ised LatDiff and ElevDiff in order to produce beta estimates of 
regression coefficients (β), whereby each cell was subtracted from 
the variable mean and then divided by its SD, allowing compari-
sons of the standardised regression coefficients, SE and 95% con-
fidence intervals of the independent variables (Schielzeth, 2010). 
We only considered independent variables to have significant 
effects if confidence intervals did not overlap zero (McDonald 
et al., 2006). We also ran LMMs without standardisation, since the 
absolute values of latitude and elevation improved interpretation. 
In the ElevDiff dataset, we detected a single outlier (recipient site 
of Pelobates syriacus) that when included in the LMMs, resulted in a 
significant association with the response variable. However, when 
this record was omitted from the LMMs, no significant association 
was detected, thus, we excluded this record from our statistical 
analyses. Similarly, the recipient site of Ceruchus chrysomelinus 
was visually identified as an outlier in the LatDiff dataset, thus 
this record was also omitted from our statistical analyses.

3  |  RESULTS

3.1  |  Model evaluation

The SDMs of the final species set (n = 38) generally had high dis-
crimination metric values (AUC: mean [minimum–maximum] = 0.909 
[0.810–0.978]; TSS: 0.659 [0.480–0.903]) (Table  A2.1), indicating 
good discrimination capacity. Similarly, evaluations of calibration ac-
curacy indicated that ensemble models performed well on average 
(CBI: 0.971 [0.839–0.999]).

3.2  |  Model extrapolation

The MESS analyses indicated that 87% of the recipient sites had 
no extrapolation issues under baseline climate conditions or future 
projections. Among the recipient sites where extrapolation was 
detected, the effects were deemed negligible (i.e., >−20) for 10%. 
In all these cases, the extrapolation was limited to the most ex-
treme and distant climate change projection: SSP370 for the period 
2061–2080. The remaining 3% of translocations covered two recipi-
ent sites involving Boloria eunomia and in both cases the extrapola-
tion (<−20) was detected under the CanESM5 model based on the 
SSP370 scenario for the period 2061–2080.

3.3  |  Predicted suitability and projected changes

Our SDMs predicted that translocated populations were most com-
monly located at recipient sites with very high macroclimatic suit-
ability (0.75–1; n = 25) (Figure  1). However, when projecting our 
models onto scenarios of future climate change, there was a shift to-
wards less suitable climates, and this was consistent under both SSP 
scenarios and all time periods. In fact, by the middle of the century 
onwards, more translocated populations were projected to be in the 
lowest suitability classification (0–0.25) than in any other classifica-
tion, with 34% (n = 22) of recipient sites under SSP126 (Figure 1a) 
and 40% (n = 26) under SSP370 (Figure 1b) falling within this bracket.

Climatic suitability at recipient sites is predicted to decline for 
most species regardless of SSP scenario, GCM, or time horizon 
(Table 2; Appendix S4). By the middle of the century, SDM outputs 
indicated that around three quarters of recipient sites will undergo a 
deterioration of climate suitability, irrespective of the SSP scenario. 
While the direction and magnitude of predicted suitability change 
varied greatly across recipient sites (Figure 2; Table 2), a minor de-
cline (<0.25) in suitability was the most commonly projected con-
sequence of climate change (33.8%–47.7% of sites depending on 
the scenario/time period). However, there was a notable increase 
in the proportion of recipient sites projected to undergo a moder-
ate decline (0.25–0.50) in both 2041–2060 and 2061–2080 under 
the SSP370 scenario, where this was the most represented category 
(Table 2; Table A4.1).

3.4  |  Comparing suitability change across 
spatial scales

On average, suitability was projected to decline across most species' 
global ranges in the future (Figure 3; Figure A4.2). The magnitude of 
projected suitability change tended to be less severe for recipient 
sites than changes projected across the rest of species' ranges, with 
64.6%–69.2% of recipient sites faring better than the global me-
dian, depending on the time horizon and SSP scenario (Figure A4.2). 
Differences in predicted suitability change between recipient sites 
and species' global medians were statistically significant under all 
climate change projections according to Wilcoxon signed-rank tests 
(p < .01, n = 6).

3.5  |  Spatial attributes of recipient sites

The latitudinal distance between recipient site and distribution cen-
tre (LatDiff) indicated slightly more sites were located in the pole-
ward half (54%; n = 35) of species' ranges. Recipient sites were on 
average 1.24 decimal degrees (median = 0.62°) polewards of species' 
latitudinal centres, with a notable proportion of sites located close 
to latitudinal centres (37%; n = 24, falling within ±1° of the centre). 
Outputs from LMMs consistently predicted a statistically significant 
association between LatDiff and recipient site suitability change 
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(Table A4.2), with the favourability of suitability change increasing as 
the poleward distance from distribution centre increased (Figure 4; 
Figure A7.3). By the middle of the century, recipient sites oriented 
close to the latitudinal centre of species' distributions were gener-
ally projected to experience minor or moderate declines in suitability 
(Figure 4). In contrast to the LatDiff variable, the effect of elevation 
relative to the elevational mean of distribution (ElevDiff) was consid-
erably weaker and was not statistically significant under any climate 
change scenario (Table A4.2). The majority of recipient sites (91%; 
n = 59) were located below the elevational mean of species' ranges 
at an average of 238 m lower (median = 242 m). The translocation of 
Pelobates syriacus to an elevation of 1609 m above the species aver-
age represented a notable outlier, with this population projected to 
experience the largest gains in suitability of any translocation con-
sidered (e.g., Figure 2).

4  |  DISCUSSION

While our sample of 65 recipient sites have supported the successful 
establishment of translocated populations, three quarters are pro-
jected to decline in suitability under climate change, regardless of 
the scenario or time horizon. In the recent past, favourable macrocli-
matic conditions have likely facilitated the successful establishment 
of many of these translocated populations—the majority of recipi-
ent sites are in areas of very high suitability under baseline climates 
(>0.75). However, our SDMs predict a marked shift in suitability, 
with more than a third of recipient sites projected to be located in 
low suitability (<0.25) by the middle of the century onwards. These 
findings are concerning given that low suitability estimated from 
macroecological SDMs is associated with populations that have 
lower abundance (Braz et al., 2020), reduced individual survival (Lee-
Yaw et al., 2016), and a heightened probability of extinction (Bellis 
et al., 2020).

