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Abstract: The European rabbit (Oryctolagus cuniculus) is an endangered species native to the lberian
Peninsula, playing a vital ecological role in Mediterranean ecosystems as prey for several threatened
predators. Conservation efforts have been implemented to halt its decline, with a particular focus on the
Iberian rabbit subspecies (Oryctolagus cuniculus algirus). Many conservation programmes involve restocking
and habitat management, including the construction of artificial warrens to provide essential refuge sites. In
this study, we examined the use of four types of artificial warrens (logs, Mayoral®, pallets and tubes) by a
restocked Iberian rabbit population within a fenced park in southern Portugal. We investigated the factors
influencing warren use, basing our analysis on faecal pellet counts at the entrances of artificial warrens. We
analysed spatial and temporal patterns in warren use using a generalised additive mixed model. Additionally,
we determined the efficiency of each type of artificial warren by computing the ratio between the costs
of building the warren and the level of warren use by the rabbits. Our results indicate that Mayoral, tube
and log warrens are significantly less used compared to pallet warrens (Logs: 3=—0.171+0.041; Mayoral:
3=—0.149+0.058; Tube: 3=—0.240+0.071). Moreover, pallet warrens were found to be more cost-effective
compared to other types analysed. Furthermore, rabbits preferred artificial warrens surrounded by a higher
proportion of shrubs (3=0.132+0.037). Artificial warren use exhibited seasonal variation, declining gradually
during the winter and early spring, and recovering in late spring, coinciding with the expected breeding peak.
Based on our findings, we recommend the implementation of pallet warrens in rabbit restocking programmes
to provide immediate shelter and breeding sites for the released rabbits. Furthermore, artificial warrens should
be strategically located near shrub patches to facilitate safe access to vital resources such as food and water.

Key Words: habitat management, Mediterranean, Iberian rabbit, restocking, warren use.

Correspondence: C. Encarnagdo, claudiae@uevora.pt. Received December 2023 - Accepted March 2024.
https://doi.org/10.4995/wrs.2024.20814

Cite as: Encarnagéo C., Sabino-Marques H., Pinheiro P, Santos S., Alves P.C., Mira A. 2024. Selection of artificial warrens following
the restocking of an endangered keystone prey. World Rabbit Sci., 32: 113-127. https.//doi.org/10.4995/wrs.2024.20814

(<) DOO World Rabbit Sci. 32: 113-127

113


https://orcid.org/0000-0002-8726-1873
https://orcid.org/0000-0002-5505-4781
https://orcid.org/0000-0003-4931-1080
https://orcid.org/0000-0003-4797-0939
https://orcid.org/0000-0001-6152-0454
mailto:claudiae@uevora.pt
https://creativecommons.org/licenses/by-nc-sa/4.0/

114

Encarnacho et al.

INTRODUCTION

The European rabbit (Oryctolagus cuniculus) is a native species of the Iberian Peninsula (Delibes-Mateos et al.,
2021). In addition, it has been introduced in numerous countries and can now be found in scattered areas across all
continents, except Antarctica (Thompson and King, 1994). Although the species is considered a pest that can cause
irreversible economic and ecological damage in many introduced regions (Courchamp et al., 1999; Eldridge and
Myers, 2001; Scanlan ef al., 2006; Rios-Saldafia ef al., 2013; Delibes-Mateus et al., 2018), it plays a significant
ecological and economic role in Mediterranean ecosystems where is a native species.

In its natural range, as a keystone species within food webs, the European rabbit serves as a fundamental prey for
many lberian predators, some of which are globally threatened, such as the lberian lynx (Lynx pardinus) and the
Spanish imperial eagle (Aquila adalberti) (Delibes and Hiraldo, 1981; Delibes-Mateos et al., 2008). Additionally, this
lagomorph acts as an ecosystem engineer (Jones et al., 1994; Galvez et al., 2008), promoting flora diversity and
landscape heterogeneity through grazing and seed dispersal. Its faecal pellets contribute to improving soil fertility, and
its warrens provide refuge for other animals (Willot et al., 2000; Galvez-Bravo et al., 2009; Dellafiore et al., 2010). The
European rabbit is also one of the most managed small game species and is intensively harvested within its original
distribution range in the Iberian Peninsula, where hunting holds high socio-economic importance (Paixdo et al., 2009;
Villafuerte et al., 1998).

