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Abstract

Effects of climate change are particularly important in the Mediterranean Biodiversity hotspot
where rising temperatures and drought are negatively affecting several plant taxa, including
endemic species. Assisted colonisation (AC) represents a useful tool for reducing the effect of
climate change on endemic plant species threatened by climate change.

We combined species distribution models (SDMs) for 188 taxa endemic to Italy with the IUCN
red listing range loss threshold under criterion A (30%) to define: (a) the number of AC (measured
as 2 x 2 km grid cells that should be occupied by new populations, i.e. grid cells = new populations)
required to fully compensate for predicted range loss and to halt the decline below the 30% of range
loss; (b) The number of cells necessary to compensate for range loss was calculated as the number
of currently occupied cells lost under future climate due to unsuitable conditions. We used two
representative concentration pathways, +2.6 and +8.5 W/m2, optimistic and pessimistic scenarios



respectively. Availability of suitable areas for AC was also assessed within the current species
distribution and within protected areas.

Under the optimistic scenario, no taxa would lose more than 30% of their range and AC would
not be required. Under the pessimistic scenario, roughly the 90% of taxa showed a cell loss higher
than 30%. Eight taxa were predicted to lose >95% of their range. For these species, AC was
required from 13 to 16 new populations (=13-16 grid cells) per taxon to cap the range loss at 30%.
For currently VU or EN species, an average number of 32—35 AC attempts would be necessary to
fully compensate their range loss under a pessimistic scenario. Suitable recipient sites within
protected areas falling in their projected range were identified, allowing for short-distance AC.

Synthesis: Combining species distribution models and red listing thresholds under Criterion A
has enabled the strategic planning of multiple species assisted colonisation minimising the effort in
terms of new populations to be created and maximising the conservation benefit in terms of range
loss compensation.

1. Introduction

Climate change poses serious threats to biodiversity. In general, species can either migrate with
climate change by colonising new areas matching the species environmental requirements or adapt
by surviving in situ through mechanisms involving phenotypic plasticity and selection (Giménez-
Benavides et al., 2018; Thompson et al., 2013). Nevertheless, the high rates of climate change may
prevent some species to dispersing or adapting fast enough to survive (Jiménez-Alfaro et al., 2016).
In particular, narrow endemic plant species may not be able to track rapid shifts in climate having
poor dispersal capability (Essl et al., 2011) and a restricted climatic niche (Thuiller et al., 2005),
which compound the negative effects exerted by climate warming in fragmented landscapes
(Ozinga et al., 2009; Pauli et al., 2012). Accordingly, a recent work on the Italian flora (Attorre et
al., 2018) highlighted the highest potential for range reduction in species typical of lowlands, where
fragmentation of natural habitats has occurred over the last few decades.

A basic foundation of conservation is that species should be maintained within their native ranges
wherever possible. However, the rate of human-mediated environmental change (climate change in
particular) may necessitate translocation of individuals into new suitable areas when adaptation and
dispersal are not possible, an intervention known as assisted colonisation (AC; IUCN, 2013). AC
raises several ethical and technical concerns (Schwartz, 2016), namely, the potential invasiveness of
a translocated species when introduced into a new habitat (Ricciardi & Simberloff, 2009), the
spreading of pathogens and pests (Champagnon et al., 2012), the disruption of recipient ecosystem
functioning (Graham et al., 1996) and the hybridisation with local taxa (Ricciardi & Simberloff,
2009). As a consequence, the consideration of AC should follow a cautious approach (Butt et al.,
2020) and it should be used as the absolute last attempt to avoid species extinction. Planning for AC
is, therefore, important to avoid unnecessary movements of species and identify suitable sites that
minimise the risks highlighted above. For instance, short-distance AC (e.g. movements to higher
elevations than a species would normally occur, but within a species range, also known as ‘assisted
range expansion’; Ste-Marie et al., 2011) is predicted to reduce several risks associated with long-
distance movements of species (Mueller & Hellmann, 2008). Another benefit of AC planning



across many species is the identification of suitable translocation sites within protected areas.
Indeed, translocation is more effective when performed within protected areas (Fenu et al., 2019;
Godefroid et al., 2011).

