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Strategies for enhancing management plans
for the Iberian rabbit

Abstract

The European rabbit (Oryctolagus cuniculus), especially the subspecies Iberian rabbit
(Oryctolagus cuniculus algirus), is a keystone species with vital ecological importance in
Iberian Mediterranean ecosystems. However, its populations have experienced
significant declines, leading to its classification as a threatened species. This thesis aims
to evaluate the effectiveness of various management strategies employed in lberian
rabbit recovery programmes and provide recommendations to optimise their success in

the Mediterranean region.

The first paper analysed the long-term sustainability of habitat management on rabbit
populations. The results suggested that initial benefits from habitat management tend
to diminish over time if maintenance ends, and that proximity to crops and the presence
of favourable soils for digging positively influence the species' occurrence. The second
paper investigated the survival and space use of Iberian rabbits after restocking in a semi-
natural enclosure. Radiotelemetry monitoring revealed low survival rates in the initial
weeks post-release, with predation identified as the primary cause of mortality. The
study also described the movements and dispersal patterns of the restocked rabbits. The
third study compared the use of four types of artificial warrens by the restocked Iberian
rabbits, based on pellet counts at their entrances. Pallet warrens were shown to be
significantly more used, particularly during the breeding season, and the presence of

shrub vegetation near the warrens positively influenced their selection.

In conclusion, this research highlights the importance of (1) continuously managing
habitat to ensure lasting results, (2) monitoring the survival and the dispersal of rabbits
in restocking programmes, and (3) using cost-effective artificial warrens. Altogether, this
study provides valuable tools for supporting the recovery of Iberian wild rabbit

populations in Mediterranean ecosystems.
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Key-words: keystone species, habitat management, Iberian rabbit, Oryctolagus

cuniculus algirus, Mediterranean landscape, restocking, southern Portugal
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Estratégias para melhorar os planos de
gestao do coelho-ibérico

Resumo

O coelho-europeu (Oryctolagus cuniculus), em particular a subespécie coelho-ibérico
(Oryctolagus cuniculus algirus), desempenha um papel ecoldgico crucial como espécie-
chave nos ecossistemas mediterranicos. Contudo, as suas populagdes tém sofrido
declinios acentuados, levando a sua classificagdo como espécie em perigo. Esta tese visa
avaliar a eficdcia de diferentes estratégias de gestdo utilizadas em programas de
recuperacao do coelho-ibérico, com o objetivo de fornecer recomendacdes para otimizar

os seus resultados na regido Mediterranica.

O primeiro artigo analisou a sustentabilidade dos efeitos da gestdo de habitat nas
populacdes de coelho-ibérico. Os resultados indicaram que os beneficios iniciais da
gestdo de habitat tendem a diminuir ao longo do tempo se ndo houver manutencao
continua, e que a proximidade a dreas de pastagem e a presenca de solos favoraveis a
escavacao influenciam positivamente a presenca da espécie. O segundo artigo investigou
a sobrevivéncia e o uso do espaco do coelho-ibérico apds repovoamento num cercado
seminatural. A monitorizacdo por radiotelemetria revelou baixas taxas de sobrevivéncia
nas primeiras semanas apo6s a libertacdo, sendo a predacdo a principal causa de
mortalidade, e descreveu os padrdes de movimenta¢cdao e dispersao dos coelhos
libertados. O terceiro artigo comparou a utilizacdo de quatro tipos de abrigos artificiais
pelos coelhos libertados no cercado, através da contagem regular de dejetos nas
entradas das tocas. Os abrigos de paletes demonstraram ser significativamente mais
utilizados, especialmente durante a época de reproducdo, e a presenca de vegetacao

arbustiva perto dos abrigos influenciou positivamente a sua selecao.

Em conclusao, esta tese sublinha a importancia de (1) gerir continuamente o habitat para
garantir resultados duradouros, (2) monitorizar a sobrevivéncia e dispersdo do coelho-

ibérico em programas de repovoamento, e (3) usar abrigos artificiais com a melhor
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relacdo custo-beneficio. Este estudo fornece assim ferramentas importantes para apoiar

a recuperacgao das populagdes de coelho-ibérico nos ecossistemas mediterranicos.