The European rabbit population, particularly the southern lberian subspecies, O. ¢. algirus, has experienced a
decline in its native range since the 1950s, primarily due to human-induced habitat changes and two viral diseases,
myxomatosis and rabbit haemorrhagic disease (Villafuerte et al., 1995; Delibes-Mateos et al., 2009). Between
2009 and 2019, the rabbit suffered an estimated population size reduction of =50%, mainly due to outbreaks of a
new variant of rabbit haemorrhagic disease virus (RHDV2), resulting in negative consequences for several endangered
predator species and ecosystems (Delibes-Mateos ef al., 2014; Monterroso et al., 2016; Villafuerte and Delibes-
Mateos, 2019). As a result, the International Union for Conservation of Nature (IUCN) recently classified O. cuniculus
as an endangered species (Villafuerte and Delibes-Mateos, 2019).

Wildlife managers and hunters have continuously made efforts to reverse the rabbit population decline through
restocking (e.g., Calvete et al.,, 1997; Moreno ef al., 2004; Guil et al., 2014) and/or increasing habitat carrying
capacity by enhancing food and/or shelter availability (e.g., Moreno and Villafuerte, 1995; Ferreira and Alves, 2009;
Encarnagdo et al., 2019).

Rabbits are strongly territorial and form social groups, typically living in burrows they dig out of the ground (Macdonald
and Norris, 2001). This behaviour earned the rabbit its scientific name, Oryctolagus, meaning “digging hare”
(Thompson and King, 1994). Warrens play a fundamental role in maintaining viable rabbit populations, serving as
breeding sites and providing refuge from predators (Parer and Libke, 1985; Kolb, 1991). They also optimise the
physiological requirements during the most unfavourable climatic periods (Villafuerte et al., 1993) and play a role as
an element of cohesion of social relationships (Roberts, 1987).

The provision of artificial warrens has long been used. The initial efforts to provide artificial shelter for the species
occurred in the last decades of the previous century within extensive rabbit production farms, aiming to enhance
animal health and welfare (Roca, 2009; EFSA AHAW Panel, 2020), using materials such as straw, hay or wood
shavings (EFSA AHAW Panel, 2020). Recently, artificial warrens have been frequently employed in rabbit conservation
programmes and hunting management, especially in adverse habitat conditions, such as open habitats with no shrub
protection or unfavourable soils for digging (Rouco et al., 2011).

Several works have shown the great importance of artificial warrens for rabbit populations, sometimes combined with
other habitat management practices (e.g., Cabezas and Moreno 2007; Catalan et al., 2008; Godinho et al., 2013).

Some authors have also studied the factors determining the use of artificial warrens by rabbit populations (e.g.,
Fernandez-Olalla et al., 2010; D’Amico et al., 2014). However, little is known about the selection and use of different
types of artificial warrens, particularly in controlled experiments, such as restocking in fenced areas, although artificial
warrens may provide immediate refuge to released rabbits during the acclimation period, minimising predation.
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Moreover, the materials used and costs involved in artificial warren construction may vary, so it is important to evaluate
their efficiency and point to more appropriate conservation strategies that optimise existing funds (Fernandez-Olalla
etal., 2010; Ferreira et al., 2013).

In this study, we analyse the use of four types of artificial warrens (logs, Mayoral — registered trademark, pallets, and
tubes) by a recently restocked Iberian rabbit population in southern Portugal. To estimate warren use, we conducted
pellet counts at the entrances of artificial warrens. To the best of our knowledge, this is the first time such an analysis
has been performed, simultaneously comparing the use of four different types of artificial warrens by a restocked
population inside a fenced restocking park. The behaviour of the released population may differ from that of natural
populations, influenced by the rabbit's adaptation period to the new habitat and the carrying capacity of the restocking
park. Additionally, we quantify the costs associated with warren installation and discuss the best options in terms of
cost-benefit.

Specifically, we aimed to answer the following four questions and associated hypotheses:

1. Which warren types are the most used by restocked rabbits? We hypothesised that rabbits would prefer artificial
warrens built with natural features, such as log warrens or with structures resembling their natural warrens, such as
tube warrens (Fernandez-Olalla et al., 2010; San Miguel, 2014).

2. What habitat characteristics around artificial warrens promote warren use by the restocked population inside the
restocking park? We hypothesised that the presence of crops, shrubs, drinking troughs, and/or ecotone around the
warren would enhance its use (Rogers and Myers, 1979; Carvalho and Gomes, 2004; Encarnacéo et al., 2019).

3. Does rabbit artificial warren use vary through the annual life cycle? We anticipated warren use would be higher
after the peak of the breeding period, which generally occurs in late spring (Gongalves et al., 2002).

4. What is the efficiency of different artificial warrens, considering the financial investment and the level of warren
use? We expect that warrens built with natural materials will be cheaper and more utilised by rabbits.