Species distribution models are statistical tools that associate species occurrence with
environmental variables (Guisan & Zimmermann, 2000) to detect the environmental factors that
account for species distributions, to map potential distribution of species and to estimate suitable
areas for a species in the past or future and/or in different regions (Aradjo et al., 2019; Zurell et al.,
2020). SDMs assume that climate governs species distributions at large geographical scales, and
usually do not take into account other influential factors like biogeographical history, dispersal or
biotic interactions (Elith & Leathwick, 2009). They have been largely used to understand species'
vulnerability to climate change, a key step in developing effective biodiversity conservation plans,
and less frequently, to identify and implement management options, like translocation planning
(Foden et al., 2019), and detect the role of climate change in translocations failure (Bellis et al.,
2020). So far, SDMs have been used to select suitable sites for reintroduction of single species
(Adhikari et al., 2012; Wilson et al., 2011), to identify potential source populations for translocation
(Maes et al., 2019) and to predict range expansion after translocation (Smeraldo et al., 2017). SDMs
have been used in combination with the IJUCN Red List Categories and Criteria and related metrics
for incorporating the impact of climate change on species extinction risk (Attorre et al., 2018) and
other conservation purposes (e.g. Seddon, 2015; Shier, 2015). However, whilst SDMs are
increasingly used in biodiversity assessments (Araujo et al., 2019), their reliability may be affected
by four critical aspects: the quality of the species occurrence data, the quality of the environmental
data, the model building (e.g. different modelling techniques) and the model evaluation (Aradjo et
al., 2019). All these issues have to be addressed to improve model quality and the options applied
should be clearly stated to ensure transparency and reproducibility (Aradjo et al., 2019; Zurell et al.,
2020).

In this study, we used SDMs to identify the potential loss of current and future suitable climate
space of 188 plant taxa endemic to Italy. We then combined the results of SDMs with the IUCN red
listing thresholds for range loss under criterion A3(c) (IUCN, 2019) to define the minimum number
of AC attempts (assuming that one attempt is needed per 2 x 2 km grid cell) required to maintain
the risk of extinction at the current level (maintenance of the current IUCN category) and to
compensate for the full range loss (a proactive intervention aimed at improving a species’ current
conservation status). We also evaluated the availability of suitable areas for AC within the species
distribution range, and whether they are located inside or outside protected areas. Our approach will
allow to better explore the use of SDMs in plant translocation and will provide a cost—benefit tool
for planning AC and other conservation translocation.

2. Materials and methods

2.1 Studied species

All the Italian endemic vascular plants (1,340 taxa) have recently been assessed against the IUCN
Red List Categories and Criteria (Orsenigo et al., 2018). Of these 1,340 taxa, 188 were selected for
this study. Firstly, endemic taxa categorised as Extinct (EX), Extinct in the Wild (EW) Possibly
Extinct (CR[PE]) or Data Deficient (DD) were not considered. Secondly, among the 300 taxa
(22.4%) recorded in one of the main threat categories (CR, EN, VU), and 218 (16.3%) taxa listed as



NT, those with fewer than 30 occurrences were excluded to avoid the risk of inaccurate SDMs. In
fact, although sensitivity to sample size varies among algorithms, no algorithm predicts species
distributions well with small sample sizes (i.e. roughly 30 occurrences; Jarnevich et al., 2015;
Jiménez-Valverde, 2020). In addition, taxa showing gaps in distribution data or taxonomic
uncertainties (i.e. genera Hieracium L. and Pilosella Hill) or typical of azonal wetland habitats (e.g.
genus Pinguicula L.) were also excluded (see Supporting Information for the full list of taxa). In
total, 188 LC, NT, VU, EN or CR Italian endemics (14% of the Italian endemic vascular plants)
were used in this study (Table S1).

Occurrence data were obtained from published and unpublished data, herbarium specimens and
recent field surveys (since the early 2000s onwards) and validated by groups of expert botanists.
These records were organised into a 2 x 2 km grid geo-database (see also Orsenigo et al., 2021 for
more details). The final dataset consisted of 12,221 occurrences, ranging from 30 to 471
occurrences for each species.

