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ARTICLE INFO ABSTRACT

Keywords: The persistence of large carnivores in human-dominated landscapes is particularly sensitive to the impact of

Canis lupus humans on key demographic parameters, such as survival, which is strongly influenced by legal and illegal

gap_mrefrecapt“re killing. However, estimating demographic parameters is challenging, requiring remarkable logistical and eco-
migration

nomic efforts. We developed a Bayesian integrated population model for wolves persisting in a human-
dominated landscape at the edge of their European range. We incorporated multiple long-term datasets
(2007-2019) of population counts, fecundity, molecular individual identification, and dead recoveries of GPS-
collared wolves. With the IPM, we estimated population size and structure, growth rate, survival and emigra-
tion rates, the latter two being largely unknown parameters for wolves persisting in these landscapes. We esti-
mated a growth rate of 1.04 (95%BCI: 1.03-1.05). Estimated survival rates were 0.72 (95%BCI: 0.66-0.77) for
adults and 0.53 (95%BCI: 0.30-0.71) for pups, and the emigration rate was 0.13 (95%BCI: 0.06-0.21). The low
emigration rates estimated may contribute to explaining the cryptic population structure documented in the
Iberian wolf population. By forecasting population growth over a ten-year period (2020-2029) under different
fecundity and survival rate scenarios, we identified adult survival as a key factor influencing wolf persistence in
human-dominated landscapes. Conflicts around wolf depredation on livestock, which may boost retaliatory
killing and public pressure to reduce wolf populations, together with other anthropogenic mortality causes and
the impacts of infrastructure development, can reduce wolf survival rates to an unknown extent and, therefore,
jeopardize wolf recovery.

Integrated population model
Population viability analysis
Survival

1. Introduction parameters, such as survival, and ultimately determine the persistence

of large carnivores in human-dominated landscapes (Benson et al., 2023;

Large carnivore conservation is challenging in human-dominated
landscapes, as sharing the landscape with these species often leads to
conflicts of different nature (Carter and Linnell, 2016; Lamb et al.,
2020), mainly because of their predatory behaviour (Lute et al., 2018).
Different viewpoints on how to share the landscape with these species
collide and interact with social, cultural, political and institutional fac-
tors (Chapron and Lopez-Bao, 2020; Lute et al., 2018), further compli-
cating conservation. Sharing landscapes can influence demographic

Lamb et al., 2020). This persistence is strongly modulated by the impact
of humans on food availability, habitat, and the ecology and demog-
raphy of species (Cassidy et al., 2023; Lopez-Bao et al., 2019). In this
context, identifying key demographic parameters or vital rates that most
constrain their persistence is a cornerstone to appropriately developing
effective large carnivore conservation strategies (Lamb et al., 2020).
Obtaining robust demographic estimates for elusive species is chal-
lenging since detecting family groups, reproductive events, mortality,
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and dispersers is difficult. Large carnivores are usually nocturnal, wide-
ranging, and occur at low densities, which further complicates detection
and observation. Furthermore, their primary causes of mortality are
anthropogenic, such as poaching, road kills or hunting (e.g., Benson
et al., 2023; Liberg et al., 2020), and a large proportion of some of them
are cryptic, making it even harder to obtain robust survival estimates
(Liberg et al., 2012; Treves et al., 2021).

Wolves (Canis lupus) are one of the most adaptable and persistent
species in human-dominated landscapes (e.g., Chapron et al., 2014; Di
Bernardi et al., 2025). For example, in Europe, after a decrease in the
intensity of persecution, several wolf populations have rapidly
increased, with growth rates of up to 1.36 in the case of Germany
(Reinhardt et al., 2019) or 1.27 in France (Marescot et al., 2011). Wolves
are found in all mainland Member States of the European Union, with a
total population estimate of 21,500 individuals (Boitani et al., 2022).
Yet, this recovery is uneven: while some populations have shown a
remarkably positive trend in the last decades, other populations have
been relatively stationary, with lower growth rates, or even extinct
(Lopez-Bao et al., 2018) due to a variety of causes, including poaching or
landscape fragmentation (Bischof et al., 2020; Boitani et al., 2022;
Caniglia et al., 2012).

Population growth is determined by the interplay between fecundity,
immigration, emigration, and survival. Among these, adult survival is
particularly influential for long-lived species like wolves (Heppell et al.,
2000), and likely represents a key parameter limiting population growth
and connectivity in fragmented landscapes due to conflicts related to
sharing the landscape with humans (Cooley et al., 2009). However, most
estimates available on survival rates refer to wolf populations in North
America in non-human-dominated landscapes, primarily derived from
capture-recapture (CR) models based on non-invasive genetic sampling
(e.g., survival rates of 0.74, Adams et al., 2011; and 0.71, Marucco et al.,
2012) or from collared wolves (e.g., survival rates of 0.73, Hebblewhite
and Whittington, 2020; and 0.82, Treves et al., 2017). Survival estimates
from France between 1995 and 2003 (0.84; Marescot et al., 2012) and
the Alps between 1999 and 2006 (0.82; Marucco et al., 2009) offer some
insight based on CR models. Further studies distinguish survival rates at
0.66-0.75 for weakly detectable individuals and 0.75-0.90 for highly
detectable individuals in Italy and France, respectively (Caniglia et al.,
2012; Cubaynes et al., 2010). However, equivalent estimates are
scarcely available for European wolf populations, and even less at the
limit of species range, considering individual heterogeneity in detection
or in populations with a cryptic structure, such as the wolf population in
the Iberian Peninsula, characterized by a high genetic structure and low
effective dispersal (Silva et al., 2018).