Overall, our results will provide practical guidelines to improve the success of rabbit restocking programmes in the
Mediterranean region, particularly those requiring artificial warrens.

MATERIALS AND METHODS

Study area

We conducted this study in the Algarve region, southern Portugal (37° 16" 33" N, 8229’ 27" W; Figure 1), specifically
within a hunting estate located in the Monchique Natura 2000 Special Conservation Area (SAC) (PTCON0037)
(Regulatory Decree n. © 1/2020 of 16" March). The climate of the area is characterised by mild and moist winters and
hot and dry summers. The mean annual total rainfall is 937.9 mm, and the mean annual daily temperature is 14.3°C,
as recorded in Monchique from 1980 to 2021 (SNIRH, 2022).

The landscape surrounding the restocking park is dominated by dense Mediterranean shrubs, with scattered
eucalyptus (Eucalyptus globulus) plantations and agricultural fields, primarily consisting of cereal crops and orchards.
The terrain is undulating, with elevations reaching approximately 165 m above sea level (CNA, 1982). The soils in
the area are poor and mainly dominated by incipient soils, particularly schist or greywacke lithosols of xeric-regime
climates (HERA, 1999).

Restocking park

A restocking park, covering an area of approximately 1.7 ha, was designed to acclimate and breed reintroduced
rabbits that would subsequently restock the surrounding area (Figure 1). The park was enclosed by a 1.8 m high
fence, with an additional 0.5 m buried underground in an “L-shape” configuration, intended to prevent terrestrial
carnivores from entering and enhance rabbit survival (Rouco et al., 2008). However, we did not take any measures
to exclude aerial predators, as the restocking was conducted as part of the “Compensatory measures and specific
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Figure 1: Schematic representation of the restocking park in southern Portugal.

monitoring of the Odelouca’s Bonelli eagle couple, arising from the environmental impact assessment process of the
Sines-Portimao high-voltage power line” project (REN et al., 2009). To facilitate rabbit dispersion, 16 passages made
of plastic tubes, each with a diameter of 12.5 cm, were installed under the fence.

Inside the fenced area, we ensured the availability of essential requirements for rabbit survival, including food, water
and shelter (Figure 1). Initially, the restocking park surface was covered with dense scrubland. To create a suitable
habitat for the rabbits, we cleared elongated parcels of shrubs and sowed them with herbaceous crops, a mixture
of Leguminosae and Graminae, creating alternating patches of food (crops) and shelter (shrubs). Additionally, we
installed four drinking troughs, assuring water availability.

To further enhance the availability of shelter and breeding sites, we built eight artificial warrens, spaced as uniformly
as possible throughout the area. The artificial warrens included two of each type (See Supplementary Information A
for photos):

- Log warren — A warren with a diameter of approximately 4-5 m, constructed using natural materials such as
logs, branches and rocks and covered with surrounding soil. The materials were piled to create galleries to
facilitate rabbit movement.

- Mayoral® warren — A prefabricated plastic warren specifically designed for rabbits, consisting of several inde-
pendent modules that together form a circular structure measuring 3 m in diameter. The bottom of the structure
is open to allow rabbits to construct their galleries. It contains several internal galleries and has six entrances
(Gonzélez and San Miguel, 2004). Each warren was installed on the ground surface, with its perimeter protected
by rocks and its top covered with cork boards and bushes to mimic the surrounding area and help regulate
internal temperature.
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- Pallet warren — A warren constructed by overlapping several wooden pallets on the ground, with nine pallets on
the lower level and six on the upper level. We placed rocks inside the pallets to compartmentalise and reinforce
the structure, which was then covered with branches and soil.

- Tube warren — A warren developed by the CBD-Habitat Foundation to mimic the labyrinth structure and di-
mensions of natural warrens, following Kolb’s (1985) description. This type of warren consisted of several
bottomless PVC chambers, for passage or breeding, interconnected by plastic tubes (1 m long and 12.5 cm
in diameter), which were perforated to allow drainage. We placed the structure underground, at approximately
0.60 m in depth, following the layout described by Gonzélez and San Miguel (2004), and subsequently covered
it with soil, with the four entrances at ground level.

The shrubs were initially cleared, and the ground was levelled. Since the artificial warrens were located within the
restocking park, they shared similar characteristics in terms of elevation, slope and soil type.

As of 2023, the updated prices for installing each type of artificial warren in this study area are approximately as
follows: 260 € for a log warren, 320 € for a pallet warren, 630 € for a tube warren, and 750 € for a Mayoral warren.
These estimated prices include costs for backhoe work, materials, transport and technician’s labour. However, the
final cost of establishing a warren in a specific area could vary significantly based on factors such as location,
materials used and fuel costs.

