'.) Check for updates

Received: 6 February 2025 | Accepted: 6 June 2025

DOI: 10.1111/1365-2664.70097

Demographic performance review of a reintroduction project:
Iberian lynx in Extremadura

José Jiménez! ©® | Matias Taborda® | Pablo Ferreras! ©® | Maria Jesus Palacios®® |
Fernando Najera*>©® | Jorge Pefia®® | Marc Kéry®® | Michael Schaub®

Unstituto de Investigacion en Recursos Cinegéticos (IREC, CSIC-UCLM-JCCM), Ciudad Real, Spain; 2Consejerl’a de Gestidn Forestal y Mundo Rural, Direccion
General de Gestion Forestal, Caza y Pesca, Mérida, Spain; 3Direccion General de Sostenibilidad, Junta de Extremadura, Mérida, Spain; 4Wildlife Health
Center, School of Veterinary Medicine, University of California, Davis, California, USA; *Department of Animal Physiology, Faculty of Veterinary Medicine,
Complutense University of Madrid, Madrid, Spain and SSwiss Ornithological Institute, Sempach, Switzerland

Correspondence
José Jiménez Abstract

Email: jose jimenez@csic.es 1. Reintroduction is a widely used management tool for restoring wildlife popu-

Handling Editor: Ardiantiono lations, with the goal of creating functional and self-sustaining populations.
Evaluating the success or failure of such programmes requires a thorough under-
standing of the dynamics of the reintroduced population.

2. The Iberian lynx (Lynx pardinus), an iconic conservation flagship species, illustrates
the value of reintroduction initiatives. On the brink of extinction 25years ago,
this species has now recovered thanks to intensive conservation management.
However, the demography underlying the dynamics of the reintroduced Iberian
lynx populations is poorly known, which hinders future management decisions.

3. Using data from camera trapping and radio-tagging, we reviewed the reintro-
duced population in Extremadura, Spain (2014-2024), using an integrated popu-
lation model (IPM). We conducted both retrospective and prospective analyses to
identify the demographic drivers of population growth and evaluate management
scenarios using IPM-based population viability analysis (PVA).

4. In 2024, 10years after the reintroduction began, the Extremadura population
was estimated at 164 individuals (95% CRI: 141-189), including 28 breeding
females. Female population size was regulated by density-dependence, driven
by subadult dispersal leading to increased roadkill mortality. During the early
stages of the reintroduction programme, variation in population structure
was the main driver of changes in growth rate. However, as the population
increased, adult survival and recruitment became the dominant contributors
to population dynamics. Meanwhile, female breeding propensity and litter size
remained stable, having limited effects on growth rate variability. PVA projec-
tions suggest that the lynx population will stabilize around 32 breeding fe-

males within the next 15years. To increase the stationary population size, it is
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1 | INTRODUCTION

Reintroduction, or translocation, is an increasingly used management
tool to restore wildlife populations and ecological processes (Morris
et al.,, 2021; Seddon et al., 2007). The ultimate goal of management
is for both populations and processes to be fully functional (Morris
et al., 2021; Schaub et al., 2004; Scott & Carpenter, 1987). Therefore,
the key question that arises in any reintroduction project is when the
key goal of self-sustainability is achieved. The ultimate judgement of
the success or failure of any reintroduction project must rely on a rig-
orous population demographic analysis (Morris et al., 2021).

Long-term monitoring is essential for assessing population size,
demographic rates and trends and forms the foundation for eval-
uating the demographic performance of a reintroduction project
(Morris et al., 2021; Okahisa & Nagata, 2022; Seddon et al., 2007).
Firstly, knowledge of demographic rates and population size allows
population viability analysis (PVA) to project the likely future status
of a reintroduced population (Morris & Doak, 2002) and assess the
probability of extinction. Secondly, PVA can guide the evaluation of
alternative management strategies both during and after reintroduc-
tion (Seddon et al., 2007). Lastly, demographic drivers of population
change can be identified (Koons et al., 2017; Servanty et al., 2014),
potentially uncovering hidden or poorly understood issues in the
reintroduction process. With this knowledge, conservation efforts
can be further focused on the most influential drivers. Although the
importance of demographic analysis in guiding and assessing rein-
troductions is widely acknowledged, comprehensive demographic
performance reviews that address these aspects thoroughly remain
the exception rather than the rule among the thousands of rein-
troduction projects that have been conducted worldwide (Marino
et al., 2024). This limitation is particularly evident for elusive species
with large home ranges (Stepkovitch et al., 2022).

