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Abstract

1. Species reintroductions often aim to establish populations of threatened taxa over
the long-term. However, climate change may jeopardize reintroduction efforts by
altering the conditions of a recipient site beyond the tolerances of the focal species. To
aid the selection of recipient sites that will retain their suitability under climate change,
species distribution models (SDMs) have been proposed as a method of locating areas
with a greater likelihood of facilitating species persistence.

2. We applied SDMs to predict macroclimatic suitability changes for 13 threatened
plant and invertebrate species considered for reintroduction at four lowland raised
bog sites undergoing restoration. We estimated suitability based on current and pro-
jected future conditions under two greenhouse gas concentration scenarios - one low
(RCP2.6) and one high (RCP8.5) - using three general circulation models, for the period
2041-2060.

3. When considering current predicted suitability, our models indicated that nine
species were viable candidates for reintroduction to at least one of the restoration
sites. But when accounting for potential future changes in suitability, the number of
candidates was reduced to seven species, based on the RCP8.5 climate change sce-
nario. While three of the sites received consistently similar predictions of suitability
across species and scenarios, the most northerly site, Red Moss, received divergent
suitability predictions for some species. This site is predicted to remain suitable for
Metrioptera brachyptera and Genista anglica under at least one scenario despite sub-
stantial losses forecast across the rest of their U.K. ranges, suggesting that it could act
as a macroclimatic refuge as climate change advances.

4. The findings presented here made a valuable contribution to the reintroduction
planning process, by facilitating the prioritization of reintroduction efforts towards
species with a greater likelihood of establishing long-term populations at the prospec-

tive recipient sites.
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the original work is properly cited.
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1 | INTRODUCTION

Anthropogenic pressures in the form of climate change, intensive agri-
culture, pollution, overexploitation and the introduction of invasive
species have led to the degradation and loss of habitats worldwide
(Diazetal., 2019). These pressures have caused numerous regional and
global extinctions (Pimm et al., 2014). As species are lost from commu-
nities, so too are their ecological interactions, which may lead to func-
tional deficits in the ecosystem (Valiente-Banuet et al., 2015).

Ecological restoration focuses on improving degraded ecosystems
by restoring structural and functional complexity (Lipsey et al., 2007).
While some species will be able to recolonize restoration sites through
natural dispersal mechanisms, others will struggle due to an increas-
ingly fragmented landscape (McGuire et al., 2016). To aid the coloniza-
tion process, reintroductions and other conservation translocations
are increasingly utilized (Seddon et al., 2007; Taylor et al., 2017). Rein-
troductions, in which organisms are translocated into parts of their
indigenous range (IUCN, 2013), have contributed to some major con-
servation successes, such as the reversal of the decline of the Large
Blue butterfly Maculinea arion in the UK (Thomas et al., 2009). His-
torically, however, reintroduction attempts of both animals and plants
have oftenfailed to establish viable populations (Dalrymple et al., 2012;
Fischer & Lindenmayer, 2000).

Abiotic factors at the recipient site are one of the most frequently
cited causes of failure in conservation translocations (Bellis et al.,
2019). To mitigate the risk of reintroducing organisms to habitats that
do not meet their abiotic needs, the Guidelines for Reintroductions
and Other Conservation Translocations (IUCN, 2013) recommend that
‘the climate requirements of the focal species should be understood
and matched to current and/or future climate at the destination site’.
Species distribution models (SDMs) offer an approach for identifying
sites that meet the environmental requirements of focal species (IUCN,
2013). An SDM is a statistical tool that combines species occurrences
with environmental descriptors to produce spatially explicit predic-
tions of suitability. Recipient site suitability predicted using macrocli-
matic SDMs was shown to be positively associated with the probability
of translocation success (Bellis et al., 2020). However, relying solely on
SDM s fitted with macroecological variables is insufficient to assess a
prospective recipient site fully, as a species selects its habitat at multi-
ple spatial scales (Johnson, 1980). Fine-scale factors, such as the avail-
ability of suitable microclimates or the presence of symbionts, are not
fully captured by SDMs fitted with macroecological variables (Louthan
et al., 2015), thus finer scale surveys should complement SDM predic-
tions to reflect the multiple processes and interactions that deliver a
species’ niche requirements (Stadtmann & Seddon, 2018).

