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Individual-based models allow accurate prediction of introduced
large herbivore populations in rewilded landscapes
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‘::;ccglatum Régional de Corse, Corte, improve the resilience of ecosystems in the face of rapidly changing environmental
conditions. Large herbivore presence can both benefit and disbenefit local commu-
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Handling Editor: Rachakonda Sreckar 2. We built a predictive, spatially explicit, individual-based model (IBM) to examine
reintroduced Corsican red deer (Cervus elaphus corsicanus) population expansion in
Corsica using the recently developed integrated Step Selection Function approach.
We used GPS data collected during a 5-year intensive field study of reintroduced
red deer to develop an SSF describing habitat selection. We then combined the
outputs of this SSF with information on deer life histories in an IBM to predict deer
expansion on the island in the coming years.

3. Our model accurately recreates the observed recolonisation patterns to date in the
three monitored reintroduction sites, adequately predicting home ranges, mother-
offspring home range centroid distances and habitat use. We therefore used this
model to predict deer distribution expansion in the next 5years, using information
from all known reintroduced populations on the island. Under this model, we pre-
dict deer range expansion rate to vary between ca. 130 and 166km? per annum.
Furthermore, we identify potential zones of future human-deer conflict, with the
greatest potential conflict identified for the southern populations.

4. Synthesis and applications. As the number of trophic rewilding projects increases in
Europe, there is areal need to anticipate the ecological and societal consequences of
species (re)introductions to ensure their long-term success. Predictive approaches
that integrate locally calibrated information on movement and life histories provide
a unique opportunity to increase the cost-effectiveness of such projects, enabling
the identification of potential human-wildlife conflict zones before conflict occurs.
This is especially important for island fauna such as the Corsican red deer, which are
known to be more vulnerable to extinction and for which reintroduction outcomes

tend to be less studied.
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1 | INTRODUCTION

In the face of rapidly changing environmental conditions and dra-
matic declines of biodiversity, nature recovery has become a prior-
ity. The United Nations has declared this the Decade on Ecosystem
Restoration to spur global actions to prevent, halt and reverse the deg-
radation of ecosystems. In this context, trophic rewilding, an environ-
mental management approach that aims to diversify and complexify
ecological interactions through the (re)introduction of keystone spe-
cies, has gained significant traction in Europe (Jepson et al., 2018;
Pettorelli et al., 2018).

Trophic rewilding discussions and initiatives have primarily fo-
cused on large herbivore (re)introductions, given their significant im-
pacts on ecosystems (Svenning et al., 2024). Large herbivores, through
their presence and activities (e.g., feeding, trampling, urination and
defecation), directly and indirectly influence ecosystem structure and
processes, ultimately leading to changes in ecosystem composition,
functioning and services delivery (Pringle et al., 2023). They tend to
be more socially acceptable than carnivores, particularly for the local
communities most likely to be impacted by (re)introduction projects
(Dunn-Capper et al., 2024). (Re)introductions of large herbivores are
however not without risks and can lead to conflicts with human pop-
ulations as large species interact with human activities such as agri-
culture, logging, hunting and development. In the United States, for
example, the reintroduction of wapiti (Cervus canadensis) was asso-
ciated with increased costs to local communities due to damage to
fences and crops and livestock disease (McCann et al., 2021).

One way to prevent increases in human-wildlife conflicts follow-
ing species (re)introductions is to identify areas likely to be colonised
by introduced individuals, so that targeted early actions can be taken
to mitigate the risks associated with population expansion. This step
is generally done by mapping habitat suitability at landscape scales
using approaches such as species distribution modelling, and rarely,
individual-based modelling (see e.g., Marucco & Mclintire, 2010). By
spatially simulating individual animals and their interactions with
one another and the environment (Accolla et al.,, 2021; McLane
et al., 2011), mechanistic Individual-Based Models (IBMs) can make
readily interpretable predictions of emergent population expansion
(e.g. Fernandez et al., 2006; Philips, 2020). However, their reliabil-
ity strongly depends on how accurately the simulated movement
of individual animals reflects their true movement. Developing
movement rules heuristically, or based on separately defined hab-
itat suitability maps, has previously generated interesting insights
into translocation success and the dispersal abilities of (re)intro-
duced populations (e.g. Mims et al., 2019; Philips, 2020). However,
how movement rules derived in such a manner fit local behavioural

patterns, and the extent to which these ultimately enable accurate

predictions, remains highly uncertain. An alternative methodology
is to derive information on movement behaviour directly from local
empirical movement data collected by GPS collars. Prior work has
exploited GPS data by restricting movement decisions to realis-
tic step lengths and turning angles (e.g., Crevier et al., 2021) and
validating IBMs against this observed animal movement data (e.g.,
D'Elia et al., 2022).