Assessing and identifying key demographic parameters is particu-
larly relevant for wolves in the Iberian Peninsula. This wolf population is
the largest remaining in Western Europe and yet genetically and
geographically isolated, potentially representing a unique population
from genetic, behavioural and ecological perspectives (Lobo et al., 2025;
Silva et al., 2018). Considering the cryptic population structure of the
Iberian wolf population, ensuring its long-term viability requires a
better understanding of survival and dispersal rates among identified
genetic clusters. To the best of our knowledge, in the Iberian Peninsula,
only two studies addressed wolf survival. Blanco and Cortés (2007)
estimated a 0.82 (95% CI: 0.71-0.94) survival rate, based on 14 collared
wolves between 1997 and 2004 in central Spain, with 44% of mortality
events attributed to poaching (deaths associated with poisoning or
illegal shooting); and Campos (2018) estimated a 0.62 (95% CL:
0.486-0.799) survival rate, based on 32 collared wolves between 1991
and 2017 in Portugal, with poaching as the leading cause of mortality.
This variability whithin the same wolf population suggests remarkable
spatial heterogeneity in survival within and across populations occur-
ring in human-dominated landscapes and underscores the urgency of
obtaining robust region-specific demographic estimates (Milleret et al.,
2025; Morales-Gonzalez et al., 2025). In this regard, conflicts between
wolves and humans, which mostly result from livestock depredation,
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and related compensation issues in management compensation schemes
(Lute et al., 2018) may drive such spatial heterogeneity in demographic
parameters like survival. For instance, in Portugal, where our study is
conducted, changes in legislation for compensation of wolf damages to
livestock, with stricter conditions and reduced payment of animal value
(according to the Portuguese legislation Decree-Law n°. 54/2016),
coupled with bureaucratic and delayed procedures for compensation,
likely decreased the tolerance towards wolves and increased retaliatory
killing that can have a significant negative impact on the wolf survival.
Our study includes the first two years (2018-2019) after this legal
change for damage compensation, which could evidence its impact on
demographic parameters.

Integrated Population Models (IPMs) have been progressively
developed to inform conservation strategies (e.g., Abadi et al., 2017;
Bled et al., 2017; Horne et al., 2019; Milleret, 2016; Paquet et al., 2021;
Petracca et al., 2024; Sells et al., 2022b). By formally describing the
ecological processes, IPMs combine multiple data sources (e.g., popu-
lation counts, fecundity estimates) into a single unified analytical
framework that yield more accurate and precise estimates of de-
mographic parameters, including unknown parameters (Arnold et al.,
2018; Besbeas et al., 2010; Schaub and Abadi, 2011). IPMs can be
therefore be useful for identifying population-limiting factors (Arnold
et al., 2018).

Focusing on wolves persisting in a human-dominated landscape at
edge of its European distribution, we leverage the long-term wolf
monitoring data available (2007-2019) in northern Portugal (Alto
Minho, 2200 km?), at the range edge of the Northwestern Iberian wolf
population (Chapron et al., 2014), to investigate wolf population dy-
namics in a highly human-dominated and fragmented landscape. We
developed an IPM to estimate key population parameters — including
population size and structure, growth rate, survival and emigration rates
— and to identify limiting parameters affecting the persistence of wolves
in these human-dominated landscapes. We run population projections
for a ten-year period (2020-2029) under different scenarios to identify
critical parameters and thresholds for such persistence. In this study, we
investigate wolf population trends since 2007, estimate key de-
mographic parameters, and assess how the variation in such parameters
influences the probability of near-extinction and extinction by 2029.
Improving conservation actions and management strategies based on
robust demographic parameter estimates (particularly survival and
dispersal rates) is needed, particularly in the European human-
dominated landscapes with limited connectivity and at the limit of
species range. To our knowledge, this is one of the few studies for the
grey wolf, and the first study for the Iberian wolf, resorting to long-term
data and merging into an IPM, to estimate several utterly unknown wolf
demographic estimates in human-dominated landscapes. Furthermore,
although IPMs have already been developed for wolves in North
America (e.g., Horne et al., 2019; Petracca et al., 2024), this powerful
tool remains largely unused in the contexts of European human-
dominated landscapes (see also Paquet et al., 2021).

2. Material & methods
2.1. Long-term wolf population monitoring in Alto Minho

We conducted the study in Alto Minho region (northwest Portugal;
Fig. 1), where wolves persist in a highly human-dominated landscape
with a human population density of 107.7 inhabitants/km?%; (PORDATA,
2014), dispersed human settlements, and high paved road densities
(1.60 km/km?; INE, 2014); similar to most of the wolf range in north-
western Iberia (e.g., Dennehy et al., 2021; Sazatornil et al., 2016; Torres
et al., 2015) (for further description of the study area, see Appendix Al
in Supplementary Material). Wolves here form a distinct genetic cluster
within the northwestern Iberian wolf population, with limited evidence
of exchanging individuals with other neighbouring areas (Silva et al.,
2018).
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Fig. 1. Location of the study area (Alto Minho) in NW Portugal and wolf range in the Iberian Peninsula (adapted from Kaczensky, 2018).