Due to the physiological sensitivities of ectotherms to tempera-
ture and other components of climate (e.g., rainfall), their fitness is 
expected to be particularly threatened by climate change (Kingsolver 

et al., 2013). Rising mean temperatures along with increasing inter-
annual variability and extreme temperature events threaten organ-
ismal performance by exceeding thermal optima and critical thermal 
maximum levels (Clusella-Trullas et al., 2011; Ma et al., 2021; Vasseur 
et al., 2014). While global mitigation efforts aim to reduce the se-
verity and frequency of these climate alterations, similarities in the 
direction of suitability change between the scenario with low chal-
lenges to mitigation and adaptation (SSP126) and the scenario with 
high challenges (SSP370) (Table 2; Figure 2) indicate that these ef-
forts will be insufficient to prevent suitability declines for the ma-
jority of our sample of translocated populations. Nonetheless, in 
the more optimistic scenario, the magnitude of suitability decline is 
projected to be less severe towards the end of our modelling period 
(2061–2080), indicating that global mitigation efforts could help to 
reduce the number of species that will experience moderate (0.25–
0.50) to severe (>0.50) deterioration of climate conditions.

F I G U R E  1  Predicted standardised 
suitability of translocation recipient sites 
(n = 65) under baseline macroclimatic 
conditions and future projected conditions 
for 2041–2060 under SSP126 (a) and 
SSP370 (b). Future projections have been 
averaged across 5 GCMs for each SSP 
scenario. Suitability categorisations are 
as follows: Low = <0.25, Medium = 0.25–
0.50, High = 0.51–0.75 and Very 
high = >0.75.

(a)

(b)

TA B L E  2  Percentage of recipient sites predicted to decline in 
suitability across six climate change projections (percentages are 
calculated from a total of 65 sites).

Scenario
Minor 
decline

Moderate 
decline

Severe 
decline Total

2021–2040

SSP126 46.2 (8.3) 23.1 (8.0) 4.6 (0.7) 73.8 (2.5)

SSP370 47.7 (6.1) 24.6 (7.5) 3.1 (2.3) 75.4 (3.5)

2041–2060

SSP126 40.0 (4.7) 33.8 (8.0) 1.5 (1.4) 75.4 (6.1)

SSP370 35.4 (4.6) 35.4 (8.9) 4.6 (1.3) 75.4 (7.8)

2061–2080

SSP126 44.6 (5.3) 27.7 (5.6) 1.5 (1.7) 73.8 (4.2)

SSP370 33.8 (3.6) 38.5 (5.0) 6.2 (2.3) 78.5 (4.0)

Note: Results are compared across three suitability change 
categorisations (minor decline = <0.25, moderate decline = 0.25–0.50, 
and severe decline = >0.50). Future projections have been averaged 
across five GCMs for each SSP/time period combination. Numbers in 
parentheses show the variability of predicted declines according to the 
standard deviation of the five GCMs.
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Whether the projected declines will lead to population extirpa-
tions will depend on multiple factors, such as the availability of mi-
crohabitats (De Frenne et al., 2019), the adaptability of the species 
(Fox, Donelson, et al., 2019), the effectiveness of management inter-
ventions (Greenwood et al., 2016), and the magnitude of suitability 
decline. Since most terrestrial ectotherms exhibit behavioural ther-
moregulation that allows them to exploit local heterogeneity in tem-
perature by shifting time or place of activity (Sunday et al., 2014), 
the persistence of populations in climatically deteriorating environ-
ments could be aided via the creation or maintenance of cool micro-
habitats to avoid heat stress.

Although a majority of recipient sites are projected to decline 
in suitability, they performed slightly, but significantly, better under 

projected climate change than species' averages (Figure 3). While this 
is encouraging, the findings from our keyword search (Appendix S1) 
suggest that this result is most likely coincidental rather than the 
outcome of some coordinated forward-looking approach to recip-
ient site selection. Since our sample predominantly consisted of 
widely distributed species from the Palearctic and Nearctic (Table 1), 
with translocations most frequently undertaken in two known trans-
location hotspots (north-western Europe and the north-eastern 
United States, Brichieri-Colombi & Moehrenschlager,  2016; Diallo 
et  al.,  2021), recipient sites generally sit on or above the latitudi-
nal core of species' ranges making them less vulnerable to climate 
change in the near-term than populations closer to the equator 
(Araújo et al., 2006). The likelihood that this finding is coincidental is 

F I G U R E  2  Mean (SD) projected changes in standardised climate suitability at 65 translocation recipient sites between baseline conditions 
and those projected for mid-century (2041–2060), according to two different climate change scenarios: SSP126 and SSP370. Future 
projections have been averaged across 5 GCMs for each SSP scenario. Letters following species' names indicate different recipient sites for 
the same species. Outputs for 2021–40 and 2061–2080 are presented in Figure A4.1.
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8  |    BELLIS et al.

F I G U R E  3  Average projected change in suitability across species global ranges by 2041–2060, according to two different climate change 
scenarios: SSP126 (a) and SSP370 (b). Red dots represent predicted suitability change for translocated populations. Future projections have 
been averaged across 5 GCMs for each SSP scenario. Outputs for 2021–40 and 2061–2080 are presented in Figure A4.2.

(a) (b)

F I G U R E  4  Effect of distance from latitudinal centre (decimal degrees) on projected changes in macroclimatic suitability at recipient 
sites, according to SSP126 (a) and SSP370 (b) for the period 2041–2060. The two black dots (upper = Pelobates syriacus; lower = Ceruchus 
chrysomelinus) represent outliers that were omitted from the LMMs. Effect plots for other time horizons are presented in Figure A4.3; 
standardised effect plots are presented in Figure A4.4.

(a) (b)
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further supported by a recent meta-analysis concentrating on plant 
translocations in the Western Palearctic, which concluded that cli-
mate change considerations were rarely taken into account when 
selecting recipient sites and much greater consideration would be 
necessary moving forward (Diallo et  al.,  2021). Indeed, most con-
servation translocations are undertaken over short-distances (Bellis 
et al., 2019; Diallo et al., 2021; Skikne et al., 2020) to address local 
threats and satisfy local conservation objectives (Bubac et al., 2019), 
which may explain why so few appear to factor climate change in to 
recipient site selection processes.

Due to the overarching influence of latitude on global tempera-
tures, one way to buffer translocated populations from the effects 
of climate change is to select recipient sites closer to the poles. The 
latitude of recipient sites relative to the latitudinal mean of distribu-
tion (LatDiff) proved to be a useful indicator of SDM-derived climate 
change vulnerability in our analyses, concordant with previous stud-
ies where populations located closer to equatorial range margins 
were identified as the most vulnerable to climate change (e.g., Araújo 
et al., 2006; Bell et al., 2014; Cheaib et al., 2012). In the mid-century 
SSP370 scenario, all but one of the recipient sites situated in the 
equatorial half of species' distributions were predicted to decline in 
suitability (Figure 4). Populations located in these warmer portions 
of species' ranges are typically operating in conditions that are closer 
to the species' maximum heat tolerance, making them more immedi-
ately threatened by rising temperatures (e.g., Lesica & Crone, 2017; 
Nicastro et al., 2013). Given the high risk of suitability decline, trans-
location programmes aiming to secure long-term population viabil-
ity would be sensible to avoid locations in the equatorial portion of 
species' ranges, unless outputs from spatiotemporal models suggest 
otherwise.