In this work, we aim to build on these studies and demonstrate the
value of the recently developed integrated Step Selection Function
(iSSF) approaches (Potts et al., 2022; Signer et al., 2024) to inform the
management of reintroduced Corsican red deer (Cervus elaphus corsi-
canus) in Corsica. The case of the Corsican red deer is particularly in-
teresting here; island fauna, in general, have been known to undergo a
much higher extinction rate than continental fauna (Wood et al., 2017).
Despite this, research on the consequences of species (re)introductions
within islands remains poorly studied. We considered the iSSF approach
as we believe this integrated SSF-IBM method provides a number of ad-
vantages over previously used methodologies, as it (i) allows for individ-
ual-, landscape- and global-level factors and associated interactions to
influence deer movement and (i) can incorporate both locational and di-
rectional autocorrelation of moving animals (Potts et al., 2022). Although
previously abundant, the Corsican deer completely disappeared from
this highly topographically heterogeneous island in 1970 due to illegal
hunting and habitat fragmentation (driven, among other things, by the
expansion of vineyards). Following its extinction in the wild, a conserva-
tion program started in the 1980s (Riga et al., 2022), with deer translo-
cated from Sardinia and raised in a semi-controlled breeding enclosure
in Corsica for several years before being released into the wild in 1998.

Red deer are highly adaptable, occupying a range of habitats includ-
ing forests, grasslands and alpine meadows (Alves et al., 2014). Their
habitat preference can vary with season and geographic location and is
primarily influenced by the presence of both food and cover (Carvalho
et al., 2018). In general, they are known to seek cover in forested areas
and forage in open clearings. In topographically variable environments,
red deer tend to move to higher elevations during the summer for bet-
ter forage whilst occupying lower elevations during winter to avoid
deep snow and harsh conditions (Dagtekin et al., 2023). In Sardinia, the
Corsican red deer has been shown to select areas with natural forests
and/or Mediterranean magquis close to water sources; their tolerance
of humans and roads has been previously described as low (Puddu
et al., 2009). Considering these species-environment relationships, we
expected landcover type, topography, season and anthropogenic activ-
ity to strongly influence deer movement, and therefore, the connectiv-
ity of the landscape. We first calibrated and validated our model using
data on 26 individuals from three reintroduction sites; we then used this
model to predict future patterns in red deer recolonisation for the whole

island.
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2 | MATERIALS AND METHODS
2.1 | Study location and animal data

320 Corsican red deer were released into the wild in five locations
across Corsica between 1998 and 2017. Three of these locations,
Caccia-Ghjunsani  (North), Central Corsica—Venacais (Central),
L'Alta Rocca—Altu Taravu (South), included GPS-tracked deer
(Figure 1) whilst two locations, Fium'Orbu and Deux Sorru, did not.

Caccia-Ghjunsaniis broadly characterised by shallow and arid soils on
gneiss and granite bedrocks; the landscape combines open and wooded
countryside, with grasslands and maquis covering the gentler slopes
and forests growing on the steeper slopes. Central Corsica—Venacais,
in the Massif du Rotondo, is part of the geological series known as the
‘Medium-grained granite of central Corsica’; the area is characterised by
mountain valleys covered by oaks, beeches, bushes and scrubs. LAlta
Rocca—Altu Taravu in the plateau du Cuscione, is a mid-mountainous
site characterised by its Euro-Siberian physiognomy and features beech,
fir, larch and alder trees. The hilly and rugged landscape hosts numerous
springs, streams and marshes.

Twenty-six individuals (20 females and 6 males; Table S1) were
GPS collared to gather information on the animals' survival, dispersion
and habitat use in the three previously described localities (Caccia-
Ghjunsani: 2F and 2M; Central Corsica—Venacais: 11F and 3M; L'Alta
Rocca—Altu Taravu: 7F, 1M). The devices collected data for 5years,
between 17th of December 2015 and 9th of January 2020. Animals'
locations were recorded twice a day—at 10AM and 10PM for a me-
dian of 25months. Appropriate licences and permits to carry out the
work were granted by the Préfet de la Haute-Corse (Arrété DDTM2B/
SEBF/FORET/N°436-2015).

2.2 | Overall approach

We followed Potts et al. (2022) in developing an initial SSF, using this
SSF to parameterise an IBM, identifying discrepancies between the
IBMs predictions and empirical patterns, and then refining the SSF.
We iterate through this process until we arrive at a satisfactory IBM.
IBM evaluation was based on the model's ability to replicate pat-
terns observed in GPS-tracked red deer; namely home range size,
the distance between the mother and its offspring home ranges and
the spatial distribution of deer activity. We built the IBM in NetLogo
(Wilensky, 1999), whilst data preparation, analysis and visualisation
was undertaken in R (R Core Team, 2022) using package amt (v0.2.2.0;
Signer et al., 2019).