One common application of SDMs that has received less attentionin
the reintroduction context (but see Maes et al., 2019) is the prediction

of suitability under future anthropogenic climate change (Araujo et al.,
2019; Fodenetal.,2019). Areas that will retain their suitability over the
timeframe required to meet the objectives of a reintroduction project
can be identified by projecting SDM outputs onto scenarios of future
climate change. However, there are a number of potential limitations
associated with using SDMs to project suitability across time, such
as assuming that species-climate relationships will remain constant
(Pearson & Dawson, 2003), not accounting for extreme weather events
(Moran-Ordoiez et al., 2018) and the inherent uncertainty attached to
projections of future climatic conditions (Kujala et al., 2013). Despite
these limitations, SDMs have accurately predicted plant and animal
responses to recent climate change (Dobrowski et al., 2011; Stephens
et al., 2016). As climate change-driven local extinctions have already
become geographically and taxonomically widespread (Wiens, 2016),
the potential benefits of incorporating climate change projections into
reintroduction management plans likely outweigh the potential costs.

In this study, we use SDMs to estimate potential suitability changes
for 13 species earmarked for, or currently undergoing reintroduction
at four lowland raised bog sites undergoing restoration in north west
England. Bogs are highly complex ecosystems that form through the
gradual accumulation of decaying plant material (often Sphagnum spp.;
Bragg & Tallis, 2001). They support highly specialized flora and fauna,
affording them high conservation value (Buchholz, 2016; Minayeva
et al,, 2017). However, degradation of bogs through drainage (in order
to dry out and improve the land for forestry and farming) and cut-
ting over (harvesting for peat) has resulted in a dramatic decline in the
extent of the habitat across Europe, where it is estimated that more
than 50% of bogs have been lost (Finlayson & Spiers, 1999; Joosten,
2012), with the largest decreases occurring in the past 75 years (EU,
2007). Because of this, many characteristic bog species are now threat-
ened or already extinct (Hughes et al., 2008; Topi¢ & Stanci¢, 2006).
Moreover, there are concerns about the potential negative impacts of
climate change (Gallego-Sala et al., 2010), which may be more pro-
nounced on raised bogs, since the habitat is ombrotrophic and highly
sensitive to changes in temperature and evapotranspiration (Aaby,
1976).

Our focal taxa consists of nine perennial plant and four insect
species that are of local and/or national conservation significance.
Some of these species have not been observed at the restoration sites
for more than a century, raising concerns over their candidacy for rein-
troduction due to past and projected future changes in climate. There-
fore, our main objective was to assess the suitability of the restoration
sites for the 13 reintroduction candidate species, by considering both
current and projected future macroecological conditions. To achieve
this, we used ensemble forecasting techniques (Aratjo & New, 2007),
which combine multiple SDMs into a single ensemble model through

different averaging criteria. To estimate future suitability, SDMs were
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FIGURE 1 Map of the study area and the locations of the four raised bog restoration sites in north west, England, UK

TABLE 1 Taxonomy, life history and Red List statuses (ENG = England, WL = Wales, IRL = Republic of Ireland and GB = Great Britain) of the 13
reintroduction candidate species. The life history traits presented are indicative of plant longevity and insect generational turnover, reflecting the

information available for each group

Species Group Order Life history ENG WL IRL GB
Bog-rosemary Andromeda polifolia Plant Ericales Perennial NT LC LC LC
Great Sundew Drosera anglica Plant Caryophyllales Perennial EN VU LC NT
Oblong-leaved Sundew Drosera intermedia Plant Caryophyllales Perennial VU VU LC LC
Petty Whin Genista anglica Plant Fabales Perennial VU LC N/A NT
Marsh Gentian Gentiana pneumonanthe Plant Gentianales Perennial NT VU N/A LC
Marsh Clubmoss Lycopodiella inundata Plant Lycopodiales Perennial EN VU VU EN
Bog Asphodel Narthecium ossifragum Plant Dioscoreales Perennial LC LC LC LC
White Beak-sedge Rhynchospora alba Plant Poales Perennial NT LC LC LC
Lesser Bladderwort Utricularia minor Plant Lamiales Perennial VU LC LC LC
Manchester Treble-bar Carsia sororiata Insect Lepidoptera Univoltine - - CR -

Large Heath Coenonympha tullia Insect Lepidoptera Univoltine - - VU VU
White-faced Darter Leucorrhinia dubia Insect Odonata Semivoltine = = = EN
Bog Bush Cricket Metrioptera brachyptera Insect Orthoptera Semivoltine - - - LC

projected to 2041-2060, based on two greenhouse gas concentration
scenarios and three general circulation models (GCMs). To determine
the potential wider contribution of these reintroductions to the con-
servation of each species, we also estimated distributional changes at
the scale of the UK and Ireland.