Within this context, integrated population models (IPMs;
Abadi, Gimenez, Arlettaz, & Schaub, 2010; Abadi, Gimenez, Ullrich,
et al., 2010; Besbeas et al., 2002; Brooks et al., 2004; Schaub &
Kéry, 2022) have emerged as transformative analytical tools. By

necessary to improve habitats to increase the number of breeding territories
and reduce roadkill mortality.

5. Synthesis and applications. Demographic performance reviews are essential for
understanding the drivers of population growth and for evaluating the outcomes
of reintroduction initiatives. IPMs as exemplified by our Iberian lynx case study
provide a powerful and flexible framework for quantifying reintroduction perfor-
mance and addressing key research and management questions. By using insights
from demography, conservation practitioners can better guide effective man-

agement strategies and ensure the long-term viability of restored populations.

demographic monitoring, demographic performance review, Iberian lynx, integrated
population model (IPM), Lynx pardinus, population viability analysis (PVA), reintroduction,

synthesizing multiple and diverse data sources—such as population
counts, survival data and productivity metrics—into a unified ana-
lytical framework, IPMs improve the precision of inferences, allow
the estimation of demographic processes for which explicit data are
not available and account for all relevant sources of uncertainty.
Thereby, they provide a comprehensive understanding of population
dynamics (Besbeas et al., 2002; Schaub & Kéry, 2022). This integra-
tive approach facilitates the estimation of demographic parameters
and population size, the identification of density-dependent effects,
the conduct of rigorous prospective and retrospective population
analyses and the evaluation of underlying ecological processes,
thereby vastly improving the assessment of conservation outcomes.

The Iberian lynx (Lynx pardinus) provides an excellent case study for
a large-scale and cost-intensive reintroduction programme. This spe-
cies is a specialized predator of European rabbits (Oryctolagus cunicu-
lus) with a strong reluctance to shift to alternative prey (Delibes, 1980;
Ferreras et al., 2011). While rabbits historically were widespread and
abundant, the effects of infectious diseases, such as myxomatosis
in the 1950s (Ratcliffe et al., 1952) and Rabbit Hemorrhagic Disease
(RHD) in the late 1980s, reduced their numbers in most of their his-
toric range (Villafuerte et al., 1995). Consequently, the current rabbit
distribution in Spain is fragmented and dependent on targeted land
management (Virgos et al., 2003). High rabbit densities are typically
found in actively managed small game hunting estates and certain
agricultural areas where food is abundant and management prac-
tices support continued rabbit presence (Delibes-Mateos et al., 2009;
Marin-Saez et al., 2025). The fragmented distribution of rabbits leads
to a fragmented metapopulation structure in lynx populations (Gaona
et al., 1998). This structure often exhibits a ‘matrix expansion’ dy-
namic—in contrast to ‘contiguous dispersion'—as described by Glass
et al. (2024), occurring in fragmented landscapes with patches of high
rabbit density and extensive areas with zero or very low rabbit density
(Delibes-Mateos et al., 2009).

Following the first outbreaks of RHD in the late 1980s, there
was concern about the potential indirect impact of the reduction
in rabbit populations on the already very small populations of the
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Iberian lynx (Villafuerte et al., 1995). Between December 1999 and
June 2002, a national survey revealed an estimated population of
only 30 breeding females (Guzman et al., 2004). Following a com-
prehensive conservation programme coordinated by the Spanish
and Portuguese governments, including captive breeding and rein-
troduction through numerous projects co-funded by the European
Union, by 2023 lynx populations had recovered in areas with high
rabbit densities, with an observed pre-breeding population size of
1299 individuals (Life Lynxconnect Team, 2024).