Wolves were monitored annually between 2007 and 2019 to esti-
mate the number of packs and reproduction events (e.g., Nakamura
et al., 2021; Pacheco et al., 2024). Monitoring was based mainly on
transects for wolf signs (scats and urine) covered on foot or by car (<10
km/h), simulated howling, observations, camera trapping, and indi-
vidual molecular identification of non-invasive samples during the wolf
pup-rearing season (from late June to early November). Additionally,
several wolves were captured, GPS-collared, and genetically identified.
For a detailed description of the procedures for field methodologies, see
Appendix Al in Supplementary Material). We submitted the samples to
molecular analysis for species and individual identification, which
included blood, scats, urine, saliva, and hair samples (for a detailed
description of the molecular procedures, see Appendix A2 of the Sup-
plementary Material).

Overall, we detected 4525 putative wolf signs (348 + 139 signs per
year; mean + SD; range: 112-518), of which 31% were collected for
genetic analysis (1355 scat, 20 urine, 14 saliva, and 15 hair samples).
Species identification was successful in 85% of these non-invasive
samples. We achieved 709 individual genotypes among analyzed wolf
samples (i.e. number of scats with individual identification) during the
study period, corresponding to 223 different wolves identified between
2007 and 2019. Eighteen of the 223 wolves identified were removed
from the CR analysis due to lack of detections over time. Our dataset of
capture-recapture history for wolves included 205 individuals, of which
144 were detected once, 30 twice, and the remnant 31 were detected up
to 7 times during the 13 years of sampling. GPS-collared wolves that
died (n = 8) were retrieved and used as information on dead-recoveries
for survival estimation.

The occurrence of a pack was determined when at least two wolves
were detected (Mech and Boitani, 2003) or whenever a breeding event
(e.g., presence of pups) was confirmed. The number of adults and pups
in packs was obtained by observations, howling detections, camera
trapping events, and captures for GPS-collaring. For molecularly iden-
tified individuals from non-invasive samples, we used pack assignment
criteria applied in previous studies, in which an individual was assigned
to a pack if detected once in the pack's homesite (within a 1 km buffer
around a den site or a rendezvous site) or detected at least twice a year
inside a pack territory (Nakamura et al., 2021; Stenglein et al., 2011).
Detailed descriptions of field molecular and pack assignment criteria are

described in (Nakamura et al., 2021) and (Rio-Maior et al., 2019, 2018).
For a detailed description of the procedures regarding the obtention of
the annual population counts, see Appendix Al in Supplementary Ma-
terial. We considered individuals <1 year old as a pup and > 1 year old
as a subadult/adult (hereafter named as ‘adult’; we merged adults and
subadults due to the difficulty of distinguishing them remotely).

2.2. Integrated population model

To estimate population size and key demographic parameters, we
developed our IPM in a hierarchical Bayesian framework, joining
different data sources and accounting for the observation processes. The
IPM included both sexes, accounted by the wolf social structure and
annual biological cycle, and incorporated three components into a post-
breeding stage-structured population matrix model: i) population size,
ii) fecundity, and iii) capture-recapture models (hereafter CR). We
estimated annual population size (Ntot), annual number of adults (Nad)
and pups (Npup), survival of adults (Sad) and pups (Spup), the pro-
portion of female breeders among adults (Prop_fb), and fecundity (F)
(Fig. 2). By integrating a multistate CR model, we also estimated addi-
tional parameters of fidelity (Fd), dead recovery (rr) and detection (pp)
probabilities (Lebreton et al., 1999). (For a detailed description of the
IPM components and implementation, see Appendix A3 of the Supple-
mentary Material).

2.3. Population viability analysis

We forecasted the trajectory of the population over a ten-year period
(2020-2029) following the empirical dataset using the baseline pa-
rameters estimated from the IPM (control). To better understand the
trend and structure of this population, we predicted the annual popu-
lation size, annual growth rate, and the number of adults and pups for
the forecast period. Additionally, to evaluate to what extent variations in
fecundity and adult and pup survival impact the population trajectory
and its extinction probability, we projected the trajectory for the same
period under twelve different scenarios, by varying each of the following
variables at a time: increased and decreased fecundity, adult survival or
pup survival by 10% and 20%. We also evaluated how these variations
in fecundity and survival affect the number of adults and pups during the
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Fig. 2. (a) Diagram for building the age structured population matrix; (b) in-
tegrated population model components in a matrix model representation (for
visual representation purposes only, since the matrix model is not imple-
mented). (Prop_fb — proportion of female breeders among adults, F — fecundity,
Spup - pup survival; Sad — adult survival; Nad — number of adults; Npup —
number of pups).

forecast period. To assess which vital rates have a stronger effect on
demography, we performed a sensitivity analysis of the population
growth rate (Caswell, 2019) by fixing its parameters to the estimates
obtained from the IPM. For all scenarios, we determined the cumulative
probability of extinction (Ntot = 0; i.e. the probability of the population
size becoming zero) and quasi-extinction with a threshold of Ntot = 5
individuals (i.e. the wolf population is unlikely to recover when the
population is fewer than 5 wolves) for the forecasted period. We
imposed this minimum population size as quasi-extinction, considering
available studies on wolf population viability analysis with a population
size threshold (e.g., USFWS, 2023), our study area size, and the average
annual proportion of female breeders among adults obtained for our
study area (0.17; see below) — in the absence of pups, the probability of
existing at least one female breeder among the population is lower than
one, when a maximum of five adults are present in the population.