2 | MATERIALS AND METHODS
2.1 | Study area

The study area is located in north west England (53°27’N, 2°27'W),
across the counties of Cheshire, Lancashire, Merseyside and Greater

Manchester (Figure 1). Up until the 19th century, the study area
consisted of an expansive lowland raised bog. However, due to rail-
way construction, agricultural expansion and sustained peat extrac-
tion, just 2% of the raised bog habitat remains, with remnant patches
now highly fragmented and many in poor condition. A partnership
between NGOs, private organizations and academic institutions is now
working to restore some of the lowland raised bog sites. At four of
the sites, namely Astley, Cadishead, Red and Risley, there are plans
to reintroduce 13 plant and invertebrate species that are of local
and/or national conservation concern (Table 1). All of these species
are typical of healthy bog habitat representing a range of conditions
from bog pools (Utricularia minor) through to the drier fringes (Genista
anglica).
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2.2 | Species distribution models

2.2.1 | Data selection

We compiled a database of global occurrences using multiple data
repositories where possible for each species. While SDMs constructed
from openly available data repositories can achieve accuracy compa-
rable with those constructed from field-sampled data (Jackson et al.,
2015), there are a number of potential pitfalls that require considera-
tion (e.g. coordinate imprecision, spatial biases and inclusion of histor-
ical records) (Beck et al., 2014). Therefore, we diligently cleaned each
species occurrence dataset to maximize spatial and temporal reliabil-
ity in preparation for modelling (further details are given in Appendix
S1inthe Supporting Information).

We considered a combination of nine climatic variables and soil
pH as macroecological predictors in our SDMs, based on their eco-
physiological relevance to our focal species. Seven climate variables
were downloaded from the WorldClim dataset (Version 1.4; www.
worldclim.org) (Hijmans et al., 2005). We also generated growing
degree days (sum of all monthly temperatures greater than 5°C;
Prentice et al., 1992) using the envirem package (v2.0; Title & Bemmels,
2018) in Rv.3.5.1 (R Core Team, 2018) and soil moisture deficit (differ-
ence between annual precipitation and potential evapotranspiration;
PET was provided by A. Trabucco; (Trabucco & Zomer, 2009). We down-
loaded data on soil pH in H,O at a depth of 15 cm from the web-based
global soil information system (SoilGrids; https://soilgrids.org; Hengl
et al., 2017). To avoid multicollinearity between the 10 predictors, we
removed variables that presented a variance inflation factor of >10
(Dormann et al., 2013; Guisan et al., 2017) using the R package usdm
(v. 1.1-18) (Naimi, 2015) (Appendix S1).

To estimate future suitability, we used three GCMs to derive pro-
jections of the nine climatic variables for the period 2041-2060;
these included MPI-SM-LR (Giorgetta et al., 2013), IPSLCM5A-LR
(Dufresne et al., 2013) and HadGEM2-ES (Jones et al., 2011). Addi-
tionally, we used two representative concentration pathways describ-
ing low (RCP2.6) and high (RCP8.5) greenhouse gas concentration sce-
narios. To assess the degree of extrapolation for each climate projec-
tion (i.e. the extent to which projected environmental conditions were
outside those represented within the model calibration data; Barbosa
et al., 2009; Aradjo et al., 2019), we computed a multivariate environ-
mental similarity surface (MESS) with the dismo package (v1.1-4; Hij-
mans et al., 2017) in R (Appendix S1).