Several studies have previously investigated the demography of
the Iberian lynx (Ferreras et al., 2001; Palomares et al., 2005), but
these have been limited in scope, relying on small sample sizes and
focusing on a single natural population in the Dofiana National Park
(Southern Spain). So far, no published study has analysed the demog-
raphy of a reintroduced Iberian lynx population. Despite the favour-
able trend in wild lynx numbers in recent years, it remains unknown
whether the reintroduction has been successful in terms of the cru-
cial goal of self-sustainability. Meanwhile, there is a concern about
the long-term impact of the increasing number of documented road
kills on the species. To address these issues, we used data from the
Extremadura region, where standardized monitoring has been ongo-
ing since 2014.

Through a demographic performance review based on an IPM,
we gained comprehensive insights into population status, trends and
the key drivers of population dynamics (Frost et al., 2023; Margalida
et al., 2020). Our model enabled the estimation of lynx demographic
parameters and population sizes, testing for density dependence,
performing both prospective and retrospective population anal-
yses and conducting a Bayesian PVA (Davis et al., 2023; Schaub
et al., 2024). By integrating these demographic findings, we evalu-
ated the performance of the reintroduction, assessed the impact of
roadkill mortality on population viability and developed recommen-
dations to guide future management strategies. Beyond evaluating
the performance of this high-profile reintroduction project, the
creative use of multiple population dynamics data within our IPM
serves as a conceptual template for similar efforts and underscores
the value of formal demographic performance reviews in improving
the effectiveness and success of reintroduction projects as a central

conservation strategy (Morris et al., 2021).

2 | MATERIALS AND METHODS
2.1 | Studyarea

Our study area comprised the Extremadura region (41,633 km?) in
SW Spain. The natural vegetation consists of Mediterranean holm
oak (Quercus ilex) and cork oak (Quercus suber) forests with sub-
climax shrublands in the mountains, fragmented between the agri-
cultural areas and open oak woodlands managed for livestock and
agriculture (‘dehesas’) in the plains.

The exact date of the lynx's extinction in Extremadura is un-
known. The last recorded sighting was in 1991, and Guzman
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et al. (2004) reported no evidence of lynx in their survey. Lynx re-
introduction in Extremadura began in 2014 and continues to date.
The first release site was in the southern Matachel Valley (Jiménez
etal., 2019, Figure 1). Typically, each year between 5 and 11 captive-
bred, 1-year-old lynx were released. Some individuals dispersed
from southern Matachel to colonize further core areas with dense
rabbit populations, reaching Ortiga (2016), Sotillo, Valdecigiiefas
and northern Matachel (2018), Valdecafas (2019) and Cornalvo
(2022) (Rueda et al., 2021). The population in Cornalvo established
naturally, but was translocated to other cores in 2023 to avoid road-
kill mortality. Since 2019, reintroductions have been made in all
these breeding areas to increase their genetic diversity and main-
tain a sex ratio as close to parity as possible. A total of 92 individu-
als (43 females and 49 males) were released by 2024. In 2024, the
spatial structure of the lynx population in Extremadura consisted
of one primary core (southern Matachel) and six secondary cores,
with a total area of ca. 600km?. Immigration into Extremadura was
observed from Castilla-La Mancha and Portugal, while emigration
was recorded into Portugal, Castilla-La Mancha and Andalusia

(Figure 1).

2.2 | Field data

The regional government gathered the data with the support of
MITECO, CBD-Habitat and FOTEX, and provided it for the study. A
database was created containing the individual history of all released
and detected wild-born lynx in Extremadura during 2014-2024.
Individuals were recognized based on their fur pattern, and released
individuals were additionally monitored with GPS and telemetry col-
lars. Camera traps were installed in all breeding areas and were op-
erational during the breeding season (April-August). Breeding success
is expressed as litter size and is measured as the ratio of offspring
to breeding females recorded on visual and camera-trap observa-
tions during February-October. Dead animals were detected and
recovered mainly using GPS/telemetry tracking, but some animals
(tagged or untagged) were accidentally found by rangers, police and
by the general public in Spain and Portugal. Apparent roadkills were
necropsied to verify cause of death (see Appendix S1 in Supporting

Information).