Rabbit release protocol

On 28" October 2007, at sunrise, a total of 75 adult Iberian rabbits (19 males and 56 females) were released into
the restocking park. To ensure genetic similarity to native populations (Branco et al., 2000; Carneiro et al., 2010), we
carefully selected a certified breeder from the natural distribution area of 0. ¢. algirus.

Before release, each rabbit underwent a series of preparatory measures. We weighed and sexed each individual
and administered both internal and external deworming treatments. Additionally, all rabbits were vaccinated against
rabbit haemorrhagic disease and myxomatosis, with the entire process being supervised by a team of veterinarians.
All applicable international, national and/or institutional guidelines for the care and use of animals were followed.

Following these preparations, the rabbits were released in groups of 5-8 individuals per release location, with the sex
ratio (2-3 females for each male) being maintained, approximately, across all ten release sites inside the restocking
park. Specifically, the release locations comprised each of the eight artificial warrens and two randomly selected
spots within the shrub patches. To allow for rabbit dispersion outside the restocking park, the fence passages were
opened on 8" January 2008, after an acclimation period of 72 d.

Artificial warren use

Over six months, we conducted weekly estimations of rabbit use for each artificial warren by counting the number of
faecal pellets within a 0.5 m? radius area outside the entrance of each warren. The sampling started in early January
2008, immediately after the acclimation period following the restocking, to minimise disturbance to the rabbits. Data
collection was concluded at the end of June. The number of pellets was used as a proxy for the number of rabbits
utilising each warren (Palomares, 2001; Guerrero-Casado et al., 2020). In every visit, we ensured the removal of
pellets, thus guaranteeing that we exclusively counted fresh pellets less than one week old (Iborra and Lumaret,
1997). Subsequently, we estimated warren use for each artificial warren by dividing the number of pellets per square
metre by the number of days elapsed since the last cleaning (Guerrero-Casado et al., 2020). This methodology
allowed for the comparison of abundance values between warrens with a different number of entrances.

Predictors of warren use

We modelled warren use as a function of the predictors listed in Table 1. We assessed the proportion of food patches,
shelter patches and ecotone length within a 10 m radius buffer around each warren. The ecotone corresponded to
the edges between food and shelter patches. To account for the potential impact of rainfall on pellet persistence
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Table 1: Predictors used in the analysis of rabbit artificial warren use.

Predictors description (Units) Mean (+SE) Range
Sample week - 1-24

Type of artificial warren: Logs, Mayoral, Pallets’, Tubes - -
Ecotone length (m) 73.680+1.036 42.284-89.703
Proportion of food patches 0.175+0.008 0.027-0.320
Proportion of shelter patches 0.319+0.008 0.193-0.536
Distance to the nearest food patch (m) 4.187+0.143 0.976-8.073
Distance to the nearest shelter patch (m) 0.996+0.057 0.300-2.900
Distance to the nearest drinking trough (m) 25.035+1.037 9.711-44.997
Mean weekly rainfall (mm) 2.845+0.272 0.000-13.613
Accumulated weekly rainfall (mm) 24.575+2.464 0.000-111.200

SE: standard error; "Pallets is the reference category for the type of artificial warren predictor.

(Iborra and Lumaret, 1997; Fernandez-de-Simon et al., 2011), we included two predictors: mean weekly rainfall and
accumulated weekly rainfall (SNIRH, 2022). We extracted distance and proportion predictors, along with ecotone
length, from original vegetation cover maps created by the team using QGIS (QGIS Development Team, 2021).

Data analysis

We analysed spatial and temporal patterns in warren use using a generalised additive mixed model (GAMM), with a
Gaussian error distribution and an identity link function (Hastie and Tibshirani, 1990; Wood, 2017). We decided to
use GAMM because the exploratory analysis of the data indicated the presence of a non-linear pattern between the
response variable and several continuous predictors. To account for multiple surveys of the same warrens, we used
the warren identity code of every artificial warren as a random variable.

We subjected the response variable to a logarithmic transformation (log(x+1)) to approach normality, stabilise
the variance and reduce the influence of outliers (Zuur et al., 2010). Three predictors, namely the distance to the
nearest shelter patch (log x), mean weekly rainfall (log(x+1)) and accumulated weekly rainfall (log(x+1)), were also
logarithmically transformed to meet these assumptions. All continuous predictors were standardised to facilitate direct
comparisons of regression coefficients (Schielzeth, 2010).