3. Results

Overall, between 2007 and 2019, we performed 6371 km of transects
(average effort: 796 km/year), and 1574 howling surveys com-
plemented with 313 observation surveys. We carried out 1559 camera
trapping nights and 3501 live trapping nights for GPS-collaring (see
details on the effort of field methodological procedures in Table Al in
Appendix Al of Supplementary Material).

Based on field and molecular information (i.e. considering the initial
data, before running the IPM), the observed annual average population
count between 2007 and 2019 was 34.8 + 13.3 wolves (range: 13-61),
with an average naive growth rate of 1.17 + 0.40 (range: 0.63-1.85).
The observed annual average number of adults and pups were 18.5 +
7.2 (range: 6-31) and 12.4 + 5.3 (range: 4-20), respectively. We
detected an annual average of 4.8 + 1.6 packs (range: 2-7), with
confirmed reproduction in an average of 3.7 + 1.4 (range:1-6) of them
(i.e. annually, 77 + 18% of the detected packs reproduced; range:
50-100%). The average annual proportion of female breeders among
adults was 0.17 £ 0.06 (range: 0.09-0.29; result used as an informative
prior for Prop_fb the IPM). We obtained an average fecundity of 3.9 +
2.4 pups per pack (n = 20; range: 1-9; result used as an informative prior
of F for the IPM) based on only direct observations. It is important to
note that the average fecundity was 3.4 &+ 1.8 (n = 48; range: 1-9) when
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we considered information from different field methodologies (see Ap-
pendix A4 and Fig. Al in Appendix A5 of Supplementary Material).

From our IPM, we estimated an average annual growth rate and
population size of 1.04 (95% Bayesian Credible Interval (95%BCI):
1.03-1.05; range: 0.88-1.29) and 35.6 + 9.3 (range: 23-53), respec-
tively (Fig. 3A and B); with an annual average of 21.6 + 5.5 (range:
15-32) adults and 13.6 + 4.2 (range: 8-23) pups in the population
(Fig. 3C). The annual rate of increase for the number of adults was 1.07
=+ 0.11 and for the number of pups (1.07 + 0.27). Average survival rate
for adults was estimated in 0.72 (95%BCI: 0.66-0.77) and 0.53 (95%
BCI: 0.30-0.71) for pups. The lowest annual adult survival rates were
obtained between 2008 and 2009 (0.68) and 2009-2010 (0.65)
(Fig. 3D). The fidelity rate of adults to the study area was estimated to be
0.87 (95%BCI: 0.79-0.94), and apparent survival to be at 0.63 (95%BCI:
0.52-0.72). The probability of individual detection was 0.44, and that of
dead recovery was 0.06 (see details on parameter estimates in Table 1
and the model output with all estimates in Table A2 in Appendix A5 of
Supplementary Material).

Our population viability analysis revealed that, if adult survival rate
is maintained at 0.72, the estimated average annual population size for
the forecasted period (2020-2029) would be 60.7 + 8.4 wolves Fig. 4A,
with an average of 36.9 + 5.1 adults and 22.5 + 3.0 pups (Table 2 and
Fig. 4B). By 2029, the extinction probability (Ntot = 0) of wolves in Alto
Minho would be 0.001, and the quasi-extinction probability (Ntot = 5)
would be 0.013 (Table 2 and Fig. 5). Conversely, if the adult survival
rate decreases by 10%, the growth rate will decrease to 0.96, with the
extinction and quasi-extinction probabilities increase to 0.01 and 0.07,
respectively (Table 2). If the adult survival rate decreases by 20%, the
growth rate will decrease to 0.89, and the extinction and quasi-
extinction probabilities increase to 0.06 and 0.22, respectively
(Table 2; see additional details in Fig. A2 and Fig. A3 in Appendix A5 of
Supplementary Material). Varying pup survival rate and fecundity by
10% or 20% for the forecast period had little effect on the demographic
parameters analyzed — i.e. low sensitivity, with up to 1% and 8% of
variation on growth rate, respectively — and, consequently, on the
extinction probabilities (Table 2; Fig. A4 and Fig. A5 in Appendix A5 of
Supplementary Material).

4. Discussion

In this study, we estimated key demographic parameters for a wolf
population persisting in a highly human-dominated landscape with a
cryptic population structure, and performed a population viability
analysis based on an IPM. The population viability analysis showed how
much the variation in adult survival impacts wolf persistence. Accord-
ingly, we predict that a potential decrease in adult survival by 10% until
2029 would result in a negative trend (0.97 growth rate) in wolf
numbers. Remarkably, our estimates suggest that a quasi-extinction
likelihood of 22% would be achieved in only 10 years if adult survival
decreases by 20%. Given that conflicts with humans often result in the
illegal killing of wolves to an unknown extent (e.g., Liberg et al., 2012),
efforts should focus on reducing anthropogenic mortality, particularly
illegal killing, to increase adult survival and dispersal rates, thereby
improving the overall population viability.