2.3 | Movement data analysis

We fit an SSF using a conditional logistic regression model, contrasting
each observed step with 15 randomly generated null steps. To generate
these null steps, the length and angle of arandom selection of steps from
the distribution of observed steps were sampled using the random_step
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function in the amt package. The choice of 15 random steps (50% higher
than the amt default value of 10) was made to reduce estimation error,
whilst keeping computation times low (Signer et al., 2019). Based on
data availability and known factors shaping deer movement, we mod-
elled step selection as a function of sex, season, landcover, slope and
distance to roads: slope and distance to roads were treated as continu-
ous variables, and sex, landcover and season as categorical variables. To
align with movement variation observed in red deer elsewhere (Dagtekin
et al., 2023), only two seasons are considered: summer (which begins on
15th April) and winter (begins on 15th October). Elevation and landcover
values were extracted from the Shuttle Radar Topography Mission
(Jarvis et al., 2008) and the 2018 CORINE Land Cover inventory (https://
doi.org/10.2909/960998c1-1870-4e82-8051-6485205ebbac), respec-
tively. We reclassified CORINE landcovers as artificial, agricultural, for-
est, scrub, bare and wetland, noting that agricultural lands, as described
by the CORINE product, mostly correspond in those areas to mountain
and summer pasture areas, that is, areas not currently exploited for crop
production. We used broad landcover classifications as red deer can uti-
lise a wide variety of landcover and habitat types (e.g., Pérez-Barberia
et al., 2013). Distance to roads was calculated from the Global Roads
Inventory Project (Figure S1; Meijer et al., 2018).

We used variance inflation factors and pairwise correlations to
test for multicollinearity of variables with thresholds of 10 and +0.70,
respectively. We then developed a theoretically derived saturated
model that included all factors and interactions likely to influence deer
movement; this provided the structure of our initial SSF. This model
included all previously mentioned variables as well as step specific
variables, namely the log length of a step and the cosine of the turn-
ing angle of a step relative to a previous step. We additionally logged
distance to road, but no further data transformations were required.
We treated each individual as a separate fixed-stratum to account for
individual variation among deer. Starting with this saturated model
we performed stepwise model selection using Akaike Information
Criterion to compare hypothesis-based candidate models and identify
the best model (Table S2).

2.4 | Individual-based model

To model red deer expansion, Corsica was divided into non-
overlapping 1 ha patches (i.e., spatial square units) associated with the
following state variables: landcover class; average slope; average dis-
tance to the road. Several global variables were defined, including the
simulated date-time and the season. In this modelled world, a time
step is a 12-h period—equivalent to the gap between GPS recordings,
meaning the GPS data, SSF and IBM time steps all aligned.

Simulated deer were added to the IBM as individuals. All deer were
characterised based on their sex (male/female), their maturity (mature
if 21year old/immature if <1year old), their reproductive status for ma-
ture females (with offspring/without offspring), their mother's identity
(for immature deer) and the coordinates of the centre of their home
range. For reintroduced deer, these coordinates correspond to their re-
lease site; for other individuals this corresponds to the furthest distance
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FIGURE 1 Visitation maps for observed (a) and simulated (b) red deer. In both cases, visitations cover the period 16th December 2015
to 9th of January 2020. The three visited areas correspond to the areas where red deer have been released (Moltifau [North], San Petru
di venacu [Centre] and Zicavu [South]). In panel (c), the predicted visit rates (from habitat suitability modelling) of observed (top row) and
simulated deer (bottom row) across the existing elevation, slope and distance to roads gradients are compared.

5UB01] SUOWILIOD) BAIERIO 3|etjdde U} AQ PaUBAOB 3.6 DI WO ‘38N JO SBINI 10} ARei178UIIUO A3 UO (SUORIPUOD-PUB-SLLIBILC" A 1N ARe.q 1IBU1UO//'SCIY) SUOTIPUOD PUE SIS | 8U) 9 *[9202/T0/60] UO AIqIT8UIluO /511 ‘Uopuo 8681100 AISIBAIIN AQ 19202 799Z-GOET/TTTT OT/I0p/Wi00 /51w ATeIqipUIUO'S N0 3/ SANY WOy Papeojumod ‘0 ‘v99zS9eT



LOVELL ET AL.

from the centre of their mother's home range which they had visited as
an immature offspring. This choice is based on local observations (SM,
unpublished) that suggest that (i) the originally released deer did not
disperse far from their release sites and (ii) young deer tend to establish
territories on the edge of their mother's home range.

Demographic structure and rates were based on known red deer
life history and local information. In terms of reproduction, site data
indicated an average of 6-7 fawns per 10 female deer (SM, unpub-
lished), leading us to apply an annual reproduction rate of 65% to all fe-
males regardless of whether they had a fawn or not, but only allowing
females without an offspring from the previous year to subsequently
give birth. At any point in time, females could only have a maximum of
one single offspring which matured at 1year of age, giving a minimum
inter-birth interval of 1year. Under our model, the maximum lifespan
was assumed to be 14 years (although data from the field suggest a po-
tentially higher limit; SM, pers. comm.), whilst the annual survival rate
was assumed to be 97% (Pérez-Barberia et al., 2015). Immature deer
<1year old were also set to die if their mother dies, thus their annual
survival rate became c. 94%. In our model, deer do not interact beyond
immature deer following their mother's movements and sharing their
location until they mature, whilst no regulatory demographic parame-
ters were included. This is because (i) we did not have data available on
the intra-specific interactions within this population, (ii) reintroduced
populations often initially show little or weak density dependence (see
Manning et al., 2019; Saether et al., 2007) and (iii) observations on the
ground suggest that no hunting or other conflict related demographic
regulation processes are occurring yet (SM, unpublished).