To identify potential collinearity problems, we calculated Spearman correlations (rs) among all predictors (Zuur et al.,
2010). For each pair of highly correlated predictors (Irsl>0.7) (Dormann et al., 2013), only the predictor with the
stronger correlation with the response variable was retained for further analysis (Tabachnick and Fidell, 1996). As a
result, we removed the ecotone length, the proportion of food patches and the mean weekly rainfall predictors from
the analysis.

To evaluate the linearity of non-collinear predictors, we individually tested each predictor against the response variable
as a smoothing term. Only predictors showing non-linearity (edf>2; edf - effective degrees of freedom of non-
linear (smooth) terms) and statistical significance (P<0.05) were included in the subsequent analysis. We found that
the sample week and accumulated weekly rainfall were significant non-linear terms, with the optimal amount of
smoothness estimated via generalised cross-validation (Zuur et al., 2009).

Then, for each predictor, we compared the respective univariate model Akaike’s Information Criterion corrected
for small sample sizes (AlCc) with the null model AICc. Only predictors that produced univariate models with an
AICc at least four units lower than the null model were considered to have strong support and were retained as
candidates for the multivariate model. The selected predictors (sample week, type of artificial warren, proportion of
shelter patches and distance to the nearest food patch) were then used to build multivariate mixed models with all
possible combinations, including the null (intercept-only) and full models (with all candidate predictors). A multi-model
inference procedure was applied to rank the models based on their Akaike weights (wi) (Burnham and Anderson,
2002).

To account for heterogeneity in model residuals, we allowed variances to differ per warren by adding a variance
structure (varldent) to the model (Zuur et al., 2009). This resulted in lower AlCc values and improved the model fit.
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As no single model was convincingly the most plausible (wi=0.95), we performed a model averaging approach,
basing inferences of the averaged parameters, unconditional standard errors (SE) and 95% confidence interval (CI) on
the set of models showing an AlCc within four units (AAICc<4) of the best model (Burnham and Anderson, 2002). We
determined the relative importance of each predictor (w+) by the sum of Akaike weights (wi) of all models where the
predictor was included (Burnham and Anderson, 2002). Predictors with 95% Cls including zero were considered to
have low support (Burnham and Anderson, 2002). The best model incorporated all predictors of the group of models
with AAICc<4.

We checked for potential spatial autocorrelation in the best model residuals by computing Moran’s | and inspected
temporal autocorrelation by plotting the autocorrelation function (ACF) (Zuur et al., 2009). We validated the best model
using diagnostic plots (Zuur et al., 2009) and assessed the best model performance through the adjusted R-squared
(Wood, 2017).

Additionally, we performed a simple efficiency assessment of each warren type by computing the ratio between the
costs of building the warren and the level of warren use by the rabbits for each type. The efficiency of artificial warrens
was hierarchised based on these ratios, with lower values indicating higher artificial warren efficiency, implying fewer
costs invested to achieve greater warren use.

All the statistical analyses were conducted in R version 4.1.3 (R Core Team, 2022) using the packages: “car” (Fox
and Weisberg, 2019) to assess collinearity, “mgcv” (Wood, 2017) for GAMM, “MuMIn” (Barton, 2020) for model
averaging and “ape” (Paradis and Schliep, 2019) to check spatial autocorrelation. Plots were generated using
“ggplot2” (Wickham, 2016).

RESULTS

Warren use, as measured by mean pellet abundance, varied significantly among the different types of artificial
warrens. Warren use was higher in pallet warrens (0.922 pellets/d/m?), followed by log warrens (0.411 pellets/d/m?)
and Mayoral warrens (0.403 pellets/d/m?). Tube warrens were the least used (0.313 pellets/day/m?).

Pallet warrens had the lowest ratio cost/warren use value (347.1 €/pellets/d/m? and tube warrens had the
highest (2012.8 €/pellets/d/m?). Log warrens and Mayoral warrens fell in between, with efficiency ratios of
632.6 €/pellets/d/m?and 1861.0 €/pellets/d/m?, respectively.

The best-fitted model explaining artificial warren use had an adjusted R-squared of 0.545. Model residuals did not
exhibit any temporal or spatial autocorrelation (Moran’s I= —0.0002, P<0.237).

The level of artificial warren use was significantly associated with the type of artificial warren, the proportion of shrub
cover, the distance to food patches and the sample week. The sample week and the proportion of shelter patches
had the highest relative importance (w+), with a relative importance value of 1.00 for both, indicating that they were
included in all the candidate models with AAICc<4. The type of artificial warren also had a considerable influence on
warren use, with a relative importance value of 0.49. On the other hand, the distance to the nearest food patch had
the lowest relative importance (w+=0.33) (Table SB1, Supplementary Information B).