2.3 | Integrated population model
2.3.1 | Population model

The heart of our IPM was a stage-structured population model
(Caswell, 2001), which related stage-specific population sizes to
demographic rates and whose specific formulation was adapted to
the lynx life cycle. Adult lynx exhibited intrasexual territoriality, as
shown by their exclusive home ranges, with seasonal home range
overlap between adult males and females, but not among individu-
als of the same sex (Ferreras et al., 1997). Yearlings (1-year-old)
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FIGURE 1 The study area (Extremadura; Caceres and Badajoz) showing the breeding plots and movements (2014-2024) within the
study area (in red), immigration-emigration routes (in magenta) and relocation paths (in blue). The orange circles show inside the observed
number of reproductive females in each core population (2024). The area of each core is shown in parentheses, based on telemetry and GPS

locations.

do(1-)

b3

FIGURE 2 Simplified life cycle graph of the stage-structured pre-breeding model used in the integrated population model (IPM) for the
Iberian lynx. We show the submodel of wild-born females. Stages: n;: 1-year-old non-breeders; F,: 2-year-old first-time breeders; N,: 2-year-
old non-breeders; B;: Females three-years-or-older that all reproduced. Transitions between stages are governed by demographic rates;

b1, $,, b3 Juvenile, subadult and adult survival; a: Probability of a 2-year-old female to start breeding; 6: Breeding propensity; p: Fecundity; &

Kitten sex ratio. See parameters in Table S1. Full model in Figure S1.

either remained in the natal area or became dispersers. Dispersal
distance differed between sexes, with males dispersing further, as is
typical for mammals (Ferreras et al., 2004). Female lynx could begin
reproducing at age 2, and from age 3 on, they typically gave birth
to 2 to 5 kittens in a single litter per year (Palomares et al., 2005).
To capture this life cycle, we used a pre-breeding, two-sex model
(Figure 2, Figure S1), with stages defined based on a combination
of age (1, 2 and 3years and more), breeding status (breeder, non-
breeder), sex and release status (released, wild-born) (Tables S1 and
S2). Transitions among states were governed by stage-specific de-
mographic rates, including productivity, recruitment, survival, dis-
persal, immigration and emigration, all of which were allowed to
vary over time. Individuals remaining in Extremadura either stayed
in their natal or release area and were called philopatric, or they
could disperse to another area within our study area, in which case
we called them dispersers. Therefore, we defined two parameters
representing dispersal: the probability to disperse within the study
area and the probability to emigrate from the study area. Details are
in Appendix S3.

To assess its impact on population growth, we investigated
whether roadkill mortality could be compensatory—that is, whether
it might at least partly replace other causes of death with reduced

impact on overall mortality and hence on population dynamics.
We distinguished between roadkill and other (‘background’) mor-
tality due to all other causes. Survival was specified in terms of
cause-specific mortality hazard rates (Ergon et al., 2018; Schaub &
Kéry, 2022), which allowed us to estimate whether and by how much
roadkill mortality was compensated for by reduced background
mortality (Ergon et al., 2018). We estimated roadkill mortality haz-
ard rates (Msz,t) and background mortality hazard rate (Mfgt) for each
sex s, age class i and year t; from these, we obtained the annual
survival probability as ¢;,s,z=eXP(—(Mf§t+Mfﬁ)), the probability of
mortality due to roadkill as rk;,, = (1 - ¢,-,5,t)MRK7§K‘;AEG, and the probability
of background mortality as bise = (1— ¢ie) Mﬁfﬁﬁ:To test for compen-
satory processes, we assessed the correlation between roadkill and
background mortality (Schaub & Kéry, 2022).