The elevation of recipient sites relative to the wider species 
range had little effect on predicted suitability change when modelled 
using LMMs. However, there was a lack of higher elevation translo-
cations in our sample, with just one release, of Pelobates syriacus, 
above 1000 m. As this record represented an extreme outlier, it was 
removed from the LMMs. But it is notable that the recipient site of 
this species, located in the Geghama Mountains of Armenia, consis-
tently ranked as the best performing site in our sample, gaining >0.5 
in suitability under some projections relative to baseline conditions 
(e.g., Figure 2). Temperature changes rapidly with rising elevation; a 
simple altitude-for-latitude model estimates that a fall in tempera-
ture of 1°C that occurs with an increase of 167 m altitude is equiva-
lent to a 145 km change in latitude (Jump et al., 2009). Consequently, 
mountains may represent an opportunity for conservation managers 
to translocate species over shorter geographical distances, which 
tends to result in higher post-release survival (Skikne et al., 2020), 
while gaining the level of climate stability equivalent to a transloca-
tion of hundreds of kilometres in latitude.

The diversity of LatDiff values in our dataset demonstrates the 
macroclimatic stability and gains obtainable through longer distance 
poleward translocations (Figure  4). As conservation translocations 
often focus on species with small geographic ranges, the distances 
required to move them into areas of stable suitability could equate 

to translocations beyond their indigenous range, i.e., an assisted 
colonisation (IUCN, 2013). Despite the well-documented risks and 
uncertainties (Butt et al., 2020; Chauvenet et al., 2013; Ricciardi & 
Simberloff,  2021), there appears to be a growing recognition that 
assisted colonisation may be the only option for safeguarding some 
species (Prober et al., 2019), with SDMs often promoted as a tool 
that can support the identification of candidate species and recip-
ient sites for these types of projects. Our sample of translocations 
consisted of two assisted colonisation projects (involving Boloria 
eunomia). Importantly, both of these projects were located in cells 
that were flagged by our MESS analyses for extrapolation into novel 
climate space. Assisted colonisation projects could frequently en-
counter this issue because climatically secure recipient sites may 
be located in conditions that are not represented in species' cur-
rent geographical ranges. Consequently, we highly recommend in-
tegrating a measure of extrapolation between the conditions used 
for model calibration and transfer in assisted colonisation projects, 
so that model uncertainties can be quantified and incorporated into 
decision making (Yates et al., 2018).

By focusing only on climatic variables when modelling suitability 
change at recipient sites and across species' ranges, we disregard 
other processes that may determine the future persistence and dis-
tribution of species. In addition to climate, biotic interactions, dis-
persal, demography, adaptive potential, land-cover and land-use, and 
other abiotic factors (e.g., geology, soil, hydrology and topography) 
determine where a species can and will be able to survive (Sexton 
et al., 2009). Current data for most abiotic factors are available on 
public repositories (e.g., Amatulli et  al., 2020; Lehner et  al.,  2008; 
Poggio et al., 2021) and can be added as additional predictor vari-
ables in SDMs. While data on future projections of these variables 
at conservation-relevant scales are more limited, progress has been 
made on the development of land-cover and land-use change pro-
jections (e.g., Li et al., 2017). Although the classification system of 
these projections is coarse (limited to six categories), this informa-
tion may be helpful for establishing which regions to avoid in a trans-
location project due to, for example, projected expansion of urban 
or agricultural land.

As an alternative to the correlative SDMs computed in the pres-
ent study, process-based modelling frameworks such as RangeShifter 
(Bocedi et al., 2021) and poems (Fordham et al., 2021) allow the in-
tegration of information on dispersal and population dynamics for 
modelling future suitability. Careful construction of process-based 
models can result in more insightful and reliable predictions about 
where to translocate species for future viability. However, these 
models require precise parameterisation and a large amount of data 
to function effectively, limiting their use for most species due to data 
deficiencies (Sequeira et al., 2018). Consequently, for translocation 
practitioners considering using spatial modelling techniques to iden-
tify recipient sites with long-term viability (which we would encour-
age), they must strike a balance between a model's predictive power 
and the availability of biotic and abiotic data.

Calls for a more proactive approach to conservation management 
(Sterrett et al., 2019) resonate with the key findings of this study. The 
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lack of explicit anticipation of climate change in translocation papers 
and reports, coupled with the predictions of widespread deteriora-
tion at recipient sites, will likely lead to future management interven-
tions that are reactive in nature. While some species may be able to 
adapt in-situ to changing climatic conditions, translocations usually 
involve threatened taxa with declining populations, properties that 
are not typically associated with a capacity to adapt. Thus, managers 
may be forced to undertake more translocations to keep pace with 
the shifting climate. Given that translocation attempts can be costly, 
time-consuming (Jones & Kress, 2012) and sometimes contentious 
(Serfass et al., 2014), proactively identifying recipient sites that are 
projected to retain their suitability under climate change could im-
prove the long-term effectiveness of translocations and minimise 
the need for additional costly interventions in the future.

ACKNO​WLE​DG E​MENTS
We thank the many authors who contributed additional information 
on their translocation projects. We also thank BioWeb Herpetofauna, 
Department of Conservation, New Zealand, for sharing occurrence 
data for species in New Zealand and Marwell Wildlife for sharing 
translocation-related data for reptiles in England.

FUNDING INFORMATION
Funding was provided by Liverpool John Moores University as a PhD 
Scholarship to S.E. Dalrymple, there is no formal grant scheme or 
number.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
DOIs for the occurrence data downloads used in the SDM-based 
analyses of the paper are uploaded as Data  S1. The climate data 
that support this study are available from the WorldClim website 
(https://​www.​world​clim.​org/​). Where available, range maps were 
downloaded from the IUCN Spatial Data Download page (https://​
www.​iucnr​edlist.​org/​resou​rces/​spati​al-​data-​download) or, in the 
case of reptiles, from the Global Assessment of Reptile Distributions 
(http://​www.​gardi​nitia​tive.​org/​).

ORCID
Joe M. Bellis   https://orcid.org/0000-0003-2787-3736 

R E FE R E N C E S
Amatulli, G., McInerney, D., Sethi, T., Strobl, P., & Domisch, S. (2020). 

Geomorpho90m, empirical evaluation and accuracy assessment of 
global high-resolution geomorphometric layers. Scientific Data, 7(1), 
162.