Sample week exhibited a non-linear relationship with warren use (edf=6.840; F=13.350, P=0.000) (Figure 2a).
Warren use gradually decreased from January onwards, reaching its lowest values in May, specifically between the
16" and 20" sampling weeks. The decrease in warren use was particularly sharp in the first four sampling weeks,
followed by a more stable period until the end of March. In June, the last sampling month, there was an inversion of
the trend and an increase in warren use was observed.

The proportion of shrubs around the warren positively influenced warren use (3 =0.132+0.037) (Figure 2b). This
means that the higher the proportion of shrubs around warrens, the greater their use by rabbits.

The type of artificial warren also had a significant effect on warren use. Warren use was significantly lower in
Mayoral, tube and log warrens than in pallet warrens (Logs: f= —0.171+0.041; Mayoral: f= —0.149+0.058;
Tube: B= —0.240+0.071) (Figure 2c).
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The distance to the nearest food patch did not show a
significant effect on warren use, as the unconditional Cl
forits coefficient included zero (Table SB1, Supplementary
Information B).

All candidate models and the average model describing
the estimated effects of predictors on warren use are
presented in Table SB2, Supplementary Information A.

DISCUSSION

In this study, we compared the use of four distinct types
of artificial warrens, commonly employed in Iberian
rabbit recovery programmes (Garcia, 2003; Fernandez-
Olalla et al., 2010; San Miguel, 2014). To the best of
our knowledge, limited research has been undertaken to
compare the use of different artificial warren types (e.g.,
Fernandez-Olalla ef al., 2010) and identify the factors
influencing the use of artificial (e.q., D’Amico et al., 2014)
and natural warrens (e.qg., Barrio et al., 2009). Our study
provides a novel contribution by examining these aspects
in a confined and controlled population, immediately after
restocking, evaluating the temporal variation in use and
discussing the cost-benefit implications associated with
each artificial warren type.

However, it is essential to acknowledge that our findings
should be approached with caution, considering the
limitations inherent in this study. The research was
confined to a singular restocking park, encompassing
a relatively small area, and our sampling was limited
to two artificial warrens per warren type. Conducting
similar studies with a higher number of replicates,
including more artificial warrens of each type, and across
multiple restocking plots simultaneously, would be ideal
to corroborate and reinforce these findings. However, we
acknowledge the challenges related to budget constraints,
particularly when it comes to fence installation and the
construction of certain types of artificial warrens, such as
tube and Mayoral warrens. Despite the constraints, we
were able to gather statistically meaningful results, which
are a promising step to support better choices in rabbit
restocking programmes.

Our findings reveal significant variations in the use of
the four types of artificial warrens, which is consistent
with our initial hypothesis, despite the similar number
of animals released in each warren. Iberian rabbits
demonstrated a preference for pallet warrens over the
other options, contrary to our prediction that they would
favour warrens constructed solely with natural materials
(logs) or those closely resembling natural warrens
(tubes). It is interesting to note that a previous study by
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Fernandez-Olalla and colleagues (2010), which examined three types of artificial warrens in the context of rabbit
natural populations occupancy, found that subterranean warrens made of tubes exhibited higher rates of rabbit
occupancy. In our case, we speculate that the restocked rabbits showed a higher preference for pallet warrens in
our study area due to the robust structure and resistance to collapse offered by the arrangement of pallets (Garcia,
2003). Moreover, the design of pallet warrens seemed to facilitate tunnel excavation, which might have contributed to
their increased use. Another noteworthy advantage of pallet warrens is that they cost less than most artificial warren
types usually installed for habitat improvement in rabbit recovery programmes. Thus, in this study, they presented
the best efficiency ratio.

The use of all other warren types by rabbits was comparatively lower. For instance, tube warrens presented challenges
as their structure needed to be buried, requiring the clearance of a larger area of shrubs. This increased the warrens’
exposure and potentially reduced the level of protection for rabbits when they came out of the warrens. Additionally,
the risk of flooding might have been higher for tube warrens, as they were installed below ground level. However, we
were unable to confirm this hypothesis, as the interior of tube warrens was inaccessible for observation. Contrary
to our initial prediction, log warrens did not emerge as one of the most utilised artificial warren types, despite the
use of natural materials. The logs used to construct the warrens may have been too large, resulting in limited space
between logs filled with dirt, hindering rabbits from effectively building their tunnels (Figure SA1, Supplementary
Information A). As for Mayoral warrens, rabbits likely use them less due to their significant structural differences from
natural warrens. Being made of plastic and placed on the surface of the soil, the interior of Mayoral warrens could
experience higher humidity and temperature levels. Although we attempted to provide protection against extreme
climate conditions by covering them with branches and cork (Villafuerte et al., 1993), this may not have fully buffered
weather conditions, leading to decreased use by rabbits.