Palavras-chave: coelho-ibérico, Oryctolagus cuniculus algirus, espécie-chave, melhoria

de habitat, repovoamento, ecossistemas mediterranicos, sul de Portugal
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Chapter 1

General introduction

1.1. Study species

The European rabbit, Oryctolagus cuniculus (Linnaeus, 1758), is a member of the
Lagomorpha Order and the Leporidae Family. It is the only species within the genus
Oryctolagus (Melo-Ferreira and Alves, 2018; Delibes-Mateos et al., 2023). It exists in

both wild and domestic forms.

Based on fossil records, this species originated in the Iberian Peninsula (Ferrand, 2008).
By the Late Pleistocene, it was widely distributed across the Mediterranean and central
Europe. However, following the last glacial maximum and into the Early Holocene, its
range became restricted to the Iberian Peninsula, southern France, and perhaps

northern Africa (Monnerot et al., 1994; Lopez-Martinez, 2008).

Natural European rabbit populations prevail in Portugal, Spain, southern France, and
northern Africa (Villafuerte and Delibes-Mateos, 2019; Delibes-Mateos et al., 2023).
However, their global distribution is more extensive, due to the successful establishment
of the species following numerous human introductions after domestication. These
introductions have occurred in countries across all continents, except Antarctica
(Thompson and King, 1994; Ferrand, 2008; Lees and Bell, 2008), where in most places
the species is considered a pest (Thompson and King, 1994). This makes the O. cuniculus
the most successful colonising lagomorph (Hacklander et al., 2008; Delibes-Mateus et

al., 2023).

In its native range, two different rabbit genetic lineages are associated with two rabbit
subspecies: Oryctolagus cuniculus algirus and Oryctolagus cuniculus cuniculus (Branco
et al., 2000; Carneiro et al., 2010; Delibes-Mateus et al., 2023). Both subspecies have

distinct morphological, genetic, ecological, behavioural, and reproductive characteristics



(Goncalves et al., 2002; Ferreira et al., 2015; Diaz-Ruiz et al., 2023). Multiple genetic
studies indicate that they evolved independently, approximately two million years ago
during the Quaternary glaciations (Branco et al., 2000; Ferrand, 2008) and have different
geographical ranges. The smaller subspecies, O. c. algirus, occurs primarily in the
southwestern Iberian Peninsula, while the cuniculus subspecies is distributed towards
the northeast (Geraldes et al., 2008; Diaz-Ruiz et al., 2023). The latter has been
introduced throughout Europe and worldwide (Lees and Bell, 2008). The distribution of
these two subspecies overlaps in a natural contact zone that crosses the Iberian
Peninsula in a northwest-southeast direction (Branco et al., 2000; Geraldes et al., 2008;
Diaz-Ruiz et al., 2023). A recent study has suggested the possible existence of a
competitive exclusion zone between the rabbit subspecies in their contact area. This
zone may have functioned as a biological barrier, preventing the expansion of one

subspecies into the territory of the other (Diaz-Ruiz et al., 2023).

Due to genetic incompatibilities and reproductive isolation in their contact zone in
central Iberia (Carneiro et al., 2010), researchers propose that these subspecies should

be considered separate species (Delibes-Mateos et al., 2018b).

The lberian rabbit, the common name of O. c. algirus (Mira et al., 2023), is the only
subspecies found in Continental Portugal (Branco et al., 2000; Delibes-Mateos et al.,

2023; Diaz-Ruiz et al., 2023). Therefore, this thesis specifically focuses on this subspecies.

1.2. Ecological and social relevance

Historically, the wild rabbit has had a complex and multifaceted relationship with
humans. On the one hand, it plays a significant ecological and economic role. On the
other hand, it is often considered an agricultural pest, particularly in areas where it has
been introduced (Courchamp et al., 1999; Scanlan et al., 2006). The Iberian Peninsula is
the only region where rabbit populations are simultaneously in sharp decline and

causing crop damage (Delibes-Mateos et al., 2011; Vaquerizas et al., 2020).