2.3.2 | Likelihood of each data set

We integrated three different datasets into the IPM: population
counts, live encounter-dead recovery data and productivity data,
each of which was represented by a different submodel with some
parameters that are shared across submodels (see Appendix S3):

85U8017 SUOWIWIOD BA1E81D) 8|ceatidde ayy Aq peusenob a2 sejolie YO 9SN 0 S8|nJ 10} ARIq1T 8UUO AB|IM UO (SUONIPUOD-pUE-SWRIALIS"AB | 1M Ale.q1jBul [Uoy/:Schiy) SUORIPUOD pue s | 8U18eS *[5202/TT/£0] Uo ARiqi auluo A8|im ‘9@ ssueinidwod pepisieAun Ad 26002 #992-G9ET/TTTT'OT/I0p/W0 Ao Areiqipuljuo s eunosaqy/sdny Wwo.y pepeojumoq ‘6 'S20z ‘799259€T



JIMENEZ ET AL.

2194

a. Count submodel: We analysed a time series of population counts
with a state-space model whose state-process model corre-
sponds to the above population model (Figure 2 and Figure S1).
To separate process variability from observation errors, we mod-
elled the counts of breeding females and males aged at least
2years using Gaussian distributions. Counts of immigrants were
modelled with Poisson distributions.

b. Capture-recapture submodel: We used live encounter-dead re-
covery data, which were jointly analysed using a multinomial
multistate capture-recapture model (Burnham, 1993; Lebreton
et al.,, 1999). This submodel enabled the simultaneous estima-
tion of cause-specific survival, site fidelity and other parameters
(Table S1), while accounting for imperfect detection.

c. Productivity submodel: For the dataset containing direct infor-
mation about reproduction, we used a Poisson regression to
estimate productivity, expressed as litter size per reproductive
female.

2.3.3 | Jointlikelihood

The IPM is represented by a joint likelihood that is given by the
product of the three individual data likelihoods. This likelihood con-
struction assumed the data are statistically independent (Schaub &
Kéry, 2022), though we note that the violation of this assumption
hardly affects the inferences (Abadi, Gimenez, Ullrich, et al., 2010;
Weegman et al., 2021). Estimates obtained from the IPM included
stage-specific population sizes and all demographic rates described
in the model (Tables S1 and S2). We used Bayesian MCMC (Markov
Chain Monte Carlo) methods to fit the IPM (Kéry & Schaub, 2012;
Schaub & Kéry, 2022) using the R package NIMBLE (de Valpine
et al., 2017). We specified vague or weakly informative priors for
all parameters (see Appendices S4 and S5) and ran three chains for
350,000 iterations, with a burn-in of 100,000 and thinning of 1 in 25,
resulting in 30,000 posterior samples per parameter. Convergence of
all chains was deemed adequate from visual inspection and by values
of R<1.1 (Brooks & Gelman, 1998). To assess goodness-of-fit we used
posterior predictive checks for all three component likelihoods and
calculated the resulting Bayesian p-values (see Figure S2). For point
estimates we reported posterior means, except for population size,
where we used posterior medians due to their skewed distribution.
We expressed estimation uncertainty by 95% Bayesian credible in-
tervals (CRIs). Data and the R code for analyses performed are availa-
ble in the Zenodo repository (https://zenodo.org/record/14825099).

2.4 | Test for density dependence

We tested whether the annual population growth rate of males and
females decreased with increasing population size. We first com-
pared the observed relationship between population growth rate

and total population size with the theoretical relationship expected

under exponential growth to test for the probability of density de-
pendence, following the method of Schaub & Kéry (2022, p. 315).
Second, in the IPM, we assessed density dependence a posteriori by
regressing estimates of population size on estimates of demographic
rates. The slope of these relationships provided an estimate of the
strength of density dependence for each demographic parameter
(Schaub & Kéry, 2022).