Araújo, M. B., Thuiller, W., & Pearson, R. G. (2006). Climate warming 
and the decline of amphibians and reptiles in Europe. Journal of 
Biogeography, 33(10), 1712–1728. https://​doi.​org/​10.​1111/j.​1365-​
2699.​2006.​01482.​x

Barbet-Massin, M., Jiguet, F., Albert, C. H., & Thuiller, W. (2012). Selecting 
pseudo-absences for species distribution models: How, where and 

how many? Methods in Ecology and Evolution, 3(2), 327–338. https://​
doi.​org/​10.​1111/j.​2041-​210X.​2011.​00172.​x

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 
67(1), 1–48. https://​doi.​org/​10.​18637/​​jss.​v067.​i01

Bell, D. M., Bradford, J. B., & Lauenroth, W. K. (2014). Early indicators 
of change: Divergent climate envelopes between tree life stages 
imply range shifts in the western United States. Global Ecology 
and Biogeography, 23(2), 168–180. https://​doi.​org/​10.​1111/​geb.​
12109​

Bellard, C., Leroy, B., Thuiller, W., Rysman, J. F., & Courchamp, F. (2016). 
Major drivers of invasion risks throughout the world. Ecosphere, 
7(3), e01241. https://​doi.​org/​10.​1002/​ecs2.​1241

Bellis, J., Bourke, D., Maschinski, J., Heineman, K., & Dalrymple, S. (2020). 
Climate suitability as a predictor of conservation translocation fail-
ure. Conservation Biology, 34(6), 1473–1481. https://​doi.​org/​10.​
1111/​cobi.​13518​

Bellis, J., Bourke, D., Williams, C., & Dalrymple, S. (2019). Identifying 
factors associated with the success and failure of terrestrial insect 
translocations. Biological Conservation, 236, 29–36. https://​doi.​org/​
10.​1016/j.​biocon.​2019.​05.​008

Bellis, J., Longden, M., Styles, J., & Dalrymple, S. (2021). Using macro-
ecological species distribution models to estimate changes in the 
suitability of sites for threatened species reintroduction. Ecological 
Solutions and Evidence, 2(1), e12050. https://​doi.​org/​10.​1002/​
2688-​8319.​12050​

Bocedi, G., Palmer, S. C., Malchow, A. K., Zurell, D., Watts, K., & Travis, J. 
M. (2021). RangeShifter 2.0: An extended and enhanced platform 
for modeling spatial eco-evolutionary dynamics and species' re-
sponses to environmental changes. Ecography, 44(10), 1453–1462.

Boria, R. A., Olson, L. E., Goodman, S. M., & Anderson, R. P. (2014). 
Spatial filtering to reduce sampling bias can improve the perfor-
mance of ecological niche models. Ecological Modelling, 275, 73–77. 
https://​doi.​org/​10.​1016/j.​ecolm​odel.​2013.​12.​012

Braz, A. G., de Viveiros Grelle, C. E., De Souza Lima Figueiredo, M., & 
Weber, M. D. (2020). Interspecific competition constrains local 
abundance in highly suitable areas. Ecography, 43(10), 1560–1570. 
https://​doi.​org/​10.​1111/​ecog.​04898​

Brichieri-Colombi, T. A., & Moehrenschlager, A. (2016). Alignment of 
threat, effort, and perceived success in north American conserva-
tion translocations. Conservation Biology, 30(6), 1159–1172. https://​
doi.​org/​10.​1111/​cobi.​12743​

Bubac, C. M., Johnson, A. C., Fox, J. A., & Cullingham, C. I. (2019). 
Conservation translocations and post-release monitoring: 
Identifying trends in failures, biases, and challenges from around 
the world. Biological Conservation, 238, 108239. https://​doi.​org/​10.​
1016/j.​biocon.​2019.​108239

Butt, N., Chauvenet, A. L. M., Adams, V. M., Beger, M., Gallagher, R. 
V., Shanahan, D. F., Ward, M., Watson, J. E., & Possingham, H. P. 
(2020). Importance of species translocations under rapid climate 
change. Conservation Biology, 35, 775–783. https://​doi.​org/​10.​
1111/​cobi.​13643​

Cabrelli, A. L., Stow, A. J., & Hughes, L. (2014). A framework for assess-
ing the vulnerability of species to climate change: A case study of 
the Australian elapid snakes. Biodiversity and Conservation, 23(12), 
3019–3034. https://​doi.​org/​10.​1007/​s1053​1-​014-​0760-​0

Carvalho, S. B., Brito, J. C., Crespo, E. J., & Possingham, H. P. (2010). From 
climate change predictions to actions—Conserving vulnerable ani-
mal groups in hotspots at a regional scale. Global Change Biology, 
16(12), 3257–3270. https://​doi.​org/​10.​1111/j.​1365-​2486.​2010.​
02212.​x

Chauvenet, A. L. M., Ewen, J. G., Armstrong, D. P., Blackburn, T. M., & 
Pettorelli, N. (2013). Maximizing the success of assisted coloni-
zations. Animal Conservation, 16(2), 161–169. https://​doi.​org/​10.​
1111/j.​1469-​1795.​2012.​00589.​x

 14724642, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ddi.13795 by T

est, W
iley O

nline L
ibrary on [08/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.worldclim.org/
https://www.iucnredlist.org/resources/spatial-data-download
https://www.iucnredlist.org/resources/spatial-data-download
http://www.gardinitiative.org/
https://orcid.org/0000-0003-2787-3736
https://orcid.org/0000-0003-2787-3736
https://doi.org/10.1111/j.1365-2699.2006.01482.x
https://doi.org/10.1111/j.1365-2699.2006.01482.x
https://doi.org/10.1111/j.2041-210X.2011.00172.x
https://doi.org/10.1111/j.2041-210X.2011.00172.x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/geb.12109
https://doi.org/10.1111/geb.12109
https://doi.org/10.1002/ecs2.1241
https://doi.org/10.1111/cobi.13518
https://doi.org/10.1111/cobi.13518
https://doi.org/10.1016/j.biocon.2019.05.008
https://doi.org/10.1016/j.biocon.2019.05.008
https://doi.org/10.1002/2688-8319.12050
https://doi.org/10.1002/2688-8319.12050
https://doi.org/10.1016/j.ecolmodel.2013.12.012
https://doi.org/10.1111/ecog.04898
https://doi.org/10.1111/cobi.12743
https://doi.org/10.1111/cobi.12743
https://doi.org/10.1016/j.biocon.2019.108239
https://doi.org/10.1016/j.biocon.2019.108239
https://doi.org/10.1111/cobi.13643
https://doi.org/10.1111/cobi.13643
https://doi.org/10.1007/s10531-014-0760-0
https://doi.org/10.1111/j.1365-2486.2010.02212.x
https://doi.org/10.1111/j.1365-2486.2010.02212.x
https://doi.org/10.1111/j.1469-1795.2012.00589.x
https://doi.org/10.1111/j.1469-1795.2012.00589.x


    |  11BELLIS et al.