The European rabbit is a keystone species in Iberian Mediterranean ecosystems and can

potentially increase biodiversity at different scales (Delibes-Mateos et al., 2007).

Approximately 40 predators rely on rabbits as a food source (Delibes-Mateos et al.,
2008a). These include carnivores such as the red fox (Vulpes vulpes) and the Egyptian
mongoose (Herpestes ichneumon), as well as birds of prey like the eagle owl (Bubo bubo)
and the Bonelli’s Eagle (Aquila fasciata) (Delibes and Hiraldo, 1981; Jaksic and Soriguer,
1981; Delibes-Mateos et al., 2008a). Two highly endangered species endemic to the
Iberian Mediterranean ecosystem rely on rabbits: the Iberian lynx (Lynx pardinus) and
the Spanish Imperial eagle (Aquila adalberti). The diet of the Iberian lynx consists of 80-
100% rabbits, while the Spanish Imperial eagle's diet includes 40-80% rabbits (Palomares
et al., 2001; Ferrer et al., 2003). Consequently, the decline in rabbit populations directly
impacts the reproductive success of these predators, with repercussions for the

associated ecosystems (Delibes-Mateos et al., 2007).

The lberian rabbit serves as an ecosystem engineer in Mediterranean ecosystems,
providing several ecosystem services. It alters vegetation and provides resources for
feeding, breeding sites, and shelter for several species (Delibes-Mateos et al., 2008a;
Galvez et al.,, 2008). Rabbits influence vegetation structure and plant species
composition through grazing and dispersing seeds, promoting plant diversity and
creating open spaces (Eldridge and Simpson, 2002; Galvez-Bravo et al., 2009; Dellafiore
et al., 2010; Bobadilha et al., 2023). Their faecal pellets enrich the soil, enhancing plant
diversity and biomass and providing food sources for various invertebrate species (Willot
et al., 2000). For example, Mediterranean dung beetles, such as Onthophagus latigena
and O. emarginatus, are frequently collected around rabbit pellets (Sdnchez-Pifiero and
Avila, 1991; Galante and Cartagena, 1999). Rabbit warrens serve as important refuges
for various animals (Willott et al., 2000; Galvez-Bravo et al., 2009). Amphibians, reptiles,
mammals, and some bird species often benefit from these structures. For example,
Blazquez and Villafuerte (1990) observed the Montpellier snake (Malpolon
monspessulanus) nesting within rabbit warrens. Eurasian badgers (Meles meles)
frequently expand existing rabbit warrens to create their diurnal resting dens (Revilla et
al., 2001). Galvez-Bravo and colleagues (2009) found that rabbit warrens enhance lizard

density and diversity.



Additionally, the rabbit is one of the most iconic small game species in the Iberian
Peninsula, where hunting plays an important socio-economic role (Angulo & Villafuerte,
2003; Paixdo et al., 2009). It is a game species not only in its native range but also in

countries where it has been introduced (Delibes-Mateos et al., 2023).

In Portugal, over 5,000 hunting reserves span about 76% of the country. Around 110,000
licensed hunters hunt in these areas, with rabbits among the most sought-after small
game species (ICNF, 2023). In the five years preceding the detection of the new variant
of the rabbit haemorrhagic disease virus in Portugal in 2012 (Abrantes et al., 2013), more
than 750,000 rabbits were hunted annually (Carvalho et al., 2024). Subsequently, the
number of legally harvested rabbits declined substantially, reaching approximately
100,000 during the 2020/2021 hunting season (Carvalho et al., 2024). Spain has over
32,000 hunting areas, covering 83% of its territory. In 2019, approximately 740,000
hunting licences were issued. These hunters primarily target rabbits, among other small
game species. Approximately 6 million rabbits are harvested annually in Spain,
underscoring the importance of this lagomorph as a game species within its native range

(Ministerio de Agricultura y Medio Ambiente, 2025).