During each 12-h step of the model, each mature deer makes one
move towards a new patch. The relative probability the deer moves
from their current patch y to their new patch z is given by:

elprxazt.....+hixi,]

———F—————— where |z -y| < max steplength
> elPrxuzt bz lz-yl < pleng

bizvy)=

|z - y| represents the Euclidean distance between patches y and z, mean-
ing only patches within a max step length are considered. These patches
are termed ‘target-patches’ and are the patches each deer could reach in
one model step from its current patch. This max step length was set as
the 99th percentile of the observed deer step lengths as identified from
the GPS data. X; , represents the deer- and patch-level main and interac-
tive variables associated with patch z that influence deer movement. g;
represents the effect size for each variable, as identified in the SSF. 4, is
determined by sampling from a normal distribution with a mean equal to
the effect size and standard deviation equal to the standard error of our
best SSF model. Patch-level main and interactive f; coefficients, where
possible, were calculated once at the start of the simulation and then
combined with deer-level variables to predict the movement of each
deer. In addition, to account for home range behaviour we added a dis-
tance to home range centre parameter to our IBM; the value of this pa-
rameter (-0.5) was set so as to generate realistic home range sizes. These
input variables and coefficients dictating deer movement are the same
as those found in our best SSF model and are all presented in Table 1.
Finally, the denominator term sums the probabilities of all target-patches
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and is used to calculate a relative probability for each target-patch that
the deer will move towards it (the movement-prob). Once the movement-
prob has been calculated for each target-patch, a target-patch is then ran-
domly selected for the deer to move to, weighted by the movement-prob
of each target-patch. For a full Overview, Design Concepts and Details
description of the model, please see Supporting Information S1.

2.5 | IBM evaluation and validation

To evaluate whether our IBM adequately simulates red deer movement
in Corsica, we simulated reintroduced deer from the date of the first
release (10:00 16/12/2015) to the date of the final GPS transmission
(10:00 09/01/2020). Individual deer were initialised into the model with
state variables, locations and at a time matching their real-world coun-
terparts (Table S1). We repeated these simulations 100 times.

As a first step, we assessed how ecologically realistic our simulated
deer home range sizes and average mother-offspring home range cen-
troid distances were. We estimated home range sizes of simulated deer
by counting the number of unique patches each deer individual visited
(i.e., if a deer visited 100 unique patches, its estimated home range size
would be 100ha). Average mother-offspring home range centroid dis-
tances were calculated as the distances between a mother and their
offsprings home range centroids. We then compared these values to
observed home range sizes and mother-offspring home range distances
(Figure S2), noting that our simulated values were likely to be upper es-
timates. For mother-offspring home range centroid distances, no off-
spring were radio-collared and thus there are no data enabling us to
calculate the average mother-offspring home range centroid distances
among observed deer. However, existing estimates from the Isle of Rum
point towards an average distance of 312m (Conradt et al., 1999). This
comparison process provided further reassurance that our distance to
home range centre parameter was functioning as intended.

As a second step, we compared parameters from habitat suitabil-
ity models trained on the observed deer data and the simulated deer
data. To do so, we modelled cumulative visit rate (defined as a stan-
dardised value reflecting the number of observed deer visits for each
1ha pixel) using random forest models for both the observed and sim-
ulated data, with the previously considered landscape variables (eleva-
tion, slope, distance to roads and landcover type) as predictors. Random
forest models were implemented in the R package ranger with hyper-
parameters ntree=500 and mtry=2. As our aim was not prediction but
parameter comparison, we did not implement a train-test split in our
data but confirmed model R? were reasonable before proceeding (ob-
served data, R2=O.23; simulated data R2=0.56).

2.6 | Predicting population dynamics and range
expansion

We simulated deer reintroductions, population growth and spatial ex-
pansion on Corsica using our IBM. Simulations began on 10:00 1st
January 2025 and ran for 5years until 10:00 1st January 2030.
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Deer were initialised into the model at areas and population den-
sities estimated by field surveys in Corsica (SM, unpublished data). In
total, five populations were identified in Corsica, with each of these
populations having an estimated location and a minimum and max-
imum population size, ranging from 400 to 3000 (Table S3). Deer
starting locations were initialised by first spacing them equally across
the area the population occupied. These deer locations were then
randomly moved in the x and y directions by up to half the distance
between deer, to randomise the starting locations whilst ensuring an
even spread across the area. This process was repeated 50 times for
minimum and 50 times for maximum population sizes, yielding 100
semi-randomised starting distributions (Figure S3). Deer were ini-
tialised at these locations as mature individuals with no young, 50:50
sex ratio, and an age drawn randomly from a uniform distribution be-
tween 1 and 14years old (as we had no information concerning the
true distribution in Corsica).

As each simulation ran for 5years, the population size, number of ma-
ture and immature deer and the number of visited patches was exported
from the model on 10:00 1st January in years 2026, 2027, 2028, 2029,
2030. Output maps of patch visit frequencies were also exported to vi-
sualise the spatial dynamics of the deer populations. To assess likely pop-
ulation and range expansion rates, for minimum and maximum scenarios
we calculated mean population sizes, the number of visited patches and

cumulative visit maps across simulations.