2.2 Environmental layers

Cumulative monthly precipitation and monthly maximum and minimum temperature at 1 x 1 km
spatial resolution for both current and future time slices were obtained from CHELSA version 1.2
(Karger et al., 2017a, 2017b; www.chelsa-climate.org) for Italy. We used the mean values to
resample from 1 x 1 km to the 2 x 2 km resolution of the species data. We then obtained 19
bioclimatic variables for both current and future timeframes by using dismo package (Hijmans et
al., 2017) implemented in R (R Core team, 2017).

For the future climate, we used two representative concentration pathways (RCPs), which represent
moderate and extreme possible future emission trajectories and encoded according to a possible
range of radiative forcing values in the year 2080 relative to preindustrial values (+2.6 and +8.5
W/m2, here optimistic and pessimistic scenarios, respectively; IPCC, 2014). We employed
representative concentration pathway (RCP) projections from five general circulation models
(GCMs), representing physical process in the atmosphere, the ocean, the cryosphere and the earth's
surface. Specifically, we chose the following GCMs: CESM1-CAM5, FIO-ESM, IPSL-CM5A-MR,
MIROCS5, MPI-ESM-MR. The GCMs projections were chosen to minimise the model
interdependence, following the recommendations of Sanderson et al. (2015; available on CHELSA
website).

To improve transferability of models between species (Petitpierre et al., 2017), we used the first two
axes of a principal component analysis (PCA) of bioclimatic variables as environmental variables
for species distribution modelling. The PCA was obtained from the bioclimatic variables for current
conditions and for each future scenario pooled together; then, a dataset for the current projections
and five datasets each (corresponding to the five GCMs) for both future scenarios were obtained
separating the values of the first two axes of PCA of each climate. The PCA was performed using
ade4 of R package (Dray & Dufour, 2007).

We identified the potential for undertaking assisted colonisations within range and within protected
areas. The spatial extent of distributional range of each species was assessed combining the
minimum convex polygon containing all the occurrences with the spatial distribution along the
altitudinal range of the species. The altitudinal range (i.e. minimum and maximum elevation) of
each taxon was defined according to Pignatti et al. (2017a), Pignatti et al. (2017b), Pignatti et al.
(2018) and its spatial distribution was assessed by using the digital elevation model downloaded
from Geoportale Nazionale\ Ministry of Environment



(http://mww.pcn.minambiente. it/mattm/servizio-di-scaricamento-wcs/) with a spatial resolution of

70 metres. The distribution of terrestrial protected areas (including protected natural areas—EUAP,
and sites of the Natura 2000 Network) was downloaded from the website of the Italian Ministry of

the Environment (https://www.minambiente.it/pagina/aree-naturali-protette).

2.3 Species distribution models building and evaluation

Species distribution models were built using the bioclimatic variables from across an area
describing each species’ range plus a buffer of 50 km beyond the range edge. To account for
uncertainties in the modelling process (Aradjo & New, 2007; Petchey et al., 2015), six widely used
SDM techniques (Figure S1) implemented in the R package BIOMOD2 v 3.3.7 (Thuiller et al.,
2016) were used. We used modelling techniques belonging to three different model classes: two
machine learning methods (Generalised Boosted Models—GBM and Random Forest—RF), two
regression methods (Generalized Linear Models—GLM and Multivariate Adaptive Regression
Splines—MARS) and two classification method (Classification Tree Analysis—CTA and Flexible
Discriminant Analysis—FDA). To minimise the effects of spatial dependency, we randomly
sampled 1,000 pseudo-absence data choosing between background points at distance of 5-50 km
from any presence point and we generated 10 replicate sets. Then, a split-sample cross-validation
was repeated 10 times, using a random subset (30%) of the initial dataset (Figure S1). To validate
and interpret the model, we used two different measures implemented in BIOMOD2: ROC (Hanley
& McNeil, 1982) and TSS (Allouche et al., 2006). The quality of modelling algorithms was then
checked according to the values proposed by Araujo et al. (2005). Projections from different model
techniques and environmental datasets were averaged using the mean of projections to implement
an ensemble forecasting approach (Marmion et al., 2009), obtaining six current and 60 future
projections for each species (Figure S1). Because the threshold choice may affect prediction bias,
we transformed continuous probability values to binary presence—absence outputs using three
different thresholds, which have been shown to perform equally well or better than others (Cao et
al., 2013): the threshold selection method based on equal training sensitivity and specificity, the
threshold selection method based on maximising training sensitivity and specificity and threshold
selection method based on minimising the distance between the curve and the upper left corner of
ROC plot (Figure S1). These were implemented in the R package PresenceAbsence (Freeman &
Moisen, 2008). We then considered species as occurring in a cell if at least 50% of models predict
its occurrence there (i.e. a majority consensus rule).