Our results revealed a positive association between the proportion of shrub patches surrounding the artificial warrens
and the level of warren use by Iberian rabbits. The presence of shrubs near the warrens ensures the availability of
suitable conditions for the rabbits to safely access essential resources, such as food and water. This result aligns
with previous studies that also reported similar findings concerning natural warrens (Palomares, 2003; Gea-lzquierdo
et al., 2005; Dellafiore et al., 2008), as well as artificial warrens (Fernandez-Olalla et al., 2010).

We observed a decline in the use of warrens by Iberian rabbits over time, following the acclimation period, which is
likely related to the digging and use of natural burrows. Although we did not conduct a specific search for natural
warrens, we occasionally found natural warrens, a fact that may be related to rabbit reproductive activity (Kolb, 1991),
which occurs between October and June (Alves and Moreno, 1996). Another possible explanation for the decline
in warren use could be the dispersal of some restocked and/or young Iberian rabbits to the surrounding areas of
the restocking park. While this might explain the reduced warren use observed after the beginning of March (when
we noticed signs of activity near the passages installed under the fence), it does not explain the initial decrease
observed earlier in the study. The mortality rate of the restocked rabbits could also explain the decline in warren use,
particularly since we did not take any measures to exclude aerial predators from the restocking park. However, there
is no concrete evidence to support this hypothesis, as most recorded deaths occurred during the acclimation period.
During our study, we radio-tagged some of the restocked rabbits and closely monitored them for approximately six
months or until their death. We only detected signs of predation, both from radio-tagged animals and during field
surveys conducted inside the restocking park and its surroundings, up until January 11", 2008, which coincided with
the beginning of artificial warren pellet counts. We observed a slight recovery in warrens’ use in June, as predicted,
which coincided with the period immediately after the breeding peak (Gongalves et al., 2002). The confirmation of
successful reproduction just a few months after the restocking process indicates that the rabbits successfully adapted
to the new habitat, and the restocking park provided suitable conditions for their thriving.

While it is well-documented that rainfall can have an impact on pellet persistence (Fernandez-de-Simon et al., 2011),
in this study, the influence of precipitation on warren use was negligible. One possible explanation for this finding is
that the short intervals between our pellet counts ensured pellet persistence (Moreno and Villafuerte, 1995).

Since 2011, there has been a drastic reduction in Iberian rabbit populations, mainly due to the outbreak of RHDV2.
Numerous studies have reported declining trends in wild rabbit populations in both Portugal and Spain after the rapid
spread of RHDV2 throughout the Iberian Peninsula (Guerrero-Casado et al., 2016; Monterroso ef al., 2016). The
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ongoing decrease in populations is a cause for concern regarding their survival and its impact on Mediterranean
ecosystems (Delibes-Mateos et al., 2014; Monterroso et al., 2016), given their roles as keystone prey species,
ecosystem engineers and small game species (Delibes-Mateos et al., 2008; Gélvez et al., 2008; Paixdo et al., 2009).
Therefore, enhancing rabbit populations also benefits the ecosystem and predator species specialised in preying on
rabbits, many of which are of conservation concern (Delibes-Mateos et al., 2008).

In southern Europe, conservationists and hunters often invest in restocking operations to boost rabbit populations.
However, such efforts come with significant economic costs (Ferreira and Delibes-Mateos, 2010) and varying success
rates (Calvete et al., 1997; Letty et al., 2002). To optimise the effectiveness of restocking interventions, it is crucial
to carefully evaluate every aspect of the process, including the design, characteristics and costs of artificial warrens.

In this context, we believe our study provides valuable insights into the selection and use of artificial warrens by
restocked Iberian rabbit populations and contributes with practical recommendations to enhance the success
and effectiveness of rabbit restocking efforts, thereby aiding the conservation of Iberian rabbit populations in the
Mediterranean region.