2.5 | Prospective and retrospective population
analyses

We calculated the elasticities of realized population growth to tem-
poral changes in demographic rates and in population structure
(Koons et al., 2016, 2017). This prospective analysis told us by how
much the population growth would change from oneyear to the next
in response to an annual change in a demographic rate or compo-
nents of the population structure. We also performed a transient
life-table response experiment (tLTRE) analysis (Koons et al., 2016)
to identify the drivers of the realized variation in population growth
rates. First, we performed a decomposition of the temporal variance
of the population growth rate. This informed us about the degree
to which temporal variation in demographic rates and of population
structure contributed to the observed temporal variation of the pop-
ulation growth rate during the study period. Secondly, we gauged
by how much the annual changes in demographic rates and popula-
tion structure contributed to the annual changes in the population
growth rate. Given the evidence for density dependence in females
(see Section 3 below), we developed a further IPM that incorporated
density dependence and used it to conduct a Bayesian PVA (Schaub
et al., 2024) to compare different management options in terms of
the population sizes eventually reached. We tested a control sce-
nario and four management scenarios over a 15-year projection

horizon:

e Control: Ending lynx releases by 2024 without further additional
management.

e Scenario 1 (‘Release’): Annual release of five males and five fe-
males in every year, starting in 2025.

e Scenario 2 (‘Mitigate roadkills’): Establish local mitigation mea-
sures, such as constructing fences, wildlife crossing tunnels and
clearing rabbit burrows from roadsides, in a 5km buffer around
the population core. These actions are assumed—for illustrational
purposes- to reduce juvenile and adult roadkill mortality by 50%.
Note that subadult mortality is not assumed to be affected, be-
cause locally born subadults disperse to other areas.

e Scenario 3 (‘Habitat management’): Reducing the strength of the
density-dependence effect by 50% by implementing habitat im-
provements (see Delibes-Mateos et al., 2009) to establish rabbit
populations in rabbit-free areas surrounding lynx territories.

e Scenario 4 (‘Mitigate roadkills and habitat management’): A com-

bination of scenarios 2 and 3.
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For all scenarios, we estimated (2014-2024) and projected
(2025-2039) the annual population size of breeding females. We
also calculated the probability that the population size in 2039
would be less than in 2024 (i.e. that there will be a long-term decline),
and the probability that each scenario will result in a population size
greater than the control (i.e. long-term increase), based on logical
tests applied to each MCMC draw.

3 | RESULTS
3.1 | Population size

The pre-breeding lynx population in Extremadura in 2024 was esti-
mated at 164 (CRI: 141-189) individuals, with 75 (63-90) males and
89 (71-108) females, of which 28 (24-33) females (i.e. 32 [26-39] %)
were breeders (Table S3). Of the total population in 2024, 22% were
released and 78% were wild-born individuals. Estimates of detection

parameters are shown in Appendix S5.

3.2 | Demographic parameters and
density-dependence

The probability that a 2-year-old female became a breeder () was
estimated at 0.302 (0.206-0.404). For females aged three and older,
the annual breeding propensity (§) was estimated at 0.686 (0.579-
0.794). Mean litter size (p) was estimated at 3.004 (2.643-3.371) kit-
tens per reproducing female (Figure S3 and Table S3).

Annual survival probability of juvenile females and males was
estimated at 4)2:0.813 (0.545-0.942) and ¢7'=0.770 (0.270-0.962),
respectively, that of subadult females and males at ¢’;:0.694
(0.403-0.951) and ¢7=0.617 (0.397-0.811), respectively, and
that of adult females and males at ¢f3=0.874 (0.747-0.951) and
¢7=0.810 (0.587-0.954), respectively. There was not much tempo-
ral variability in adult survival over the study period, and the back-
ground mortality rate remained nearly constant. The annual roadkill
mortality rate for subadult females was low at the start of the study,
but increased to 0.40 after the year 2021. Roadkill mortality rates
for subadult males remained stable around 0.30-0.40 throughout
the study period (Figure 3). There was a weak negative correlation
between roadkill and background mortality for juvenile, subadult
and adult females (posterior modes: -0.28; -0.36; -0.26) and males
(-0.26; -0.37; -0.04), respectively, indicating weak compensation.
For subadult females, the negative correlation increased to -0.77
during 2019-2023, suggesting that compensation may have become
stronger during recent years.

Estimated rates of emigration and of immigration were low
(Table S3). Site fidelity was similar for released and wild-born males,
but differed in females (Figure S4). Released females were more
likely to disperse within the study area (0f2=0.318; 0.136-0.510) than
wild-born females (0}:0.099; 0.032-0.175). Similarly, we estimated
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62=0.254 (0.101-0.417) for released males and §%=0.107 (0.036-
0.190) for wild-born males (Figure S4, Table S3).