2.4 Range loss and assisted colonisation effort estimation

For each taxon, we calculated the number of currently occupied cells which could be lost under
future climate in two different ways: directly as the number of cells currently occupied and lost in
the future (hereafter COL) and in proportion to the loss of suitable area (hereafter SAL). COL was
calculated as the number of currently occupied cells that were projected to be unsuitable under the
future climate. This value assumes that the loss of occupied cells may not be proportional to the loss
of potential suitable area as not all of the projected area. SAL was calculated on the basis of the loss
of the suitable area for a species (i.e. number of currently occupied cells*ratio of the number of grid
cells projected to be suitable under present climate but becoming unsuitable under future climate,
and the number of grid cells predicted suitable under present climate). By multiplying the number
of currently occupied cells by a ratio derived from projected losses and current suitable habitat, this
value assumes that the loss of currently occupied cells is proportional to the loss of predicted
suitable area. COL might be more realistic because it is actual loss of occupancy, but less accurate
relying more strictly on per cell precision of models and climatic data. Then, by using the two



previous approaches, we calculated for each taxon: a) the number of grid cells that should be
occupied to compensate for range loss; and b) the number of grid cells that should be occupied to
halt the decline below the 30% of range loss. The latter threshold corresponds to the range loss
required to a species to shift from LC to VU under Criterion A3(c) (IUCN, 2019), and to shift from
a threat category to the immediately higher one (e.g. from EN to CR).

3. Results

3.1 Species distribution models and assisted colonisation effort required to
reduce the risk of extinction

The first two axes of the PCA calibrated over all climates and considering all variables accounted
for 74.17% of the total variance (37.81% of variance along the first axis, 36.36% along the second
axis), with precipitation variables mainly contributing to the first axis and temperature variables to
the second (Table S2). Under current climate conditions, model evaluation indices (ROC and TSS)
indicated a good model performance for almost all modelling algorithms, with exceptions of three
algorithms out of five (CTA, RF and GLM) in nine taxa (Table S3). Both indices indicated only a
fair performance in three taxa for CTA and GLM, ROC indicated a fair performance in three taxa
for one algorithm and one taxa for two algorithms (CTA and RF) and TSS indicated a fair
performance in two taxa for one algorithm (Table S4).

Under the optimistic scenario, no taxa would lose equal to or more than 30% of their cells both
considering COL and SAL (Figure 1a,c). However, the intensity of range loss is different
considering COL and SAL. In particular, COL was high, roughly 60% of taxa were predicted to
lose at least the 10% of their currently occupied cells and only the 5% of taxa were projected to not
lose cells. SAL was lower, roughly only 2% of taxa were projected to lose more than 1% of their
currently occupied cells. Under the pessimistic scenarios, losses of more than 30% were found for
95% of taxa using the COL metric, and 88% of taxa using the SAL metric (Figure 1b,d).