3 | RESULTS
3.1 | Reddeer movement

Our dataset (n=26 individuals) included 25,584 steps, with a me-
dian of 1147 steps per deer [range:29-1497]; median step length
was 240m and the 99th percentile max step distance was 2.60km.
The best model explaining red deer movement included landcover,
slope, distance to roads, sex, season, step length and turning angle.
Red deer under this best model avoided roads and selected for areas
of agricultural (as defined by the CORINE land cover product), bare
and scrub cover, relative to artificial surfaces (Table 1). They pre-
ferred, on average, shorter step lengths and moving towards steeper
slopes, favouring sharper turning angles. Step length (i.e., the dis-
tance between two locations over a 12-h window) increased when
deer moved towards agricultural, forest, scrub and bare landcovers.
Deer were also (i) more likely to take sharp turns to reach agricul-
tural cover and less likely to take sharp turns to reach bare ground;
(ii) more likely to head in a straight line to reach a site further away
from roads and more likely to go closer to road when agriculture and
bare ground landcovers are present. Season was an important fac-
tor shaping deer movement, with deer avoiding steeper slopes and
preferring sites further away from roads in summer.

Compared to females, males in summer took longer steps to ac-
cess agricultural, forest and scrub landcovers. Meanwhile, in winter,
females took longer steps to reach artificial cover and shorter steps to
reach bare ground.

TABLE 1 Coefficient and standard error associated with the best
step selection model for red deer in Corsica.

Standard
Parameter Coefficient error
Agricultural land 1.31* 0.23
Forest 0.00 0.20
Scrub 0.61* 0.22
Bare ground 1.55* 0.25
Slope 0.03* 0.00
Distance to roads 0.01 0.04
Step length -0.28* 0.11
Turning angle —2.79* 0.11
Agricultural land:step length 0.57* 0.11
Forest:step length 0.54* 0.11
Scrub:step length 0.43* 0.11
Bare ground:step length 0.51* 0.11
Distance to roads:Turning angle 0.15* 0.01
Agricultural land:Turning angle -0.42* 0.11
Forest:Turning angle -0.03 0.10
Scrub:Turning angle 0.03 0.10
Bare ground:Turning angle 0.54* 0.10
Slope:Step length -0.01* 0.00
Agricultural land:Distance to Road -0.19* 0.04
Forest:Distance to roads 0.03 0.04
Scrub:Distance to roads -0.04 0.04
Bare ground:Distance to roads -0.19* 0.04
Slope:Summer -0.01* 0.00
Distance to roads:Summer 0.09* 0.03
SlopeTurning angle 0.01* 0.00
Artificial landcover:Step length:Winter:Male -0.11 0.16
Agricultural land:Step length:Winter:Male 0.05 0.08
Forest:Step length:Winter:Male 0.02 0.04
Scrub:Step length:Winter:Male 0.03 0.03
Bare ground:Step length:Winter:Male -0.05 0.04
Artificial landcover:Step length:Summer:Male 0.23 0.33
Agricultural land:Step length:Summer:Male 0.26* 0.06
Forest:Step length:Summer:Male 0.12* 0.04
Scrub:Step length:Summer:Male 0.12* 0.03
Bare ground:Step length:Summer:Male -0.03 0.04
Artificial landcover:Step length:Winter:Female  0.25* 0.12
Agricultural land:Step length:Winter:Female 0.00 0.05
Forest:Step length:Winter:Female 0.01 0.02
Scrub:Step length:Winter:Female 0.03 0.02
Bare ground:Step length:Winter:Female -0.09* 0.04

Note: In this table, ‘turning angle’ corresponds to the cosines of the turning
angle whilst ‘distance to roads’ and ‘step length’ correspond to the log

of these parameters. Agricultural lands, as described by the CORINE
product, mostly correspond in the regions considered to mountain and
summer pasture areas, that is, areas not currently exploited for crop
production.

*Indicates significance (p <0.05).
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TABLE 2 Mean deer population (MDP), mean mature deer population (MMDP), mean immature deer population (MIDP), mean immature
to mature deer ration (MIMDR) and mean number of visited patches (MNVP) at each time point across the 100 simulations from 2026 to
2030, split between the 50 maximum and 50 minimum population scenarios.

Year Scenario MDP MMDP

2026 Min 4248 (20.88) 3231 (9.46)
Max 11,715 (38.16) 8863 (17.34)

2027 Min 4721 (33.65) 3817 (22.55)
Max 13,056 (64.39) 10,524 (43.67)

2028 Min 5271 (51.64) 4293 (33.57)
Max 14,631 (92.30) 11,876 (64.51)

2029 Min 5932 (64.52) 4827 (48.11)
Max 16,532 (132) 13,401 (91.71)

2030 Min 6738 (89.32) 5480 (63.91)
Max 18,797 (174.6) 15,241 (127.7)

MIDP MIMDR MNVP
1017 (17.07) 0.31 (0.005) 127,638 (291.8)
2852 (31.38) 0.32(0.004) 133,765 (219.9)
903 (20.58) 0.24 (0.005) 144,327 (1004)
2532 (39.85) 0.24 (0.004) 157,793 (1177)
978 (27.09) 0.23(0.006) 156,877 (1345)
2755 (47.31) 0.23(0.004) 173,223 (1372)
1105 (30.51) 0.23 (0.006) 168,331 (1626)
3131 (58.99) 0.23(0.004) 187,062 (1531)
1257 (36.79) 0.23 (0.006) 179,452 (2039)
3556 (62.58) 0.23(0.003) 200,039 (1805)

Note: Standard deviations are provided in brackets.