Between 2007 and 2019, wolves in Alto Minho recovered and
recolonized previously occupied areas (Nakamura et al., 2021), with
two to seven packs detected annually. The IPM estimated an overall
growth rate of 1.04 (95%BCI: 1.03-1.05), similar to values reported for
stable wolf populations in Europe or in an initial phase of expansion (e.
g., 1.04, Marucco et al., 2009; 1.02, Nowak et al., 2008), but much lower
than growth rates observed at clear expansion fronts of wolf populations
in human-dominated landscapes (1.36, Fechter and Storch, 2014; 1.27,
Marescot et al., 2011). Notably, the growth rate obtained here using
only field and molecular data was higher (1.17) and closely aligned with
previous estimates from 2007 to 2016 (1.16; Nakamura et al., 2021).
The differences observed between the initial population counts and IPM
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Fig. 3. Annual observed values and parameter median estimates and projections obtained by the integrated population model for the sampling period (2007-2019)
and the forecast period (2020-2029): A) population size, with inset for the sampling period; B) growth rate; C) number of adults and pups, with inset for the sampling
period; and D) annual adult survival rate with overall average values of adult apparent survival rate (black dashed line) and of pup survival (orange line); shadow
areas represent 95% Bayesian credible intervals.



M. Nakamura et al.

Survival rate
o o o o
» ~ -] ©

o
[3)

0.4

Biological Conservation 316 (2026) 111784

Annual adult survival |

Apparent adult survival

2007 2009 2011 2013 2015

2017 2019 2021 2023 2025 2027

Year

Fig. 3. (continued).

Table 1

Parameter estimates obtained by the integrated population model; posterior
mean of median estimates (Mean), standard deviation (SD), and 95% Bayesian
credible interval (95%BCI).

Parameter Mean + SD 95%BCI

Proportion female breeders (mean.Prop_fb) 0.17 £+ 0.02 [0.12; 0.22]
Fecundity (mean.F) 4.00 + 1.47 [1.94; 7.65]
Pup Survival (mean.Spup) 0.53 £ 0.12 [0.30; 0.71]
Adult Survival (Sad) 0.72 + 0.03 [0.66; 0.77]
Fidelity (Fd) 0.87 + 0.04 [0.79; 0.94]
Dead recovery (1) 0.06 + 0.02 [0.03; 0.10]
Detection (pp) 0.44 + 0.04 [0.35; 0.52]

estimates, show the importance of the implementation of such models.
The population size and growth rate estimates obtained by the IPM are
likely more robust and accurate than the initial ones, since it integrates
several datasets into the sub-models and it considers detection proba-
bilities and several demographic parameters. Such differences, particu-
larly on population growth rates, can have strong implications when it
comes to implementing conservation and management actions.

We observed some fluctuations in population size over time, though
these seem to be less accentuated than previously thought (Nakamura
et al., 2021). These fluctuations may be related to the annual variations
observed in adult survival rates and the number of packs reproducing
and pups. The annual variation in the number of pups was more pro-
nounced than in the number of adults, which may suggest a de-
mographic compensation mechanism when reproduction is less
successful. Another compensatory mechanism known for wolf pop-
ulations is the low dispersal rates of adults due to low social or intra-
specific competition (Ballard et al., 1987; Sells et al., 2022a) or mortality
rates. The particular characteristics of wolves in some areas of Iberia,
such as high food availability in the form of extensive livestock as in our
study area (Alvares et al., 2015), may decrease intraspecific competi-
tion, and consequently decrease the need to emigrate, which likely
partially explains the cryptic genetic structure observed by Silva et al.
(2018).

To simplify the IPM, the population model assumed a geographically
closed population. However, by integrating a multistate CR model, it
allowed to estimate fidelity rates to further assess apparent survival rate
(0.63). This value was lower than in studies conducted in France (0.84,
Marescot et al., 2012) and Italy (0.66-0.75, Caniglia et al., 2012). Such
lower survival rate observed in Alto Minho could be related to high
levels anthropogenic mortality (e.g., retaliatory killing linked to high
depredation levels on livestock, since wolves feed mostly on extensively
grazed livestock in this area, comprising more than 70% of the wolf diet;

Alvares et al., 2015). Although some of the first captures in our CR
model may include pups — which typically have a lower survival rate
than adults (Marucco et al., 2009) — the goodness-of-fit tests did not
show lack of fit. Thus, the apparent adult survival is unlikely to be
underestimated. Since we could not distinguish pups from adults from
non-invasive samples for the first year of capture, it was not possible to
proceed with a CR model with individual heterogeneity for age. Such a
differentiation could distinguish part of the highly or weakly detectable
individuals (Cubaynes et al., 2010). However, by including a prior for
pup survival rate, we could estimate an average pup survival rate for this
population (0.53). Previous studies show that wolf populations decline
when the survival rate is below 0.65 or 0.68 (Chapron et al., 2003;
Fuller, 1989; Marescot et al., 2012). Thus, according to the estimates of
the adult survival rate (0.72) and the positive growth trend (1.04), our
estimated apparent adult survival rate (0.63) could be slightly under-
estimated, possibly due to an underestimation of the fidelity rate,
though, as previously mentioned, the goodness-of-fit tests did not show
lack of fit. To better understand how growth rate is affected by other
compensation mechanisms, additional studies with more detailed
analysis are needed, such as age-structured CR models.