Moreover, in the latter scenario, eight taxa (Bellevalia webbiana, Brassica glabrescens, Centaurea
aplolepa subsp. carueliana, Cerastium supramontanum, C. utriense, Salix arrigonii, Festuca
riccerii and Viola bertolonii) were projected to lose all or nearly all (>95%) of their currently
occupied cells, that is, COL (Table S1). For these taxa, the effort required to halt the loss of range
under the threshold of 30% would require on average, 13-16 new cells per taxon (considering SAL
and COL respectively). For species currently listed as VU or EN, an average number of 35 and 32
new cells (using COL and SAL metrics, respectively) would be necessary to fully compensate their
range loss under a pessimistic scenario. Nevertheless, the percentage of taxa expected to lose more
than the 80% of their currently occupied cells was lower according to the COL method than when
considering the SAL (7.5% and 20% respectively).

In a finding in line with the low losses of currently occupied cells under the optimistic scenario,
there were no taxa that met the threshold of 30% loss that might then require compensatory assisted
colonisation. Similarly, under the optimistic scenario, the number of cells needed to entirely
compensate for COL and SAL was generally low (Figure 2a,c; Table S1). In particular, <10 cells
were forecast to entirely compensate for COL and SAL in the 85% and 100% of taxa respectively.



Under the pessimistic scenario, roughly 30 cells were forecast to entirely compensate for COL and
SAL in the 50% of taxa (Figure 2b,d; Table S1). Similarly, 20 cells had to be recovered to halt the
drop below 30% in the 85% and 68% of taxa considering COL and SAL respectively (Figure 3a,b).

3.2 Within-range assisted colonisations and availability of suitable cells
within protected areas

Most taxa were forecast to have suitable sites available for AC within protected areas in their
distribution range. In an optimistic scenario, only two (Ophrys passionis subsp. majellensis and
Saxifraga presolanensis) and seven (the previous two plus Campanula sabatia, Limonium
merxmuelleri subsp. sulcitanum, Laserpitium nitidum, Oenanthe lisae and Viola ferrarinii) taxa
were expected to have not enough cells in protected areas within the distribution range to entirely
compensate for COL and SAL respectively (Figure 4a,b). Under the pessimistic scenario, roughly
10% of taxa were expected to have inadequate numbers of cells in protected areas within the range
to halt the drop below 30% considering both calculation methods (Figure 4c,d). Similarly, roughly
25% of taxa were expected to have too few cells in protected areas within the range to entirely
compensate for both COL and SAL (Figure 4e,f).

4. Discussion

Climate change has been demonstrated to be an important driver of plant species distribution shift,
local extirpation and colonisation (Parmesan & Hanley, 2015). Plants threatened by climate change
may find their own way to escape global warming depending on their dispersal ability (Engler

et al., 2009). However, in a highly fragmented landscape due to habitat destruction and degradation,
migration to suitable areas may become impossible (Renton et al., 2013). It is therefore important to
assess assisted colonisation as a proactive conservation activity for some highly threatened species
(Butt et al., 2020).

In our study, SDMs revealed important differences between the two considered climate change
scenarios in the future conservation status of 188 plant species endemic to Italy, which in turn is
reflected in the opportunity to use AC to mitigate the effect of climate change. As explained below,
our new approach for planning assisted colonisation, that combines IUCN red listing criterion A3
and SDMs, has the advantage of defining the expected outcomes to be achieved through AC (in
terms of a species’ future conservation status), and subsequently decides whether AC is needed or
not. Under the optimistic scenario, AC would not be needed, whilst under the pessimistic scenario,
AC may be useful, especially for eight taxa predicted to lose nearly all their range.

The limitations of the approach we adopted should be considered and addressed with particular
attention. Our approach for planning assisted colonisation of multiple species is scale dependent;
thus, the number of grid cells to be occupied by new populations of a given species to compensate
for range loss depends on the grid size. Here, we used a grid resolution (i.e. 2 x 2 km) that has been
demonstrated to be effective for calculating the AOO of species whose distribution is well known
(Martin, 2009). In addition, we used climatic variables that may be only one part of a suite of
predictor variables controlling species distribution. In fact, other processes like abiotic constraints,
dispersal, biotic interactions, evolution under changing environmental conditions and population
dynamics may affect reliability of species distribution projections (Akcgakaya, 2000; Thuiller

et al., 2013). Recently, considerable progress has been made towards the integration of population
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dynamics and dispersal in SDMs, as pointed out by recently developed approaches, including
BioMove (Midgley et al., 2010), MigClim (Engler et al., 2012) and RangeShifter (Bocedi

et al., 2014). Then, we suggest that, when this approach is used for planning of pre-emptive actions
on single species, all these issues should be addressed using all available information.