3.2 | Model evaluation and validation

Average observed home range size for all deer was 1166 (mean) or
593 (median) [range: 172-6819] ha; this compared to an average
simulated home range size of 674.8 (mean) or 673.8 (median) [range:
640.0-706.9] ha. The average mother-offspring home range distance
of 312m obtained from the Isle of Rum is smaller than an average sim-
ulated distance of 1925m (mean) or 1922 (median) [range: 1807-2032]
between mother-offspring home range centroids.

Observed and simulated visit rates were comparable (Figure 1),
with the distribution of distances to roads, slope and elevation vis-
ited by simulated and observed deer being qualitatively similar. In
addition, habitat suitability maps derived from observed and simu-
lated visitation rates were broadly aligned in central highland regions
for which we had data; coastal regions—where no deer are currently

observed—showed greater disagreements (Figure S4; Table S4).

3.3 | Deer expansion

The mean annual growth rate (4) of simulations for all scenarios was
1.12 [range: 1.12-1.13]. By 2030, the minimum population model
estimated a mean population size of 6738 [range: 6556-6890] deer,
of which 5480 [range: 5367-5624] will be mature adults and 1257
[range: 1186-1331] will be immature young (Table 2). By 2030, the
maximum population simulations estimated a mean population size of
18,797 [range: 18,444-19,166] deer, of which 15,241 [range: 14,997~
15,499] will be mature adults and 3556 [range: 3440-3694] will be
immature young.

The mean annual expansion rates (km? per year) for minimum and
maximum scenarios were 129.5 [range: 116.6-139.1] and 165.7 [range:
154.9-180.0], respectively (Figure 2). Expansion rates differed across
the populations considered: for the northern population, minimum
and maximum range expansions (km? per year) were 25.5 [20.9-30.3]
and 32.6 [26.7-38.3], respectively. For the central two populations,

minimum and maximum range expansions (km? per year) were higher,
at 54.1 [45.0-60.8] and 69.3 [64.7-73.9], respectively. Expansion rates
for the southern population were comparable to the central popula-
tions, with minimum and maximum range expansions (km2 per year) at
49.7 [44.9-55.7] and 63.8 [56.1-72.4], respectively.

3.4 | Zones of potential human-wildlife conflict

Simulated populations showed very different patterns in the distribu-
tion of potential areas of conflict across the major reintroduction sites,
as examined by the overlap of the simulated population cores (where
between 1000 and 100,000 cumulative simulated deer visits were
observed) and landcover and roads. The highest risk of conflict was
observed in South Corsica, where the simulated population core over-
lapped with 3.5km? of built-up areas and 2.6 km? of croplands (bearing
in mind that this category primarily includes, in the zones considered,
mountain and summer pasture areas). There is also overlap with the
major RT10 road on the edge of the simulated population core. In
Central Corsica the risk of conflict was estimated to be moderate in the
coming years, with 1.3 km? overlap between the simulated population
core and built-up areas though almost none with croplands. The major
T20 road also passes through the simulated population core, whilst the
T50 passes along its edge. In North Corsica the conflict risk was esti-
mated to be low, with the simulated population core overlapping with
only 0.88km? of built-up areas and 0.16km? of croplands. The most
important road in the vicinity is the minor RT301, which passes along

the far edge of the total simulated population range (Figure 3; Table 3).

4 | DISCUSSION

Trophic rewilding is a growing conservation and nature recov-
ery technique which, through species (re)introductions, is ex-
pected to benefit biodiversity, enhance ecosystem functioning
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FIGURE 2 Mean cumulative visit maps for red deer on Corsica in 1-year gaps from 2026 to 2030 (n= 100 simulations; 50 maximum
scenario, 50 minimum scenario), with patches coloured according to their quartile. The south most collection of deer consists of two partially
overlapping populations with separate estimated starting population sizes.
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FIGURE 3 Zones of potential deer-human conflict. This figure has been generated by coupling the mean cumulative visit maps for red
deer in Corsica up to 2030 (n=100 simulations; 50 maximum scenarios, 50 minimum scenarios) with the European Space Agency (ESA)'s
WorldCover 10 m resolution map for 2020. In several parts of Corsica, agricultural lands (as defined by WorldCover) correspond to mountain
and summer pasture areas, that is, areas not currently exploited for crop production.

and create more resilient ecosystems (Bakker & Svenning, 2018;
Schmitz et al., 2023; Svenning et al., 2024). This approach is espe-
cially relevant to islands, which fauna is known to be particularly
vulnerable to extinction (Wood et al., 2017). However, reintro-
duction research is often focussed on population establishment

rather than potential future population dynamics and associated
impacts (Sakurai et al., 2024; Taylor et al., 2017). Here, we showed
how simulating reintroduced Corsican red deer space use from fit-
ted integrated step selection functions provides realistic, spatially
explicit, short-term predictions regarding changes in distribution,
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TABLE 3 Km? of landcover types falling within zones of potential deer-human conflict.