CONCLUSIONS

Based on our research findings, we emphasise the importance of installing artificial warrens, even within fenced
restocking parks, as they create favourable conditions for the Iberian rabbits’ shelter, breeding success and
recruitment. These artificial warrens play a crucial role in supporting the initial adaptation of the rabbits to their new
environment. We highly recommend the implementation of pallet warrens as a cost-effective and practical option for
conservationists and game managers tasked with constructing artificial warrens to support restocking operations.
Pallet warrens offer a budget-friendly alternative compared to more intricate and expensive designs. Furthermore,
we strongly advise the strategic placement of artificial warrens near shrub patches. This placement ensures that
restocked rabbits can safely access vital resources such as food and water, optimising their chances of survival and
successful adaptation to the new habitat. Additionally, to enhance the dispersal and survival of rabbits, we advocate
the strategic installation of additional pallet warrens around the restocking parks, providing essential shelter for
dispersing rabbits.
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SUPPLEMENTARY INFORMATION A — PHOTOGRAPHS OF THE FOUR TYPES OF ARTIFICIAL WARRENS

Photographs of the four types of artificial warrens installed inside the restocking park.

Figure SA1: Log warren.
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Figure SA3: Structure (a) and final appearance (b) of a pallet warren.

Figure SA4: Structure (a) and final appearance (b) of a tube warren.
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SUPPLEMENTARY INFORMATION B — DETAILS OF MODEL SELECTION

Table SB1: Averaged model (GAMM) of the effects of predictors on rabbit use of artificial warrens. Model averaging
accounted for “warren” as random effect and allowed for different variances per warren. Model averaging is based on
the confidence set of models at AAICc<4 from the best model. The table shows standard errors (SE), 95% confidence
intervals (Cl) and relative importance (w+) of each predictor involved. Estimates whose 95% Cl excluded zero are in
bold. Predictors: WEEK - sample week, TYPE - type of artificial warren, D_FOOD - distance to the nearest food patch
and P_SHRUB - proportion of shrub patches in a 10 meters buffer around the warren. The reference category for
TYPE is Pallets.

Estimate SE cl W+

(Intercept) 0.418 0.071 (0.279, 0.556)
TYPE

Logs -0.165 0.047 (-0.258,-0.072) 0.49

Majano -0.144 0.061 (-0.265,-0.023)

Tubes -0.239 0.071 (-0.379,-0.099)
P_SHRUB 0.128 0.038 (0.054, 0.202) 1.00
D_FOOD 0.035 0.037 (-0.039, 0.108) 0.33
S(WEEK).1 0.181 0.094 (-0.006, 0.368) 1.00
S(WEEK).2 -1.272 0.277 (-1.819,-0.725)
S(WEEK).3 0.109 0.080 (-0.049, 0.266)
S(WEEK).4 0.748 0.204 (0.346, 1.151)
S(WEEK).5 -0.167 0.082 (-0.329,-0.006)
S(WEEK).6 -0.693 0.189 (-1.066,-0.320)
S(WEEK).7 -0.118 0.076 (-0.267, 0.032)
S(WEEK).8 -1.906 0.427 (-2.747,-1.064)
S(WEEK).9 —0.217 0.180 (-0.572, 0.138)

Table SB2: Candidate models tested to access predictors potentially affecting rabbit use of artificial warrens,
accounting for “warren” as random effect and allowing for different variances per warren. Models are ranked by
AlCc. Predictors: WEEK - sample week, TYPE - type of artificial warren, D_FOOD - distance to the nearest food patch
and P_SHRUB - proportion of shrub patches in a 10 meters buffer around the warren. Delta are AlCc differences to
the best model and wi are Akaike weights based on the entire set of models. The table also shows values for each
model’s intercept (Int) and degrees of freedom (df). Models are ranked by AAICc. Models included in model averaging
(confidence set of models at AAICc<4 from the best model) are highlighted in bold.

Model (Int) S(WEEK) TYPE D_FOOD P_SHRUB  df AlCc Delta Wi
12 0.4824 + + + 16 -40.1 0.00 0.336
1 0.3574 + + 13 -40.1 0.30 0.289
15 0.3602 + + + 14 -39.0 1.13 0.190
16 0.4745 + + + + 17 -38.0 2.13 0.116
7 0.3682 + + 13 -362 4.96 0.028
8 0.5134 + + + 16 -347 5.46 0.022
4 0.6175 + + 15 -342 5.93 0.017
3 0.3663 + 12 -296 10.48 0.002
9 0.3557 + 1 34 43.51 0.000
10 0.4851 + + 14 39 43.99 0.000
13 0.3578 + + 12 4.3 44.43 0.000
14 0.4757 + + + 15 6.1 46.18 0.000
5 0.3661 + 1 8.2 48.30 0.000
0.5158 + + 14 8.7 48.82 0.000
2 0.6164 + 13 8.9 48.99 0.000
1 0.3651 10 13.6 53.69 0.000
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