4.1 Planning assisted colonisation under an optimistic climate change
scenario

According to our SDMs, the optimistic scenario revealed that cell loss was maintained below the
30% threshold in all cases, with minor differences between proportional cell loss and cell loss. This
can be explained by considering that the climate predicted in the Mediterranean region under this
scenario falls within the climatic variability of the Holocene (Cramer et al., 2018). In the
Mediterranean region, some thermophilous species might exploit a weak global warming expanding
their distribution range (Casazza et al., 2014; Dagnino et al., 2020; Esteve-Selma et al., 2012). This
result supports the effectiveness of policy aimed to reducing emissions. Consequently, even
considering the highest loss of occupied cells, all taxa would continue to be listed in their initial
threat category under Criterion A3 (AOO reduction < 30%). Thus, despite the Mediterranean basin
being one of most vulnerable areas to the impacts of climate change (Giorgi, 2006), in an optimistic
scenario, AC may not be a key strategy for plant conservation, especially as 175 of the 188 endemic
taxa are currently least concern (LC) or near threatened (NT) and therefore do not qualify for urgent
action (Orsenigo et al., 2018). Nevertheless, AC may be needed to improve the conservation status
of the 13 species currently listed as VU or EN. Such species already show a restricted distribution
and a further range reduction due to climate change may increase their vulnerability to other threats
like habitat fragmentation and degradation (Orsenigo et al., 2018). Independently of current and
future climate change, conservation introduction sensu IUCN (2013) may compensate for species
range loss due to threats other than climate change. For instance, some of the species considered in
this study are affected by habitat degradation as a consequence of abandonment of traditional
landscape management or habitat destruction due to planned future activities (e.g. Canella et al.,
2020; Draper et al., 2016; Orsenigo et al., 2021).

4.2 Planning assisted colonisation under a pessimistic climate change scenario

Simulations under a pessimistic climate change scenario showed that most species would lose more
than 30% of their range. This implies a change of status for most taxa from a low threat category to
a higher one, independently from their current threat category.

In particular, eight taxa were predicted to lose more than 95% of their current suitable cells. In this
scenario, AC may help avoid extinction of these taxa and contribute to maintain the current
conservation status for several other taxa (Wang et al., 2019). A very critical case is represented by
Cerastium supramontanum, for which no suitable cells at higher elevation are available. In this
case, ex situ conservation measures should be immediately put in place. It is worth noting that seven
of the above-mentioned eight taxa are currently assessed as LC or NT. Such cases fall in the long-
lasting debate on when it is worth applying conservation measures, that is, before or after a threat
has begun to produce an effect (Butt et al., 2020).

A key challenge in conservation translocation including AC is the selection of suitable release sites
(Abeli & Dixon, 2016). Short-distance AC is predicted to reduce the risks connected to long-
distance AC (Abeli et al., 2014; Mueller & Hellman, 2008), and avoid the need for continuous
management (Gross & Mackay, 2014; Wadgymar et al., 2015), but may not be so effective in terms
of species rescue potential. This is especially the case in the long term, as areas within or just
outside the current distribution range may soon be made unsuitable by increasing rates of climate
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change (Ferrarini et al., 2016). However, SDMs suggest that all analysed Italian endemic species
will have enough suitable sites to persist under future climate within their distributional range
regardless of projected losses. The availability of suitable sites within the range of the species (e.g.
at higher elevation) indicates that the current distribution of such species may be shaped by limited
dispersal ability and/or habitat fragmentation (Hargreaves et al., 2014; Wang et al., 2019), and that
short-distance AC could be planned for these species to mitigate the effect of climate change. It is
worth noting that, even in the pessimistic scenario, 90% of species needing AC would be able to
compensate for the forecasted range loss using suitable sites in protected areas, and only 10% of AC
candidates would not have this option. Therefore, the availability of suitable within-range areas for
AC that are also protected presents a favourable option for the future conservation perspectives of
Italian endemic species in the context of global warming.