2.2.2 | Modelling approach

We used an ensemble of SDM algorithms to minimize the uncertainty
associated with single modelling techniques (Buisson et al., 2010). Our
ensemble consisted of generalized additive model, multivariate adap-
tive regression splines (MARS), generalized boosted model, random
forest (RF) and Maxent and was implemented in the biomod2 pack-

age (v. 3.3-7) (Thuiller et al., 2016) in R. To measure the agreement

between models, we calculated the coefficient of variation (standard
deviation/mean). Model performance was evaluated using the receiver
operating characteristic to determine an area under the curve (AUC)
and the true skill statistic (TSS). As we were reliant on presence-only
data, we generated pseudo-absences (PAs) for each SDM based on rec-
ommendations in the literature (Barbet-Massin et al., 2012; Chefaoui &
Lobo, 2008; VanDerWal et al., 2009). Because we used PAs instead of
true absence data and suitability values were not real occurrence prob-
abilities (Guillera-Arroita et al., 2015), to make predictions comparable
across species we standardized the predicted climate suitability values
to range between 0 and 1 with the following formula: (x — min)/(max —
min) (Appendix S1).

To categorize the candidacy of species for reintroduction and to esti-
mate distributional changes based on current and 2041-2060 condi-
tions, we converted continuous outputs to binary predictions using the
suitability value that maximized the TSS score. We chose this method
because it demonstrated improved reliability over other commonly
applied approaches when only present data were available (Liu et al.,
2013).

2.3 | Data analyses

To estimate the future suitability of the recipient sites (and across the
whole of the UK and Ireland), we averaged the SDM projections for
the three GCMs to produce a consensus prediction of suitability. For
the purposes of this paper, we calculated the mean (SD) suitability of
the four potential recipient sites and present these as a single value.
As the four sites are within close proximity of each other and are pre-
dominantly located in lowland habitats, suitability predictions were
expected to be similar. However, binary suitability did differ among
sites for a small number of species (Table S2.3 in the Supporting Infor-
mation) and we explore the implications of this in the discussion.

To test the sensitivity of our suitability predictions to single-
variable dominance, we re-ran our SDMs without temperature
seasonality, while keeping all other parameters constant (though
calibration/testing sets differed). Similar approaches have been used
previously to test the robustness of SDM predictions to variable
selection (Almpanidou et al., 2016). We computed Pearson’s corre-
lation coefficients to calculate the strength of correlation between
suitability predictions made with and without temperature seasonality
for current and projected future climates.

To gain a more comprehensive view of the threat posed by climate
change to the UK and Ireland ranges of our focal species (Ohlemdiller
et al., 2006), we calculated three types of suitability change based on

the binary output maps:

1. Proportional change in overall suitability (assuming full dispersal). This
quantifies the overall predicted change in the number of cells
between those classified as suitable currently, and cells classified as
suitable in 2041-2060. It assumes that the species can disperse to
all suitable cells in the future.
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2. Proportional change in currently suitable cells (no dispersal). This quan-
tifies the threat posed by projected climate change in 2041-
2060 to cells predicted to be suitable under current conditions. It
assumes that the modelled species will be unable to disperse to
newly emerging suitable cells.

3. Proportional change in suitability of occupied cells (no dispersal). This
quantifies the threat posed by projected climate change in 2041-
2060 to currently suitable cells where a species has been recorded
as present. It assumes that the species will be dispersal limited to

currently occupied cells.

Calculating multiple types of suitability change is advantageous
because one type may yield greater insight than another, depending on
the species dispersal capacity, the amount of survey effort applied to
locating the species and the species detectability. The first two mea-
sures are likely to be most informative for communicating the impacts
of climate change on species with less well-described distributions,
that is species that are more difficult to detect and/or are under-
surveyed (e.g. cryptic species such as Carsia sororiata). The third mea-
sure focuses on areas of confirmed species presence and is likely to
be most informative for species that are well-monitored/recorded (e.g.
conspicuous species such as Coenonympha tullia). This distinction arises
because the first two measures use predicted current suitability as a
starting point, which may represent a more realistic baseline for some
species (e.g. cryptic species) than if the observed distribution was used
(see challenges faced by Ballesteros-Mejia et al., 2017).

Previous studies have noted a positive association between the lati-
tudinal centre of species’ distributions and the threat posed by climate
change (Dyderski et al., 2018; Virkkala & Rajasarkka, 2011). To inves-
tigate the relevance of this association for our focal species, we used

the Spearman rank correlation to quantify the strength of association
between the mean latitudinal centre of the global distribution and the
proportional change in the suitability of occupied cells in the UK and
Ireland.

3 | RESULTS

Model discrimination accuracy metrics indicated good performance for
all species, with AUC ranging from 0.915 t0 0.986 (mean 0.944 + 0.005)
and TSS ranging from 0.649 to 0.866 (0.725 + 0.016).