Changes in pup survival rate and fecundity had some effect on the
population projections. Though, growth rates are more strongly affected
by adult survival variations than pup survival or fecundity. Although,
the influence of pup survival on growth rate should be interpreted with
caution since this parameter was not estimated within the CR model due
to data limitations, the IPM allowed to infer the sensitivity of the
extinction risk to changes in adult or pup survival. By increasing adult
survival by 10% during the forecasted period, the population would
increase sustainably with a 1.11 growth rate, though it would not
significantly affect the extinction risk of wolves in the study area.
Nevertheless, it could increase the number of dispersers and the number
of packs in the surroundings and potentially contribute to recolonizing
new areas. However, in a scenario where the adult survival rate de-
creases by 10% (i.e. Sad = 0.65) between 2020 and 2029, the population
declines at a rate of 0.97. In a more extreme scenario of a 20% decrease
in adult survival (i.e. Sad = 0.57), the growth rate decreases to 0.89,
with a 22% risk that the population will decline to only five individuals
by 2029. Despite the low quasi-extinction probabilities in such sce-
narios, these results highlight that a decrease in adult survival can
significantly impact this population in a short time. In fact, although
wolves in Alto Minho have been increasing since 2007, the number of
individuals suffered a steep decline between 1996 and 2007, possibly
related to high levels of wolf persecution and decreased habitat con-
nectivity (Nakamura et al., 2021). Our study shows the relevance of
ensuring high adult survival rates to guarantee the persistence of wolves
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in human-dominated landscapes because such declines may occur even
with small increases in adult mortality.

Survival rates lower than that obtained in our study (0.63) have been
observed in North America, where the management and conservation
strategies are very different from those in Portugal. In the USA, Ballard
et al. (1997) estimated a 0.55 survival rate and a 0.88 growth rate,
where hunting is the leading cause of mortality. In Canada, Hebblewhite
and Whittington (2020) estimated a 0.44 survival rate for individuals in
the surroundings of a protected area, as opposed to a 0.84 survival rate
inside the protected area. Such studies show the impact that hunting can
have on wolf populations and the role of protected areas in North
America. In Portugal, although hunting is not allowed and it is still
unclear to what extent protected areas affect the success of wolves, our
IPM shows that the decrease in the survival of wolves in Alto Minho due
to, for instance, increased poaching levels, in addition to natural mor-
tality causes, would result in a negative growth rate that the population

would not sustain in the long term.

The temporal variation in survival rates between 2007 and 2019
likely resulted from a combination of natural and anthropogenic mor-
tality. A natural cause could be the prevalence of sarcoptic mange, an
infectious and contagious disease caused by Sarcoptes scabiei mite
(Bornstein et al., 2001). Though it has been suggested that this disease
has a limited demographic effect on wolf populations (Oleaga et al.,
2011), wolf mortality from sarcoptic mange has been occasionally
recorded in the Iberian Peninsula (Dominguez et al., 2008). In Alto
Minho, several wolves were observed with skin lesions compatible with
sarcoptic mange and peaks in the seroprevalence and the non-invasive
predicted prevalence of this disease were detected during 2006-2009
(Rousseau et al., 2021), which coincide with the years of the lowest
estimated adult survival rates. Furthermore, the concomitance and in-
teractions between the Canine Distemper Virus (Miiller et al., 2011) and
the mite causing sarcoptic mange (Oleaga et al., 2015) may make
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Table 2

Average annual median estimates (mean + SD; range) of population size, growth rate, and number of adults and pups for the forecast period (2020-2029) by
maintaining (Control model) and varying each variable at a time: increasing (+20%, +10%) or decreasing (—20%, —10%) fecundity (F), adult survival (Sad), or pup
survival (Spup) rates. Probability of extinction (population size = 0) and quasi-extinction (with a threshold of population size of 5 wolves) by 2029.