Cheaib, A., Badeau, V., Boe, J., Chuine, I., Delire, C., Dufrêne, E., François, 
C., Gritti, E. S., Legay, M., Pagé, C., Thuiller, W., Viovy, N., & Leadley, 
P. (2012). Climate change impacts on tree ranges: Model intercom-
parison facilitates understanding and quantification of uncertainty. 
Ecology Letters, 15(6), 533–544. https://​doi.​org/​10.​1111/j.​1461-​
0248.​2012.​01764.​x

Clusella-Trullas, S., Blackburn, T. M., & Chown, S. L. (2011). Climatic 
predictors of temperature performance curve parameters in ec-
totherms imply complex responses to climate change. American 
Naturalist, 177(6), 738–751. https://​doi.​org/​10.​1086/​660021

Davis, M. B., Shaw, R. G., & Etterson, J. R. (2005). Evolutionary responses 
to changing climate. Ecology, 86(7), 1704–1714.

de Frenne, P., Zellweger, F., Rodríguez-Sánchez, F., Scheffers, B. R., 
Hylander, K., Luoto, M., Vellend, M., Verheyen, K., & Lenoir, J. 
(2019). Global buffering of temperatures under forest canopies. 
Nature Ecology & Evolution, 3(5), 744–749. https://​doi.​org/​10.​1038/​
s4155​9-​019-​0842-​1

Diallo, M., Ollier, S., Mayeur, A., Fernández-Manjarrés, J., García-
Fernández, A., Iriondo, J. M., Vaissière, A. C., & Colas, B. (2021). Plant 
translocations in Europe and the Mediterranean: Geographical and 
climatic directions and distances from source to host sites. Journal 
of Ecology, 109(6), 2296–2308. https://​doi.​org/​10.​1111/​1365-​2745.​
13609​

Díaz, S. M., Settele, J., Brondízio, E., Ngo, H., Guèze, M., Agard, J., Arneth, 
A., Balvanera, P., Brauman, K., Butchart, S., & Chan, K. (2019). The 
global assessment report on biodiversity and ecosystem services: 
Summary for policy makers. Bonn.

Dormann, C. F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G., 
Marquéz, J. R., Gruber, B., Lafourcade, B., Leitão, P. J., Münkemüller, 
T., & Lautenbach, S. (2013). Collinearity: A review of methods to 
deal with it and a simulation study evaluating their performance. 
Ecography, 36(1), 27–46. https://​doi.​org/​10.​1111/j.​1600-​0587.​
2012.​07348.​x

Elith, J. (2019). Machine learning, random forests, and boosted re-
gression trees. In L. A. Brennan, A. N. Tri, & B. G. Marcot (Eds.), 
Quantitative analyses in wildlife science (pp. 281–296). John Hopkins 
University Press.

Elith, J., Kearney, M., & Phillips, S. (2010). The art of modelling range-shift-
ing species. Methods in Ecology and Evolution, 1(4), 330–342. https://​
doi.​org/​10.​1111/j.​2041-​210x.​2010.​00036.​x

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal 
of Climatology, 37(12), 4302–4315. https://​doi.​org/​10.​1002/​joc.​
5086

Fordham, D. A., Haythorne, S., Brown, S. C., Buettel, J. C., & Brook, B. W. 
(2021). Poems: R package for simulating species' range dynamics 
using pattern-oriented validation. Methods in Ecology and Evolution, 
12(12), 2364–2371.

Fox, J., Weisberg, S., Price, B., Adler, D., Bates, D., Baud-Bovy, G., Bolker, 
B., & Zeileis, A. (2019). Companion to applied regression “car”. R 
Package Version 3.0.-3.

Fox, R. J., Donelson, J. M., Schunter, C., Ravasi, T., & Gaitán-Espitia, J. D. 
(2019). Beyond buying time: The role of plasticity in phenotypic ad-
aptation to rapid environmental change. Philosophical Transactions 
of the Royal Society, B: Biological Sciences, 374(1768), 20180174. 
https://​doi.​org/​10.​1098/​rstb.​2018.​0174

Galante, P. J., Alade, B., Muscarella, R., Jansa, S. A., Goodman, S. M., & 
Anderson, R. P. (2018). The challenge of modeling niches and distri-
butions for data-poor species: A comprehensive approach to model 
complexity. Ecography, 41(5), 726–736. https://​doi.​org/​10.​1111/​
ecog.​02909​

Greenwood, O., Mossman, H. L., Suggitt, A. J., Curtis, R. J., & Maclean, 
I. M. D. (2016). REVIEW: Using in  situ management to conserve 
biodiversity under climate change. Journal of Applied Ecology, 53(3), 
885–894. https://​doi.​org/​10.​1111/​1365-​2664.​12602​

Gregory, R. D., Willis, S. G., Jiguet, F., Vorísek, P., Klvanová, A., van Strien, 
A., Huntley, B., Collingham, Y. C., Couvet, D., & Green, R. E. (2009). 
An indicator of the impact of climatic change on European bird 
populations. PLoS One, 4(3), e4678. https://​doi.​org/​10.​1371/​journ​
al.​pone.​0004678

Guillera-Arroita, G., Lahoz-Monfort, J. J., Elith, J., Gordon, A., Kujala, H., 
Lentini, P. E., McCarthy, M. A., Tingley, R., & Wintle, B. A. (2015). 
Is my species distribution model fit for purpose? Matching data 
and models to applications. Global Ecology and Biogeography, 24(3), 
276–292. https://​doi.​org/​10.​1111/​geb.​12268​

Guisan, A., Thuiller, W., & Zimmermann, N. E. (2017). Habitat suitability 
and distribution models: With applications in R. Cambridge University 
Press.

Habel, J. C., Rödder, D., Schmitt, T., & Nève, G. (2011). Global warming 
will affect the genetic diversity and uniqueness of Lycaena helle 
populations. Global Change Biology, 17(1), 194–205. https://​doi.​org/​
10.​1111/j.​1365-​2486.​2010.​02233.​x

Hampe, A., & Petit, R. J. (2005). Conserving biodiversity under climate 
change: The rear edge matters. Ecology Letters, 8(5), 461–467. 
https://​doi.​org/​10.​1111/j.​1461-​0248.​2005.​00739.​x

Hausfather, Z., & Peters, G. P. (2020). Emissions–the ‘business as usual’ 
story is misleading. Nature, 577(7792), 618–620.

Hirzel, A. H., Le Lay, G., Helfer, V., Randin, C., & Guisan, A. (2006). 
Evaluating the ability of habitat suitability models to predict spe-
cies presences. Ecological Modelling, 199(2), 142–152. https://​doi.​
org/​10.​1016/j.​ecolm​odel.​2006.​05.​017

Hoegh-Guldberg, O., Hughes, L., Mcintyre, S., Lindenmayer, D. B., 
Parmesan, C., Possingham, H. P., & Thomas, C. D. (2008). Assisted 
colonization and rapid climate change. Science, 321(July), 345–346.