The three most consistently high ranking variables in our focal
species SDMs were temperature seasonality, growing degree days
and soil pH (Table S2.1 in the Supporting Information). Although
the relative importance of these variables differed among species,
temperature seasonality ranked highest most frequently, being the
most important predictor for 10 species.

According to the MESS results, SDMs reported a negligible extrap-
olation when predicting suitability in future scenarios (Table 52.2 in
the Supporting Information). Proportions of the UK and Ireland with
some degree of model extrapolation ranged from 0% to 11%, with most
species at <3%. For all species, the potential recipient sites were well
within the range of values used to run the models.

The average suitability of the potential recipient sites showed a sta-
tistically significant difference between time periods for 12 species
(Figure 2). For the majority of species (n = 9), suitability is predicted to
decrease by 2041-2060 under at least one RCP scenario. The largest
decline in suitability is predicted for M. brachyptera, decreasing by
more than 50% under the more pessimistic RCP8.5 scenario. How-
ever, for four of the plant species, namely D. anglica, D. intermedia,

10 Projection

Current
RCP2.6 * %
RCP8.5

I o o
IS =) ®

Standardised suitability

o
)

Ap Da Di Ga Gp Li

No Ra Um Cs Ct Ld Mb
Species

FIGURE 2 Mean (SD) predicted environmental suitability of potential recipient sites for nine plant and four invertebrate species. SD
represents the variation in predicted suitability between the four sites. * indicates statistically significant differences between current and future
climate suitability according to a Wilcoxon signed-rank test (significance set to p < 0.05). Abbreviations are as follows: Ap, Andromeda polifolia; Cs,
Carsia sororiata; Ct, Coenonympha tullia; Da, Drosera anglica; Di, Drosera intermedia; Ga, Genista anglica; Gp, Gentiana pneumonanthe; Ld, Leucorrhinia
dubia; Li, Lycopodiella inundata; Mb, Metrioptera brachyptera; No, Narthecium ossifragum; Ra, Rhynchospora alba; Um, Utricularia inor.
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RCP26 RCP85
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Latitudinal centre of current distribution [°N]

FIGURE 3 Association between mean latitude of global distribution and proportion of threatened occupied area in the UK and Ireland. Left
panel is based on RCP2.6 and right panel RCP8.5. The shaded areas represent 95% confidence intervals. Abbreviations are as follows: Ap,
Andromeda polifolia; Cs, Carsia sororiata; Ct, Coenonympha tullia; Da, Drosera anglica; Di, Drosera intermedia; Ga, Genista anglica; Gp , Gentiana
pneumonanthe; Ld, Leucorrhinia dubia; Li, Lycopodiella inundata; Mb, Metrioptera brachyptera; No, Narthecium ossifragum; Ra, Rhynchospora alba; Um,

Utricularia minor.

G. pneumonanthe, and R. alba, climate change is actually forecast to
improve the suitability of the potential recipient sites by a statistically
significant amount (Figure 2).

Under current conditions, at least one of the sites was categorized
as suitable for nine species (Table S2.3 in the Supporting Information).
Under the RCP2.6 climate change scenario, this was reduced to eight,
and under the RCP8.5 scenario this was reduced to seven. Generally,
there was consistency in predicted suitability between Astley Moss,
Cadishead Moss and Risley Moss, but suitability at Red Moss differed
for some species (Table $S2.3 in the Supporting Information). According
to the RCP2.6 scenario, all sites were categorized as unsuitable for M.
brachyptera except Red Moss, which remained above the binary thresh-
old. Similarly, Red Moss was the only site predicted to remain suitable
for G. anglica under the RCP8.5 scenario (Table S2.3 in the Support-
ing Information), indicating that reintroduction efforts would not be
impaired by projected climate change for this species.

The agreement between SDM predictions (measured using the coef-
ficient of variation) at recipient sites was relatively high for species
with more favourable suitability predictions (Table S2.4 in the Support-
ing Information). Agreement was much lower for species that received
unsuitable predictions at the recipient sites, such as C. sororiata and
L. dubia. Furthermore, divergence between SDM predictions increased
when models were projected onto the future climate change scenarios.
When comparing the agreement between the different GCMs, values

were not as extreme as for SDMs, but followed a similar trend in that

agreement was higher for species that received favourable suitability
predictions.