Our study reveals that the network of protected areas should be employed to accommodate natural
or assisted range shift of species affected by climate change (Attorre et al., 2018; Fois et al., 2018)
and site selection further refined with ecological and phylogenetic information to identify suitable
sites within the protected landscapes (Carta et al., 2019). For example, Cerastium utriense would
experience a dramatic range loss due to climate change, but AC must be informed by its strict
association with specific substrata and ecological conditions, as it lives only on ultramafic
substrates (Marsili et al., 2009). Bellevalia webbiana shows inter-population genetic differentiation,
so that an evolutionarily significant unit (ESU) distinct from others was detected near Faenza
(Peruzzi et al., 2021). However, evidence for genetic adaptation to climate change is still relatively
scarce (Foden et al., 2019) and phenotypic shifts associated with contemporary climate change
seem to be due to phenotypic plasticity, rather than to genetic microevolutionary responses that are
much more difficult to be detected (Merild & Hendry, 2014; Thompson et al., 2013). Nevertheless,
even if evolutionary responses to climate change are far from being clarified, difference in
phenotypic traits should be carefully considered in planning AC for this species.

Future suitable areas for our target species outside protected areas should be soon included in the
design of new protected areas. However, although SDMs can efficiently define a range of
potentially suitable areas to be protected, other considerations, including those related to socio-
economic and political issues, should be taken in account (Fenu et al., 2019) and will ultimately
define the potential for an expanded protected area network.

5. Conclusions

Assisted colonisation will likely become more common in Conservation Biology. The availability
of tools turning into practice the principle of theoretical decision frameworks available in the
literature (Abeli et al., 2014; Hoegh-Guldberg et al., 2008; Schwartz et al., 2012) and the increasing
reliability of SDMs will likely boost the applicability of this type of actions and drive experimental
trials (e.g. Martin-Alcdn et al., 2016). Setting AC goals to aim at is important for planning effective
actions in the long term and evaluate feasibility. As suggested by our study, the IUCN red listing
criteria (in particular, criterion A3) offer worldwide recognised standards that can be used as a
reference to set final AC goals and objectives. As conservation often stands on a trade-off between
conservation benefits and available resources, prioritisation of AC in terms of effort required is also
important. The number of new populations to be created to achieve a specific conservation target
proved to be a good insight into effort and feasibility of AC. Finally, although AC is often intended
as long-distance movements of organisms, we highlight that AC may include short-distance
movements, that would minimise biological, social, ethical and logistical risks.
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Figure 1. Frequency distribution of loss of currently occupied cells (COL; a and b) and loss of
currently occupied cells proportional to the loss of suitable area (SAL; ¢ and d) under future
optimistic (a and c) and pessimistic (b and c) scenario. The dotted line shows the threshold of 30%
of reduction. The percentage of species having a reduction lower (left) and higher (right) than 30%
is reported above the plot
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Figure 2. Frequency distribution of the number of cells required for translocation necessary to
completely compensate for loss of currently occupied cells (COL; a and b) and loss of currently
occupied cells proportional to the loss of suitable area (SAL; ¢ and d) under optimistic (a and ¢) and

pessimistic scenario (b and d)
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Figure 3. Frequency distribution of the number of translocation necessary to halt the decline below
the 30% to completely compensate for loss of currently occupied cells (COL; a) and loss of
currently occupied cells proportional to the loss of suitable area (SAL; b) under pessimistic scenario
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Figure 4. Scatterplot showing the relationship between the number of cells necessary to halt the
decline below the 30% (c and d) and to completely compensate (a, b, e and f) both for loss of
currently occupied cells (a, ¢ and e) and loss of currently occupied cells proportional to the loss of
suitable area (b, d and f) and the under optimistic (a and b) and pessimistic scenario (c—f), and the
sites available for translocation in protected areas within the distributional range. Black circles are
species that have less sites available for translocation in protected areas within the distributional
range than they need to compensate range loss
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