The probability of density-dependence at the population level
for females was high (0.946), but lower for males (0.836). Roadkill
mortality in subadult females significantly increased with the female
population size (Figure S5), while all the other demographic rates of

females were unrelated to population size.

3.3 | Prospective and retrospective analyses

Adult survival was the demographic parameter with the highest
elasticity, followed by the reproductive parameters (fecundity and
breeding propensity), juvenile and subadult survival and the fre-
quency of the breeder class in the population structure. According
to the tLTRE analysis, temporal variation in population growth was
primarily driven by changes in population structure (adults and re-
leased individuals), while temporal variation in demographic rates
contributed less. In more recent years, as the population increased
in size, annual variation in adult survival and breeding propensity
began to play a more significant role in population growth. This shift
coincided with a reduced relative contribution of the released indi-
viduals to population growth (Figure 4).

Population viability analysis revealed that with the current popula-
tion structure, demographic parameters and environmental conditions
and in the absence of any further releases (‘Control’), the lynx popu-
lation in Extremadura is expected to stabilize at 32 breeding females
until 2039 (‘Control’). Under the ‘Release’ scenario, the predicted pop-
ulation trajectory is hardly different. This suggests that, from a demo-
graphic point of view, further releases are unlikely to increase the size
of the population. In contrast, under the ‘Mitigate roadkill’ scenario
(where juvenile and adult survival is increased by reducing roadkill in
the breeding areas), or if habitat management increased the size of
the area available for new female territories (‘Habitat management’
scenario), the final resulting population sizes would be larger. The best
option in terms of population size is the ‘Mitigate roadkills and habitat
management’ scenario, with a 0.77 probability of achieving a higher
future population size than the control, and only a 0.13 probability of
falling below the 2024 size (Figure 5).

4 | DISCUSSION

We reviewed the demographic performance of a high-profile rein-
troduction experiment for the endemic Iberian lynx, identified the
drivers of population change and assessed the impact of different
management options on future population dynamics. This case
study provides valuable insights into the recovery of this iconic spe-
cies and advances reintroduction science and conservation practice
in general. Findings from our study demonstrate how demographic
performance reviews through IPMs can enhance reintroduction

planning and guide adaptive management.
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FIGURE 3 Demographic parameters of the reintroduced Iberian lynx in Extremadura (2014-2024). Top left: Pre-breeding population
size; annual counts of breeding females (gold squares) and predicted female and male population sizes from the integrated population model
(IPM) (blue and green, respectively). Top right: Inter-annual population growth rates of total population size. Bottom: Annual variation in
cause- and age-specific mortality hazard rates: Background (left) and roadkill mortality rates (right). Top, females and bottom, males. Points

and lines/shaded areas show posterior means and 95% CRIs.

4.1 | Dynamics of the reintroduced lynx

The growth of the reintroduced population is most sensitive to
changes in adult survival, fecundity and the proportion of adults in the
population. However, the dynamics of the population were predomi-
nantly driven by changes in population structure, and not so much by
temporal variation in the demographic rates. Perhaps not surprisingly,
the release of young individuals had a significant impact on population

structure when the population was small and appeared to be the pri-
mary driver of population dynamics. As population size increased, the
effect of releases on population structure decreased, while temporal
variation in demographic rates (survival and breeding propensity) be-
came more important as drivers of population dynamics, as expected
for a naturally functioning population (Koons et al., 2016).