At the wider UK and Ireland scale, the projected threat of climate
change to occupied area was highest under the RCP8.5 scenario. Three
of the four species predicted to lose >20% of currently occupied area
under both climate change scenarios were invertebrates. Of these
species, the most extreme losses were predicted for C. sororiata (Fig-
ure 3) and M. brachyptera (Figure S2.1 in the Supporting Information),
which are predicted to lose 54.3% and 61.9% under the RCP2.6 sce-
nario, and 82.7% and 93.9% under the RCP8.5 scenario, respectively
(Figure 3). For plants, the biggest losses of currently occupied area
were predicted for A. polifolia, with SDMs forecasting a 21.3% loss
under RCP2.6 and 52.3% under the more severe RCP8.5 scenario. In
contrast, the currently occupied cells of D. intermedia, G. pneumonanthe,
N. ossifragum, R. alba and C. tullia were barely threatened (<3%) by pro-
jected climate change. G. pneumonanthe represents the best example of
this (Figure 3) and is actually forecast to experience a large increase in
climatically suitable area (>120%) across the UK and Ireland by 2041-
2060 (Figure 4).

Climate change presented a greater risk to species with more
northerly distributions (Figure 3), and there was a statistically
significant positive correlation between proportion of threatened
occupied area and the mean latitudinal centre of current distribution
under both RCP2.6 (rho = 0.676, p = 0.014) and RCP8.5 (rho = 0.599,
p = 0.034) (Figure 3). However, M. brachyptera was an outlier to this
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FIGURE 4 Predicted changes in suitable area across the UK and Ireland forCarsia sororiata and Gentiana pneumonanthe by 2041-2060 under
RCP2.6 and RCP8.5. The proportional change in overall suitability (i) and the proportional change in currently suitable cells (ii), which are described
in more detail in the Materials and Methods, are also presented. Species presented here represent the extremes of negative and positive
projections. Suitability change maps for other species are available in Figure S2.1 in the Supporting Information.

trend, with a large proportion of its current UK range threatened by
climate change despite having a relatively low mean latitudinal centre.

4 | DISCUSSION

According to current macroecological conditions, the potential recipi-
ent sites are suitable for nine species. However, conditions are forecast
to deteriorate for most species by 2041-2060, which would reduce the

number of reintroduction candidates to seven if climate change follows

the trajectory projected in RCP8.5. While suitability between sites was
often similar, the most northerly restoration site, Red Moss, received
divergent suitability predictions for some species. For example, this site
is predicted to remain suitable for M. brachyptera and G. anglica under at
least one scenario despite substantial losses forecast across the rest of
their UK ranges, suggesting that it could act as a macroclimatic refuge
for these species under future climate change.

With SDMs constructed at the global scale, the ecological rele-
vance of site-level suitability predictions may be diminished if focal

populations are locally adapted to regional environmental conditions.
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Regional SDMs, that is models built with occurrences from a restricted
portion of the species range, have been suggested as an approach to
account for potential local adaptations (Hallfors et al., 2016). However,
delimiting the area from which to select occurrences for a regional
SDM is difficult to justify without evidence from experimental stud-
ies that indicate intraspecific differences in physiological tolerances
(Chardon et al., 2020). Furthermore, regionally restricting the con-
struction of SDMs risks misrepresenting the potential suitability of an
area by producing biased and truncated estimates of a species niche
(Sanchez-Fernandez et al., 2011; Titeux et al., 2017), the consequences
of which are amplified when projecting to novel time periods (Barbet-
Massin et al., 2010). Because future predictions of suitability were
required to determine if each species could persist at the potential
recipient sites under climate change, we focused on the species’ global
ranges in order to capture the full extent of potential climatic adapta-
tions that may facilitate long-term persistence of reintroduced popula-
tions (Barbet-Massin et al., 2010).

Recipient site suitability was estimated with variables recorded at
the macroecological scale, however, fine-scale factors (e.g. interspecific
interactions, availability of suitable microclimates and the presence of
symbionts) also influence the environmental suitability of a site for a
species (Louthan et al., 2015) and, if beneficial, may buffer populations
against macroclimatic change (Suggitt et al., 2018). Although fine-scale
processes can also be influenced by the global macroclimate (Louthan
et al., 2015), it is inevitable that macroecological SDMs will overlook
some critical microhabitat features. For example, the larvae of C. tul-
lia require stands of hare’s-tail cottongrass Eriophorum vaginatum, their
overwintering hostplant, on surfaces that are high enough for the lar-
vae to avoid prolonged submersion during periods of winter flooding
(Joy & Pullin, 1997). To ensure that the resource needs of reintroduc-
tion candidates are met at multiple spatial scales (Michel et al., 2008),
the model outputs presented in this study are to be used in conjunction
with fine-scale habitat surveys and expert opinion when assessing the
habitat suitability of recipient sites.