Hoegh-Guldberg, O., Jacob, D., Taylor, M., Guillén Bolaños, T., Bindi, 
M., Brown, S., Camilloni, I. A., Diedhiou, A., Djalante, R., Ebi, K., & 
Engelbrecht, F. (2019). The human imperative of stabilizing global 
climate change at 1.5 C. Science, 365(6459), eaaw6974.

Ihlow, F., Dambach, J., Engler, J. O., Flecks, M., Hartmann, T., Nekum, S., 
Rajaei, H., & Rödder, D. (2012). On the brink of extinction? How 
climate change may affect global chelonian species richness and 
distribution. Global Change Biology, 18(5), 1520–1530. https://​doi.​
org/​10.​1111/j.​1365-​2486.​2011.​02623.​x

IUCN. (2013). Guidelines for reintroductions and other conservation translo-
cations. Version 1.0. Gland.

Jones, H. P., & Kress, S. W. (2012). A review of the world's active sea-
bird restoration projects. Journal of Wildlife Management, 76(1), 2–9. 
https://​doi.​org/​10.​1002/​jwmg.​240

Jump, A. S., Mátyás, C., & Peñuelas, J. (2009). The altitude-for-lat-
itude disparity in the range retractions of woody species. Trends 
in Ecology & Evolution, 24(12), 694–701. https://​doi.​org/​10.​1016/j.​
tree.​2009.​06.​007

Kingsolver, J. G., Diamond, S. E., & Buckley, L. B. (2013). Heat stress and 
the fitness consequences of climate change for terrestrial ecto-
therms. Functional Ecology, 27(6), 1415–1423. https://​doi.​org/​10.​
1111/​1365-​2435.​12145​

Kozak, K. H., & Wiens, J. J. (2007). Climatic zonation drives latitudinal 
variation in speciation mechanisms. Proceedings of the Royal Society 
B: Biological Sciences, 274(1628), 2995–3003. https://​doi.​org/​10.​
1098/​rspb.​2007.​1106

Krause, C., & Pennington, D. (2012). Strategic decisions in conservation: 
Using species distribution modeling to match ecological require-
ments to available habitat. In Plant reintroduction in a changing cli-
mate (pp. 131–153). Island Press.

Kujala, H., Moilanen, A., Araújo, M. B., & Cabeza, M. (2013). Conservation 
planning with uncertain climate change projections. PLoS One, 8(2), 
e53315. https://​doi.​org/​10.​1371/​journ​al.​pone.​0053315

Lee-Yaw, J. A., Kharouba, H. M., Bontrager, M., Mahony, C., Csergő, A. 
M., Noreen, A. M. E., Li, Q., Schuster, R., & Angert, A. L. (2016). A 
synthesis of transplant experiments and ecological niche models 

 14724642, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ddi.13795 by T

est, W
iley O

nline L
ibrary on [08/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/j.1461-0248.2012.01764.x
https://doi.org/10.1111/j.1461-0248.2012.01764.x
https://doi.org/10.1086/660021
https://doi.org/10.1038/s41559-019-0842-1
https://doi.org/10.1038/s41559-019-0842-1
https://doi.org/10.1111/1365-2745.13609
https://doi.org/10.1111/1365-2745.13609
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.2041-210x.2010.00036.x
https://doi.org/10.1111/j.2041-210x.2010.00036.x
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1098/rstb.2018.0174
https://doi.org/10.1111/ecog.02909
https://doi.org/10.1111/ecog.02909
https://doi.org/10.1111/1365-2664.12602
https://doi.org/10.1371/journal.pone.0004678
https://doi.org/10.1371/journal.pone.0004678
https://doi.org/10.1111/geb.12268
https://doi.org/10.1111/j.1365-2486.2010.02233.x
https://doi.org/10.1111/j.1365-2486.2010.02233.x
https://doi.org/10.1111/j.1461-0248.2005.00739.x
https://doi.org/10.1016/j.ecolmodel.2006.05.017
https://doi.org/10.1016/j.ecolmodel.2006.05.017
https://doi.org/10.1111/j.1365-2486.2011.02623.x
https://doi.org/10.1111/j.1365-2486.2011.02623.x
https://doi.org/10.1002/jwmg.240
https://doi.org/10.1016/j.tree.2009.06.007
https://doi.org/10.1016/j.tree.2009.06.007
https://doi.org/10.1111/1365-2435.12145
https://doi.org/10.1111/1365-2435.12145
https://doi.org/10.1098/rspb.2007.1106
https://doi.org/10.1098/rspb.2007.1106
https://doi.org/10.1371/journal.pone.0053315


12  |    BELLIS et al.

suggests that range limits are often niche limits. Ecology Letters, 
19(6), 710–722. https://​doi.​org/​10.​1111/​ele.​12604​

Lehner, B., Verdin, K., & Jarvis, A. (2008). New global hydrography de-
rived from spaceborne elevation data. Eos, Transactions American 
Geophysical Union, 89(10), 93–94.

Lesica, P., & Crone, E. E. (2017). Arctic and boreal plant species decline at 
their southern range limits in the Rocky Mountains. Ecology Letters, 
20(2), 166–174. https://​doi.​org/​10.​1111/​ele.​12718​

Li, X., Chen, G., Liu, X., Liang, X., Wang, S., Chen, Y., Pei, F., & Xu, X. 
(2017). A new global land-use and land-cover change product at a 
1-km resolution for 2010 to 2100 based on human–environment 
interactions. Annals of the American Association of Geographers, 
107(5), 1040–1059.

Liu, P. R., & Raftery, A. E. (2021). Country-based rate of emissions 
reductions should increase by 80% beyond nationally deter-
mined contributions to meet the 2°C target. Communications 
Earth & Environment, 2(1), 29. https://​doi.​org/​10.​1038/​s4324​7-​
021-​00097​-​8

Ma, C. S., Ma, G., & Pincebourde, S. (2021). Survive a warming climate: 
Insect responses to extreme high temperatures. Annual Review of 
Entomology, 66, 163–184. https://​doi.​org/​10.​1146/​annur​ev-​ento-​
04152​0-​074454

Maes, D., Ellis, S., Goffart, P., Cruickshanks, K. L., van Swaay, C. A. M., 
Cors, R., Herremans, M., Swinnen, K. R. R., Wils, C., Verhulst, S., 
Bruyn, L., Matthysen, E., O'Riordan, S., Hoare, D. J., & Bourn, N. A. 
D. (2019). The potential of species distribution modelling for rein-
troduction projects: The case study of the Chequered skipper in 
England. Journal of Insect Conservation, 23(2), 419–431. https://​doi.​
org/​10.​1007/​s1084​1-​019-​00154​-​w