Model F Sad (%) Spup Population Growth rate N adult N pup Extinction Quasi
(n pups per female m (%) size (%) -extinction
breeder) (%)
+20% F 4.9 72 63 54 114.2 + 49.1 1.14 £ 0.01 61.6 + 49.5 + 0.05 0.35
(55-201) (1.13-1.17) 26.3 21.0
(30-108) (24-87)
+10% F 4.3 72 63 54 81.3 +22.7 1.08 + 0.01 46.7 + 32.6 £ 9.0 0.08 0.62
(52-119) (1.08-1.11) 12.8 (21-48)
(30-68)
+20% Sad 3.8 86 75 54 140.9 +£ 729 1.18 £ 0.01 85 + 43.5 52.5 + 0.00 0.02
(57-274) (1.18-1.21) (35-165) 27.2
(21-102)
+10% Sad 3.8 79 69 54 92.4 + 31.2 1.11 £ 0.01 55.9 + 34.5 + 0.02 0.16
(53-146) (1.1-1.13) 18.8 11.4
(32-88) (20-54)
+20% 3.2 72 63 65 61.3 + 8.7 1.04 + 0.00 39.4£5.5 20.3 + 3.0 0.12 1.10
Spup (49-75) (1.04-1.04) (32-48) (16-25)
+10% 3.5 72 63 60 61.3 £8.7 1.04 + 0.00 38.4 £ 55 21.5 £+ 3.0 0.13 1.18
Spup (49-75) (1.03-1.05) (31-47) (17-26)
Control 4.0 72 63 54 60.7 + 8.4 1.04 + 0.00 36.9 £5.1 22.5 + 3.0 0.15 1.25
(49-74) (1.03-1.05) (30-45) (18-27)
—10% 4.2 72 63 49 60.4 £ 8.1 1.04 + 0.01 35.3+4.7 23.6 + 3.2 0.18 1.29
Spup (49-73) (1.03-1.06) (29-43) (19-29)
—10% 4.6 72 63 43 59.4+75 1.04 £ 0.01 33.4+41 24.6 +2.9 0.21 1.43
Spup (49-71) (1.03-1.06) (28-40) (21-29)
—10% Sad 3.8 65 56 54 40 £+ 3.5 0.97 £+ 0.00 24.4 + 2.2 147 £1.3 1.17 6.69
(35-45) (0.96-0.98) (21-28) (13-17)
—20% Sad 3.8 57 50 54 27.3 +£8.7 0.89 £ 0.00 16.6 + 5.4 10.0 £ 3.5 6.01 22.15
(16-42) (0.89-0.89) (10-26) (6-16)
—10% F 3.3 72 63 54 47.3 £ 0.5 1.00 + 0.00 30.0 £ 0.0 16.0 £ 0.0 0.27 2.37
(47-48) (1-1) (30-30) (16-16)
—20% F 2.9 72 63 54 38.2+ 4.3 0.96 + 0.00 25.5 + 11.8 +£1.3 0.50 4.54
(32-45) (0.96-0.97) 3.03 (10-14)
(21-30)
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Fig. 5. Cumulative probability of extinction (Ntot = 0 individuals, blue lines) and of quasi-extinction (threshold of Ntot = 5 individuals, grey lines) for wolves in Alto
Minho within 10 years for the forecast period (2020-2029). Probabilities obtained for the control model (i.e. adult survival rate at 72%; solid lines) and for the
models with a decrease of adult survival by 20% and 10% (dashed lines). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

individuals more vulnerable. Nevertheless, conflicts with people due to 2018) suggest that a high proportion of wolf mortalities may also be
the high frequency of livestock depredations by wolves (Pimenta et al., related to anthropogenic causes (Campos, 2018). In fact, poaching
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caused the deaths of 47% of GPS-collared wolves tracked in the study
area during 2007-2017 (Rio-Maior et al., 2018). To better understand
the causes of wolf mortality and enhance the development of studies for
wolf conservation, the Institute for Nature Conservation and Forests
(ICNF) in Portugal implemented the ‘Monitoring System of Dead
Wolves’ since 1999, in which all wolf carcasses are registered in a na-
tional database, and samples are collected for multiple purposes
(Barroso and Pimenta, 2008). However, most dead wolves are oppor-
tunistically detected and do not reflect the actual rate of mortality
causes, resulting in biased mortality causes towards more easily
detectable deaths (e.g., road kills 0.35), with lower detections of
poaching (shot 0.20, snared 0.12, or poisoned 0.03) or natural causes (e.
g., infectious diseases 0.06) (Alvares et al., 2015). Therefore, poaching
may be the main limiting factor of wolves in this area and other regions
of the range of the northwestern Iberian wolf population.

We estimated that only 13% of the wolves emigrate from the study
area. Such remarkably high estimated fidelity would partially explain
the cryptic genetic structure observed in the Northwestern Iberian wolf
population (Silva et al., 2018). Previously, it has been estimated a very
low proportion of dispersal individuals among genetic clusters in this
population (4%; Silva et al., 2018) and even among packs within the
same genetic cluster (11%; Nakamura et al., 2021). Wolves in Alto
Minho have delayed dispersal and tend towards philopatric behaviour
(Pacheco et al., 2024), probably contributing to the low emigration rate.
The observed low dispersal rate has also been related to higher land-
scape fragmentation and human-related mortality risk in wolves (Rio-
Maior et al., 2019; Sells et al., 2022a), which can, in turn, decrease pack
sizes and resource competition in established populations (Treves et al.,
2017; Webb et al., 2011). Since food is not a limiting factor, as
mentioned above, competition is expected to be lower, possibly delaying
dispersal age (Ballard et al., 1987; Sells et al., 2022a). Furthermore, the
mortality of pack members can increase the recruitment of new mem-
bers into vacant positions (depending also on the status of the individual
lost; Brainerd et al., 2008; Cassidy et al., 2023), reducing the need for
inbreeding avoidance and dispersal since breeding opportunities arise
within the pack (Ausband et al., 2017b; Pacheco et al., 2024; Packard,
2003).