For two of the focal species, G. anglica and M. brachyptera, suitability
are favourable under current conditions (above binary threshold) but
iare forecasted to decline significantly by 2041-2060 at three of the
potential recipient sites (Table S2.3 in the Supporting Information;
Figure 2). When exposed to unsuitable environmental conditions,
a population must either disperse, adapt in situ, or face extinction
(Urban, 2015). Dispersal to suitable habitat beyond the recipient
sites (e.g. to higher latitudes or elevations) is unlikely due to the
anthropogenic dominance of the surrounding landscape. Therefore,
reintroduced populations would need to evolutionarily adapt in situ
if they are to avoid climate change-driven local extinction. Given that
G. anglica and M. brachyptera are both relatively widespread species,
they are more likely to have high levels of genetic variation for traits
involved in climatic adaptation (e.g. Balanya et al., 2006; Jump et al.,
2008). However, large effective population sizes are required for
maintaining genetic variation and evolutionary potential (Willi &
Hoffmann, 2009) and there are multiple factors likely to constrain the
size of the populations post-reintroduction, such as the limited number

of individuals available for reintroduction (e.g. Jamieson, 2011), the

limited potential for gene flow with other populations (e.g. Thompson
et al,, 2013), and neither species having a rapid reproductive strategy
(e.g.Bayetal., 2018).

We converted the continuous SDM outputs to binary predictions
of suitability in order to categorize the candidacy of species for rein-
troduction and to estimate future distributional changes. While binary
predictions are frequently used for biogeographical and conservation
applications (Cerasoli et al., 2020; Dyderski et al.,2018; Maiorano et al.,
2019), research has shown that discretizing SDM outputs is often done
unjustifiably and may diminish important information (Guillera-Arroita
et al.,, 2015). In our study and the wider context of reintroduction site
selection, it is useful to classify sites as suitable or not, thus binary
conversion may be justified provided issues relating to the underlying
structure of the occurrence data have been addressed (e.g. sampling
bias; Guillera-Arroita et al., 2015). However, when selecting from mul-
tiple potential recipient sites, as in our study, the continuous SDM out-
puts can help to identify the most optimal site(s), thus, both forms of

prediction present value in reintroduction decision-making.

4.1 | Trends in SDM outputs

In the Northern Hemisphere, the climate is changing more rapidly at
higher latitudes (IPCC, 2014). This was reflected in our predictions
of suitability change; species with more northerly distributions were
generally more threatened by climate change (Figure 3). However, M.
brachyptera was an outlier to this trend, with >80% of currently occu-
pied cells in the UK projected to become unsuitable by 2041-2060
under the RCP8.5 scenario, despite a mean latitudinal centre compara-
ble to species that are projected to lose significantly less climate space
(<20%). We postulate two reasons for this. First, M. brachyptera has one
of the smallest distributions of the species considered in our analysis,
indicating that it may have less climatic adaptations that could facil-
itate persistence in the threatened parts of its current range (Slatyer
et al., 2013) (supported by the UK distribution of M. brachyptera having
the largest proportion of non-analogue future climates; Table S2.2 in
the Supporting Information). Second, although M. brachyptera is found
across a variety of elevations in Europe, in the southern parts of its
range (below a decimal latitude of 48°N), it is mainly located in moun-
tainous areas, such as the Alps, Jura Mountains and Massif Central,
where temperatures are comparable to those at much higher latitudes
(Jump et al., 2009).