Tree Bare/sparse Permanent Herbaceous
Visits cover Shrubland Grassland Crop-land Built-up vegetation water bodies wetland
North Corsica
0-10 88 61 67 0.84 0.82 7.8 0.035 0
10-1000 92 62 51 0.17 1.5 6.6 0.068 1.00E-04
1000-100,000 82 110 85 0.16 0.88 2.5 0.0034 0
Central Corsica
0-10 240 52 84 0.15 0.79 5.3 0.055 0.017
10-1000 260 45 94 0.35 29 8.5 0.43 0.024
1000-100,000 250 35 79 0.023 1.3 6 0.012 6.00E-04
South Corsica
0-10 230 28 35 4.7 1.6 3.8 1 1.5
10-1000 260 20 46 4.8 3.8 4.8 0.6 1.2
1000-100,000 420 34 140 2.6 3.5 7.3 0.089 0.0076

Note: These tables have been generated by coupling the mean cumulative visit maps for red deer in Corsica up to 2030 (n=100 simulations; 50
maximum scenarios, 50 minimum scenarios) with the European Space Agency (ESA)'s WorldCover 10 m resolution map for 2020 (see also Figure 3). In
several parts of Corsica, agricultural lands (as defined by WorldCover) correspond to mountain and summer pasture areas, that is, areas not currently

exploited for crop production.

ultimately enabling wildlife managers to identify areas where poten-
tial human-wildlife conflicts may occur. By using a GPS dataset to
parameterise the simulation, we improved on prior, often heuristic
individual-based simulations of species reintroductions (i.e., Mims
et al., 2019; Philips, 2020), considering the influence of interactions
between individual-level factors (i.e., deer sex, deer heading, step
lengths), landscape-level factors (i.e., landcover, slope, distances to
roads) and global-level factors (i.e., season) on species movements.
Our model, underpinned by locally relevant population dynamic pa-
rameters, thus represents a significant advance in our understand-
ing of reintroduced red deer populations on Corsica, demonstrating
the value of such approaches to guide management.

Our evaluation process suggested that our mean simulated home
range sizes, although lower than the mean recorded home range size
from GPS-tagged deer, was within the range of recorded home range
sizes (Figure S2). Simulated mother-offspring home range centroid dis-
tances were larger than estimates from red deer elsewhere—although
this was expected given how we measured this parameter (using cen-
troid distances, which would inflate the measured distance) and given
the tendency for Corsican offspring to establish territories on the edge
of their mother's home range (SM, unpublished). Home range sizes and
mother-offspring home range centroid distances likely positively cor-
relate with expansion rate and thus ensuring these values are realistic
is important. Future work should try to obtain such information from
the field and assess the impacts these variables have on range expan-
sion (e.g., via sensitivity testing). Should more data or knowledge be-
come available, the IBM could be easily re-parameterised.

The simulated range expansion rate of 130-166km? per year
is higher than red deer range expansions reported elsewhere (see
Carden et al., 2011; Ward, 2005). However, when compared to ob-
served increases in cumulative occupied area (a measure which more

closely matches our estimate of annual increase in the number of

visited patches) our range expansion rate is lower than observed rates
(Carvalho et al., 2018). A high expansion rate may result from deer
populations recolonising new suitable, previously unoccupied areas;
an effect observed in real-world and modelled recolonising ungulates
(Carvalho et al., 2018; Saito et al., 2012). Using birth and death rates
obtained from local experts, we moreover estimated a growth rate
of 1.12, comparable to red deer growth rates estimated in situ and
observed elsewhere (1.02-1.17; Benton et al., 1995; Beskardes, 2012;
Langvatn & Loison, 1999; SM, unpublished). These simulated growth
rates were consistent across all simulations as they do not include any
dependence on the spatial aspects of the model (e.g., density depen-
dence or landcover influence on fertility or mortality). They depend
only on (i) the constant birth and death probabilities; (ii) the ages at
which deer become fertile and independent of the mother; and (iii) the
age at which they die with 100% probability (14 years—their maximum
age). This simplification is likely acceptable for a recolonisation sce-
nario as red deer have the potential to achieve densities as high as 67
individuals per km? in favourable habitat, and recolonisation implies
the presence of large quantities of uninhabited favourable habitat
(Acevedo et al., 2008). However, consistent underlying growth rates
coupled with a uniformed distribution of mature individuals across
age classes in simulated starting populations means that the simulated
population sizes at year 2030 is highly sensitive to initial starting pop-
ulation sizes. As the exact current red deer population size on Corsica
is unknown, we used minimum and maximum population estimates
to predict the full range of possible scenarios, varying nearly three-
fold from 6738 to 18,797 after increasing by approximately 90% from
2025 estimates. This high sensitivity highlights the requirement for
accurate starting population estimates (and spatial population depen-
dence) if the goal is to more accurately predict future population sizes.