The average litter size obtained by direct observations (3.9) was
similar to estimates in other areas of the Northwestern Iberian wolf
population (4.0, Fernandez-Gil et al., 2020), although lower compared
to other areas, such as the Cantabrian Mountains (5.15, Llaneza et al.,
2023). However, the number of pups detected in packs can be highly
variable depending on the effort or difficulty of observation among
packs (e.g., Barrientos, 2000). For instance, Barrientos (2000) observed
4.7 pups per pack, and Fernandez-Gil et al. (2020) observed 4.0 pups per
pack in the same study area. Further studies are needed to assess dif-
ferences in fecundity and pup survival within the wolf population across
Iberia; although we cannot rule out the influence of different method-
ological approaches on these figures (e.g., Palacios et al., 2017; see also
Llaneza et al., 2023), as shown for our study area (3.9 and 3.4 pups
detected by direct observation and all field methods, respectively, in this
work; and 3.7 + 1.8 pups inferred from a genealogical analysis; Pacheco
et al., 2024).

Fecundity could vary with the age of the breeding females (Ferreras-
Colino et al., 2021; Mech et al., 2016; Stahler et al., 2013) and food
availability (Boertje and Stephenson, 1992). Our estimates of fecundity
(3.9) could also be influenced by low pup survival in early months,
which can be affected, for example, by diseases, such as canine parvo-
virus, and the turnover of breeders (Ausband et al., 2017a; Brainerd
et al., 2008; Stahler et al., 2013). Indeed, the estimated average fecun-
dity of female breeders in Iberia based on the foetus and placental scar
counts (5.5-6.0; Ferreras-Colino et al., 2021) was higher than the esti-
mated fecundity in our study. Additionally, wolves in Alto Minho have
shown a lower genetic diversity (Silva et al., 2018) and a frequent
turnover of breeders (Pacheco et al., 2024), which could be affecting the
reproductive success of packs. Furthermore, in areas where people are
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less tolerant of wolf presence, pups might be more susceptible to being
killed or poached than adults, particularly when homesites are located
in more human-accessible areas with higher disturbance (Sazatornil
et al., 2016). Further studies are needed to study pup survival and un-
derstand the different causes of mortality affecting this cohort (e.g.,
Ballard et al., 1987; Fritts et al., 1981). Lastly, future studies accounting
for individual heterogeneity, such as breeding status, sex or intrinsic
differences in detection among methods, would likely improve the
estimation of demographic parameters. In our study, we lacked infor-
mation on GPS-collared wolves to include differences between the
detection probabilities of individuals by non-invasive molecular
methods and GPS-collaring wolves.

4.1. Conservation and management implications

Currently, wolf populations appear to have stagnated in several areas
of Spain (eastern Castilla y Leon, the Basque Country and north of
Castilla-La Mancha) and wolf range continues decreasing in Portugal
(Blanco and Cortés, 2009; Di Bernardi et al., 2025; Lépez-Bao et al.,
2018; Nores and Lopez-Bao, 2022; Pimenta et al., 2023), which might be
a consequence of high levels of poaching associated with livestock
depredation. Additionally, the legal changes for damage compensation
may also have an impact on wolf survival. Until 2017, the Portuguese
government fully compensated wolf damages to livestock when pro-
tection measures were implemented (namely, fences or livestock
guarding). However, after 2018, the compensation was limited to 15
annual attacks per livestock owner and payment of animal value at
100% only for the first three declared animals and decreasing percent-
age down to 50% for the 15th attack (according to the Portuguese
legislation Decree-Law n°. 54/2016). This change reduced the number
of declared attacks, particularly in chronically affected farmers, which
coupled with the bureaucratic and delayed procedures for compensa-
tion, likely decreased the tolerance towards wolves and increased
retaliatory killing. In fact, we observed a decrease in adult survival be-
tween 2018 and 2019, which coincide with the first two years after the
legal changes that reduced the compensation values for damages on
livestock. Although the implications of such changes may only be re-
flected in demographic parameters in the longer term, we cannot rule
out the possibility of an immediate impact on the wolf population. As
such, a follow-up on the compensation schemes adopted in Portugal and
in other human-dominated landscapes where livestock damages are
frequent is urgently needed to assess the impact of implemented policies
on wolf conservation and adapt accordingly.

In fragmented and human-dominated environments, survival is not
only a limiting factor for population growth but also constrains dispersal
and connectivity between subpopulations (Cooley et al., 2009). Thus,
estimating and understanding spatial variability in survival and
dispersal is crucial for assessing the viability and connectivity of wolf
populations (e.g., Milleret et al., 2025). The proportion of emigration
with successful dispersal (i.e. with establishment in other areas) is yet to
be assessed in human-dominated landscapes. By estimating emigration
and immigration rates among different areas, wolf conservation and
management actions could be focused on areas with lower connectivity.
Studies on wolf demography, and particularly adult survival rates — a
key limiting factor of wolves — in other human-dominated areas of
Europe are needed to detect demographic variations in space, particu-
larly in conflict-prone areas, where wolves rely on livestock, in the
expansion fronts, and where wolves seem to be more fragile and sus-
ceptible, such as in small and isolated wolf populations.
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