Temperature seasonality dominated variable importance in the
SDMs, ranking as the most important predictor for 10 species (Table
S2.1inthe Supporting Information). Although previous modelling stud-
ies have also found temperature seasonality to be an important vari-
able in the structuring of species’ distributions (e.g. Barbet-Massin &
Jetz, 2014; Cerasoli et al., 2020; Zhang et al., 2018), this result was
somewhat unexpected. VanDerWal et al. (2009) suggests that vari-
able importance can become increasingly dominated by a small number
of variables as the PA selection extent increases. To account for this,
PA selection extents are often constrained by, for example, restricting

records to ecologically relevant biogeographical regions (e.g. biomes
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or ecoregions; Bellis et al., 2020; Csergo et al., 2017). Due to the vast
extent of some of the ecoregions occupied by our focal species, we
chose to refine this approach further by selecting PAs from a 2-degree
buffer drawn around each species’ distribution. Although this approach
reduced single-variable dominance (based on comparisons with initial
exploratory models), we tested the sensitivity of our results to the
inclusion of temperature seasonality by re-running our SDMs with-
out it (Almpanidou et al.,2016), while keeping all other parameters
unchanged. We found that our results were robust to the inclusion of
temperature seasonality, with strong and statistically significant cor-
relations detected across recipient site suitability predictions between
SDMs calibrated with and without temperature seasonality (current:
r = 0.90, p < 0.001; RCP2.6: r = 0.95, p < 0.001; RCP8.5: r = 0.94,
p <0.001).

This study primarily focused on suitability change at cells currently
occupied by each species, but alternative suitability change metrics
were also computed (Ohlemiiller et al., 2006) to account for differ-
ent levels of species detection and dispersal capacity. The proportional
change in overall suitability metric elucidates the opportunities avail-
able to our focal species if they can successfully colonize newly emerg-
ing suitable climates (e.g. Figure 3; Figure S2.1 in the Supporting Infor-
mation). However, suitable climate does not always translate to suit-
able land cover, or biotic composition (Fournier et al., 2017). Moreover,
much of the natural landscape in the UK has become highly fragmented
by human infrastructure (Hooftman & Bullock, 2012; Young & Jarvis,
2001), reducing the connectivity of remnant patches of suitable habi-
tat and limiting the ability of species to colonize newly suitable areas
(Haddad et al., 2015). Therefore, although suitable new climate space is
projected to emerge in the future, accessing this space through natural
dispersal mechanisms is likely to be constrained for our focal species,
making a limited dispersal scenario more probable.

4.2 | Conservation/management implications

The potential of SDMs to inform reintroduction decision-making has
been widely discussed (IUCN, 2013; Krause & Pennington, 2012;
Osborne & Seddon, 2012). By considering both current and future suit-
ability, the SDM outputs presented in this study enabled the identifi-
cation of species with a greater likelihood of establishing a long-term
population and therefore can assist with decisions on when reintroduc-
tions are likely to be beneficial. For example, L. inundata is perhaps the
most threatened species considered for reintroduction (Table 1), and
although the predicted losses of currently occupied cells are concern-
ing, the fact that suitability at the restoration sites will not be affected
by projected climate change commends reintroduction as a positive
actioninthe conservation of the species. Additionally, the SDM outputs
provide a rationale for which species to prioritize for ex situ cultivation
(i.e. high predicted suitability with increasing trend; D. intermedia and
G. pneumonanthe), because the feasibility of obtaining sufficient source
material for the plant reintroductions is currently dependent on a small
ex situ facility. The SDM outputs also indicated which species may be
less likely to establish viable populations (e.g. C. sororiata and D. anglica),

prompting the exploration of alternative management options such as

the selection of recipient sites with higher and more stable suitability
(e.g. further north).

Due to the four potential recipient sites being located relatively
close to each other, we expected suitability predictions and the result-
ing management implications to be similar. However, suitability pre-
dictions at the Red Moss site diverged for some species (Table S2.3 in
the Supporting Information), with SDMs predicting this site to be suit-
able and the other sites unsuitable. Red Moss is located approximately
14 km north (Euclidean distance) of the other three sites, sitting at the
foot of the West Pennine Moors at an altitude of around 100 m above
sea level (ASL); an elevation of two to three times higher than the other
sites (which range from ca. 30 to 50 m ASL) (see Figure 1). These factors
likely contribute to the colder and wetter conditions at Red Moss (see
(Jump et al., 2009) and explain why this site is the only one predicted
to be suitable site for G. anglica (under RCP2.6) and M. brachyptera by
2041-2060 (Poniatowski & Fartmann, 2010). With both species pro-
jected to lose currently occupied area across the rest of the UK, Red
Moss could act as a macroclimatic refuge for these species as the cli-
mate changes (Ashcroft, 2010), potentially making an important con-

tribution to their national conservation.
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