McDonald, T. L., Manly, B. F. J., Nielson, R. M., & Diller, L. V. (2006). 
Discrete-choice modeling in wildlife studies exemplified by north-
ern spotted owl nighttime habitat selection. Journal of Wildlife 
Management, 70(2), 375–383. https://​doi.​org/​10.​2193/​0022-​
541x(2006)​70[375:​dmiwse]​2.0.​co;​2

McLaughlin, B. C., Skikne, S. A., Beller, E., Blakey, R. V., Olliff-Yang, R. 
L., Morueta-Holme, N., Heller, N. E., Brown, B. J., & Zavaleta, E. S. 
(2022). Conservation strategies for the climate crisis: An update on 
three decades of biodiversity management recommendations from 
science. Biological Conservation, 268(December 2020), 109497. 
https://​doi.​org/​10.​1016/j.​biocon.​2022.​109497

Meehl, G. A., Senior, C. A., Eyring, V., Flato, G., Lamarque, J. F., Stouffer, 
R. J., Taylor, K. E., & Schlund, M. (2020). Context for interpreting 
equilibrium climate sensitivity and transient climate response 
from the CMIP6 earth system models. Science. Advances, 6(26), 
eaba1981.

Nicastro, K. R., Zardi, G. I., Teixeira, S., Neiva, J., Serrão, E. A., & Pearson, 
G. A. (2013). Shift happens: Trailing edge contraction associated 
with recent warming trends threatens a distinct genetic lineage in 
the marine macroalga Fucus vesiculosus. BMC Biology, 11. https://​
doi.​org/​10.​1186/​1741-​7007-​11-​6

Osborne, P. E., & Seddon, P. J. (2012). Selecting suitable habitats for re-
introductions: Variation, change and the role of species distribution 
modelling. In Reintroduction biology: Integrating science and manage-
ment. John Wiley & Sons. https://​doi.​org/​10.​1002/​97814​44355​
833.​ch3

Pecl, G. T., Araújo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, 
I. C., Clark, T. D., Colwell, R. K., Danielsen, F., Evengård, B., Falconi, 
L., Ferrier, S., Frusher, S., Garcia, R. A., Griffis, R. B., Hobday, A. 
J., Janion-Scheepers, C., Jarzyna, M. A., Jennings, S., … Williams, 
S. E. (2017). Biodiversity redistribution under climate change: 
Impacts on ecosystems and human well-being. Science, 355(6332), 
eaai9214. https://​doi.​org/​10.​1126/​scien​ce.​aai9214

Poggio, L., De Sousa, L. M., Batjes, N. H., Heuvelink, G., Kempen, B., 
Ribeiro, E., & Rossiter, D. (2021). SoilGrids 2.0: Producing soil in-
formation for the globe with quantified spatial uncertainty. The Soil, 
7(1), 217–240.

Prober, S. M., Doerr, V. A. J., Broadhurst, L. M., Williams, K. J., & Dickson, 
F. (2019). Shifting the conservation paradigm: A synthesis of options 
for renovating nature under climate change. Ecological Monographs, 
89(1), 1–23. https://​doi.​org/​10.​1002/​ecm.​1333

Quinn, G. P., & Keough, M. J. (2002). Experimental design and data analysis 
for biologists. Cambridge University Press.

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing https://​www.​R-​proje​ct.​
org/​

Rabosky, A. D., Cox, C. L., Rabosky, D. L., Title, P. O., Holmes, I. A., 
Feldman, A., & McGuire, J. A. (2016). Coral snakes predict the evolu-
tion of mimicry across New World snakes. Nature Communications, 
7(May), 1–9. https://​doi.​org/​10.​1038/​ncomm​s11484

Radosavljevic, A., & Anderson, R. P. (2014). Making better maxent mod-
els of species distributions: Complexity, overfitting and evaluation. 
Journal of Biogeography, 41(4), 629–643. https://​doi.​org/​10.​1111/​
jbi.​12227​

Riahi, K., Van Vuuren, D. P., Kriegler, E., Edmonds, J., O'Neill, B. C., 
Fujimori, S., Bauer, N., Calvin, K., Dellink, R., Fricko, O., & Lutz, 
W. (2017). The shared socioeconomic pathways and their energy, 
land use, and greenhouse gas emissions implications: An overview. 
Global Environmental Change, 42, 153–168. https://​doi.​org/​10.​
1016/j.​gloen​vcha.​2016.​05.​009

Ricciardi, A., & Simberloff, D. (2021). Assisted colonization risk assess-
ment. Science, 372(6545), 925–926.

Schielzeth, H. (2010). Simple means to improve the interpretability of 
regression coefficients. Methods in Ecology and Evolution, 1(2), 103–
113. https://​doi.​org/​10.​1111/j.​2041-​210x.​2010.​00012.​x

Seddon, P. J. (2010). From reintroduction to assisted colonization: 
Moving along the conservation translocation Spectrum. Restoration 
Ecology, 18(6), 796–802. https://​doi.​org/​10.​1111/j.​1526-​100X.​
2010.​00724.​x

Sequeira, A. M., Bouchet, P. J., Yates, K. L., Mengersen, K., & Caley, 
M. J. (2018). Transferring biodiversity models for conservation: 
Opportunities and challenges. Methods in Ecology and Evolution, 
9(5), 1250–1264.

Serfass, T. L., Bohrman, J. A., Stevens, S. S., & Bruskotter, J. T. (2014). 
Otters and anglers can share the stream! The role of social science 
in dissuading negative messaging about reintroduced predators. 
Human Dimensions of Wildlife, 19(6), 532–544. https://​doi.​org/​10.​
1080/​10871​209.​2014.​928837

Sexton, J. P., McIntyre, P. J., Angert, A. L., & Rice, K. J. (2009). Evolution 
and ecology of species range limits. Annual Review of Ecology, 
Evolution, and Systematics, 40(1), 415–436. https://​doi.​org/​10.​
1146/​annur​ev.​ecols​ys.​110308.​120317

Skikne, S. A., Borker, A. L., Terrill, R. S., & Zavaleta, E. (2020). Predictors 
of past avian translocation outcomes inform feasibility of future 
efforts under climate change. Biological Conservation, 247(May), 
108597. https://​doi.​org/​10.​1016/j.​biocon.​2020.​108597

Soroye, P., Newbold, T., & Kerr, J. (2020). Climate change contributes 
to widespread declines among bumble bees across continents. 
Science, 367(6478), 685–688.

Stephens, P. A., Mason, L. R., Green, R. E., Gregory, R. D., Sauer, J. R., 
Alison, J., Aunins, A., Brotons, L., Butchart, S. H., Campedelli, T., 
Chodkiewicz, T., Chylarecki, P., Crowe, O., Elts, J., Escandell, V., 
Foppen, R. P., Heldbjerg, H., Herrando, S., Husby, M., … Willis, S. G. 
(2016). Consistent response of bird populations to climate change 
on two continents. Science, 352(6281), 84–87.