Female population size was regulated by density-dependence,
mediated by subadult dispersal that led to increased roadkill
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mortality. As roadkill mortality was not fully compensated by back-
ground mortality, this resulted in a decrease in annual survival. The
increase in subadult roadkill mortality with increasing population
size was likely the result of increased dispersal due to the saturation
of available breeding territories. Dispersal in both sexes occurred
mainly as subadults, with males dispersing more than females, as is
the rule in mammals. Roadkill accounted for 30%-40% of the annual
mortality in subadult males. For subadult females, mortality started
at 7% when the population was small and rose to similar values as
in males (40% per year; Figure 3) by 2020 as density-dependence
effects intensified. Male dispersal did not appear to be driven by
density-dependent processes, but was an ‘intrinsic’ trait as described
for other territorial felids (Robinson et al., 2008) and remained al-
most constant since the start of the reintroduction programme.
Although the data do not allow for definitive conclusions to be
drawn, the correlations between roadkill and background mortal-
ity suggest that roadkill mortality of subadult females was additive
at the start of the study period and partially compensatory at the
end, when density-dependent effects predominate. A comparison
of the dispersal behaviour of released females with the philopatric
behaviour of wild-born females reveals that dispersal movements

are more frequent in released females (Figure S4). The surplus of
released females that became dispersers represents a ‘reintroduc-
tion cost’ (Jule et al., 2008) and should be taken into account in
similar programmes to enhance effectiveness. Roadkill mortality
appeared to be largely the result of frustrated dispersal by indi-
viduals in search of vacant territories with rabbit densities that are
sufficient for reproduction. In Extremadura, most roadkills were re-
corded around natal areas (Appendix S1), suggesting a tendency to
return to natal areas after frustrated dispersal (Maehr et al., 2002).
Roadkill mortality is lower in adults than in subadults, probably be-
cause territorial adults are mainly restricted to the core areas of
our study area, and these are in well-preserved areas with low road
density.

We have found demographic rates that were largely consistent
with those in previous studies. Ferreras et al. (2001) reported similar
survival for subadults and adults as the current study, but slightly
lower survival for juveniles. Palomares et al. (2005) found fecundity
estimates close to ours that hardly varied over time, but a higher
reproductive propensity. Ferreras et al. (2011) reported an inhibition
of lynx reproduction following the collapse of rabbit populations
as a result of the RHD outbreak. Links between population levels
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of the main prey and fecundity are typical for carnivores (Fuller &
Sievert, 2001). In our study, fecundity does not contribute much to
population dynamics, since it hardly varied over time. However, we
find a high growth rate elasticity of fecundity, which suggests a po-
tentially important effect on population dynamics (Figure 4). If for
some reason fecundity begins to vary more in the future, it would

contribute strongly to population dynamics.

4.2 | Reintroduction assessment and management

Our demographic analysis provides clear evidence of the success of
lynx reintroduction in Extremadura, confirming the establishment
of a self-sustaining population that no longer requires additional
releases. The probability of extinction within the next 15years is
essentially zero unless environmental conditions change strongly.

However, due to habitat saturation, the population is predicted to
remain small and therefore be vulnerable to changes in environmen-
tal conditions. A larger population size would increase its resilience
to extinction. We investigated different scenarios to achieve this
goal. Road modifications would increase adult and juvenile survival,
but would not have a strong effect on the future population trajec-
tory. This management practice would lead to increased dispersal
and therefore shift the subadult mortality to other, more distant
roads. A better option is to increase the amount of suitable habitat,
which would result in higher female population sizes. The best op-
tion is to do both, reduce roadkill mortality and increase the amount
of suitable habitat, which would result in a population size of 51
breeding females and a negligible probability of longer-term decline
(Figure 5). While road modifications help to reduce mortality, they
often displace threats unless combined with broader landscape-
level strategies.
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5 | CONCLUSIONS

The demographic performance review of the Iberian lynx rein-
troduction programme in Extremadura using an IPM has pro-
vided comprehensive insights into the population's demographic
status, trends and drivers of population growth, while enabling
the prospective evaluation of management activities. Our as-
sessment has identified hard-to-detect mechanisms such as
density-dependence, its underlying demographic pathways and
cause-specific mortality. Our Bayesian PVA IPM-based model
used these insights to evaluate management options under real-
istic population processes. IPMs are a flexible and robust frame-
work for demographic inference, particularly for reintroduction/
translocation projects. They can be tailored to the available data
and the management actions being taken and can address both
research and management questions, while supporting adap-
tive management. These findings highlight the utility of IPMs in
optimizing conservation strategies for endangered species and
provide a comprehensive approach to improving reintroduction

success and long-term population viability.
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