Nonetheless, the potential for rapid range expansion means wild-
life managers should be prepared for increased human-wildlife conflict
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in new parts of the island and targeted mitigation efforts should be
considered in places where a high visit frequency of deer overlaps
with human settlements, main roads, food production and forestry
(e.g. Falaschi et al., 2024), such as parts of the areas encompassing the
southern populations. Ongoing in situ work will aid in refining predic-
tions of impacts: current work assessing Corsican red deer diets will
for example be helpful when assessing the likely positive and negative
environmental and economic impacts, helping test the current expec-
tations that likely agricultural impacts should be low as much of the
agricultural lands include abandoned mountain and summer pasture
areas. To evaluate potential mitigation strategies, our IBM could be
moreover expanded to include the potential negative impacts of deer
on human populations, such as those originating from road collisions
or disease transmission to livestock, as well the impact of various deer
management approaches, such as culling (Husheer & Tanentzap, 2024;
Riga et al., 2022). When doing so, considering metapopulation con-
nectivity will be important, as the northern population appears likely
to remain genetically isolated (Stanbridge et al., 2023).

Although informative, our approach is associated with several lim-
itations. First, little information was available on habitat selection by
immature deer as they leave their mothers, which is a key parame-
ter for predicting how far offspring deer may venture from the ma-
ternal home range. Our estimate of average mother-offspring home
range centroid distance was conservatively based on a simple ‘edge
of range’ assumption, meaning that mean annual expansion rates
may be higher than reported. Indeed, sub-adult red deer, particularly
males, can disperse further than our average mother-offspring home
range centroid distance (Loe et al., 2009; Prévot & Licoppe, 2013).
Secondly, when parameterising population dynamics, we only had
access to relatively basic annual reproduction and survival probabil-
ity estimates (65% and 97%, respectively). However, reproduction
and survival rates are influenced by complex interactions between
age, habitat quality and density dependence (e.g., Albon et al., 2000;
Nussey et al., 2006), parameters for which we do not have informa-
tion on. As such, the projected growth rates should be interpreted as
optimistic. Thirdly, ecological interactions are primarily and intention-
ally excluded from our model. This is because (i) we expect trophic
interactions to be well captured by the SSF (Esmaeili et al., 2021); and
(i) in a sparsely populated landscape into which the deer are expand-
ing, we expect intra-specific interactions (including those underlying
density dependence) to be weak and limited (Manning et al., 2019;
Saether et al., 2007). These assumptions would however be violated
once demographic regulation processes become dominant, limiting
the long-term suitability of our modelling approach for deer manage-
ment on the island. Fourthly, radio-collared deer primarily roamed the
centre and south of the island, with only three individuals monitored
in the north. The northern part of the island is yet more arid and less
hilly than other parts of Corsica; this lack of representation may have
led to a suboptimal understanding of red deer habitat selection across
the range of available habitats on the island. Finally, a limitation of the
integrated SSF-IBM approach is that it failed to adequately replicate
home ranging behaviour of deer, requiring the consideration of an

additional parameter (the ‘distance from home range centre’ param-
eter). The model itself here represents a tool to improve on all these
limitations by providing a framework for deepening our understanding
of red deer ecology on the island, by, for example, generating null dis-
tributions to test for evidence of site fidelity and/or memory (Signer
etal.,, 2024).

5 | CONCLUSION

Trophic rewilding presents an opportunity to restore ecosystems
using large herbivore (re)introductions (Jepson et al., 2018; Pettorelli
et al., 2018). Whilst there is much benefit to be derived from trophic
rewilding, large herbivores can be associated with significant negative
ecological, economic and societal impacts, which can undermine re-
wilding efforts (Butler et al., 2021; Manning et al., 2024). Our results
highlight how an integrated SSF-IBM approach can be used to predict
medium to long-term (re)introduction outcomes, generating important
information for practitioners to anticipate potential social-economic-
ecological issues. Further developing these predictive models into an
iterative adaptive management framework, whereby the modelled
outcomes of species (re)introductions can be evaluated, interventions
tested and results fed back to key stakeholders, could be a power-
ful way to ensure trophic rewilding sustainably benefits ecosystems
(Butler et al., 2021; Gomez et al., 2025).
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SUPPORTING INFORMATION

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

Table S1. Variables characterising the initially reintroduced deer.
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Table S2. AIC of the competing SSF models considered.

Table S3. Minimum and maximum population size estimates as of early
2025 for the five populations of red deer in Corsica.

Table S4. Habitat suitability metrics for the observed and simulated
visits over the period.

Figure S1. Environmental layers considered for the SSF and habitat
suitability models.

Figure S2. Density plot of observed home range sizes (in ha) of the 26
individual deer over the 2015-2020 period.

Figure S3. Influence of the number of simulations considered on (A)
the number of simulated deer, (B) the range of variation in the number
of deer, (C) the number of patches explored and (D) the range of

variation in the number of patches explored.
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Figure S4. Habitat suitability based on observed (left) and simulated
(right) red deer presence over the 2015-2020 period.
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