Sterrett, S. C., Katz, R. A., Brand, A. B., Fields, W. R., Dietrich, A. E., 
Hocking, D. J., Foreman, T. M., Wiewel, A. N., & Grant, E. H. (2019). 
Proactive management of amphibians: Challenges and opportu-
nities. Biological Conservation, 236, 404–410. https://​doi.​org/​10.​
1016/j.​biocon.​2019.​05.​057

Sunday, J. M., Bates, A. E., Kearney, M. R., Colwell, R. K., Dulvy, N. K., 
Longino, J. T., & Huey, R. B. (2014). Thermal-safety margins and 
the necessity of thermoregulatory behavior across latitude and 

 14724642, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ddi.13795 by T

est, W
iley O

nline L
ibrary on [08/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/ele.12604
https://doi.org/10.1111/ele.12718
https://doi.org/10.1038/s43247-021-00097-8
https://doi.org/10.1038/s43247-021-00097-8
https://doi.org/10.1146/annurev-ento-041520-074454
https://doi.org/10.1146/annurev-ento-041520-074454
https://doi.org/10.1007/s10841-019-00154-w
https://doi.org/10.1007/s10841-019-00154-w
https://doi.org/10.2193/0022-541x(2006)70%5B375:dmiwse%5D2.0.co;2
https://doi.org/10.2193/0022-541x(2006)70%5B375:dmiwse%5D2.0.co;2
https://doi.org/10.1016/j.biocon.2022.109497
https://doi.org/10.1186/1741-7007-11-6
https://doi.org/10.1186/1741-7007-11-6
https://doi.org/10.1002/9781444355833.ch3
https://doi.org/10.1002/9781444355833.ch3
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1002/ecm.1333
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1038/ncomms11484
https://doi.org/10.1111/jbi.12227
https://doi.org/10.1111/jbi.12227
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1111/j.2041-210x.2010.00012.x
https://doi.org/10.1111/j.1526-100X.2010.00724.x
https://doi.org/10.1111/j.1526-100X.2010.00724.x
https://doi.org/10.1080/10871209.2014.928837
https://doi.org/10.1080/10871209.2014.928837
https://doi.org/10.1146/annurev.ecolsys.110308.120317
https://doi.org/10.1146/annurev.ecolsys.110308.120317
https://doi.org/10.1016/j.biocon.2020.108597
https://doi.org/10.1016/j.biocon.2019.05.057
https://doi.org/10.1016/j.biocon.2019.05.057


    |  13BELLIS et al.

elevation. Proceedings of the National Academy of Sciences of the 
United States of America, 111(15), 5610–5615. https://​doi.​org/​10.​
1073/​pnas.​13161​45111​

Tebaldi, C., Debeire, K., Eyring, V., Fischer, E., Fyfe, J., Friedlingstein, P., 
Knutti, R., Lowe, J., O'Neill, B., Sanderson, B., & Van Vuuren, D. 
(2020). Climate model projections from the scenario model inter-
comparison project (ScenarioMIP) of CMIP6. Earth System Dynamics 
Discussions, 2020, 1–50.

Thomas, C. D. (2011). Translocation of species, climate change, and the 
end of trying to recreate past ecological communities. Trends in 
Ecology & Evolution, 26(5), 216–221. https://​doi.​org/​10.​1016/j.​tree.​
2011.​02.​006

Thuiller, W., Georges, D., Engler, R., & Breiner, F. (2016). biomod2: 
Ensemble platform for species distribution modeling. R Package 
Version 3.3.7.

Vasseur, D. A., DeLong, J. P., Gilbert, B., Greig, H. S., Harley, C. D. G., 
McCann, K. S., Savage, V., Tunney, T. D., & O'Connor, M. I. (2014). 
Increased temperature variation poses a greater risk to species 
than climate warming. Proceedings of the Royal Society B: Biological 
Sciences, 281(1779), 20132612. https://​doi.​org/​10.​1098/​rspb.​
2013.​2612

Wiens, J. J. (2016). Climate-related local extinctions are already 
widespread among plant and animal species. PLoS Biology, 14(12), 
1–18.

Yates, K. L., Bouchet, P. J., Caley, M. J., Mengersen, K., Randin, C. F., 
Parnell, S., Fielding, A. H., Bamford, A. J., Ban, S., Barbosa, A. M., 
Dormann, C. F., Elith, J., Embling, C. B., Ervin, G. N., Fisher, R., 
Gould, S., Graf, R. F., Gregr, E. J., Halpin, P. N., … Sequeira, A. M. M. 
(2018). Outstanding challenges in the transferability of ecological 
models. Trends in Ecology & Evolution, 33, 790–802.

Zurell, D., Franklin, J., König, C., Bouchet, P. J., Dormann, C. F., Elith, J., 
Fandos, G., Feng, X., Guillera-Arroita, G., Guisan, A., Lahoz-Monfort, 
J. J., & Merow, C. (2020). A standard protocol for reporting species 
distribution models. Ecography, 43(9), 1261–1277. https://​doi.​org/​
10.​1111/​ecog.​04960​

BIOSKE TCH
Joe Bellis is a postdoctoral researcher affiliated with Liverpool 
John Moores University. He works primarily on conservation-
driven translocations, covering a variety of taxonomic groups 
from plants to animals, with a goal of better understanding the 
factors that shape project outcomes.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Bellis, J. M., Maschinski, J., Bonnin, 
N., Bielby, J., & Dalrymple, S. E. (2023). Climate change 
threatens the future viability of translocated populations. 
Diversity and Distributions, 00, 1–13. https://doi.org/10.1111/
ddi.13795

 14724642, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ddi.13795 by T

est, W
iley O

nline L
ibrary on [08/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1073/pnas.1316145111
https://doi.org/10.1016/j.tree.2011.02.006
https://doi.org/10.1016/j.tree.2011.02.006
https://doi.org/10.1098/rspb.2013.2612
https://doi.org/10.1098/rspb.2013.2612
https://doi.org/10.1111/ecog.04960
https://doi.org/10.1111/ecog.04960
https://doi.org/10.1111/ddi.13795
https://doi.org/10.1111/ddi.13795

	Climate change threatens the future viability of translocated populations
	Abstract
	1|INTRODUCTION
	2|METHODOLOGY
	2.1|Overview of species distribution models
	2.2|Quantifying and comparing suitability change
	2.3|Spatial attributes of recipient sites
	2.4|Statistical analyses

	3|RESULTS
	3.1|Model evaluation
	3.2|Model extrapolation
	3.3|Predicted suitability and projected changes
	3.4|Comparing suitability change across spatial scales
	3.5|Spatial attributes of recipient sites

	4|DISCUSSION
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES
	BIOSKETCH