The European rabbit, particularly the subspecies O. c. cuniculus, has become a
widespread coloniser outside its natural range, especially in human-modified
landscapes, and is often regarded as a pest. In fact, rabbits are considered the most
significant agricultural pests in places like Britain (Smith et al., 2007) and Australia
(Williams et al., 1995). In Britain, the Centre for Agriculture and Bioscience International
(CABI) estimated that 40 million rabbits contribute to over £260 million in annual losses
to the economies of England, Scotland, and Wales, due to damage to infrastructure,
businesses, and crops, which makes it the costliest invasive species in this country

(Williams et al., 2010).

This classification as a pest arises from the rabbit's high adaptability, rapid reproduction
rate, and the absence of natural predators (Thompson and King, 1994; Cooke, 2008; Lees
and Bell, 2008). In these affected areas, the major impacts of rabbits include harm to

native flora and fauna, competition with livestock, soil erosion caused by their burrowing



activities, and damage to plant nurseries and crops, making its eradication a priority for

conservation efforts (Cooke, 2008; Lees and Bell, 2008; Cooke et al., 2018).

Even within its native range in the Iberian Peninsula, where the species has sharply
declined in the last decades, rabbit populations are recovering in some areas, particularly
those with intensive farmland management, to the point that they are considered an
emerging pest and an economic liability for farmers (Barrio et al., 2010; Rios-Saldafia et
al., 2013; Delibes-Mateos et al., 2018a). This often leads to frequent conflicts between
farmers, hunters, and conservationists regarding the management of the species

(Delibes-Mateos et al., 2014a; Delibes-Mateos et al., 2020).

1.3. Conservation status and threats

In 2019, the International Union for Conservation of Nature (IUCN) classified the
European rabbit as Endangered (Villafuerte and Delibes-Mateos, 2019). This new
classification was based on a population size reduction of 50% or more between 2009
and 2019, particularly affecting the Iberian rabbit subspecies O. c. algirus (Villafuerte and
Delibes-Mateos, 2019). Reports indicate O. c. algirus is experiencing negative population
trends in the Iberian Peninsula, whereas O. c. cuniculus has shown more stable or even
positive trends (Vaquerizas et al., 2020). The species classification recently changed in
Portugal from Near Threatened (Cabral et al., 2005) to Vulnerable (Mira et al., 2023).
This reclassification is supported by clear evidence of a significant population decline
inferred between 60% and 79% over the past three generations. Nevertheless, the
breeding population remains substantial, and local population censuses, especially in

well-managed areas, indicate a trend toward stabilisation (Mira et al., 2023).

Viral diseases, particularly myxomatosis and viral haemorrhagic disease, and habitat loss
and fragmentation have significantly contributed to the species' decline across its native
range since 1950. This decline has led to population densities that are less than 10% of
those observed earlier in the 20th century (Moreno et al., 2007; Delibes-Mateos et al.,

2009a; Villafuerte et al., 2017). Other factors may also play a role in the species’ decline



on a smaller scale, including predation and human-induced mortality from excessive

hunting or roadkill (Villafuerte and Delibes-Mateos, 2019; Mira et al., 2023).

The myxoma virus, which originates from South America and is part of the
Leporipoxvirus genus within the Poxviridae family, causes myxomatosis. In the 1950s,
the myxoma virus was intentionally introduced into Australia and Europe to control the
overabundant rabbit populations, causing significant ecological and agricultural damage
(Fenner and Ratcliffe, 1965). The virus quickly spread, resulting in mortality rates of
approximately 90% (Fenner and Ratcliffe, 1965). The virus continued to affect the species
in subsequent years, however, its impact was noticeably less severe (Fouchet et al., 2008)
due to an increase in the population's resistance to the disease (Fenner and Ross, 1994;
Kerr et al., 2012; Alves et al., 2019). Myxomatosis is currently endemic in the Iberian
Peninsula and in other European countries (Villafuerte et al., 2017). Although it
continues to cause direct mortality in rabbits, indirect fatalities are significantly more
prevalent, as infected rabbits struggle to escape from predators or access food.
Additionally, the severe immunosuppression caused by myxomatosis makes them highly
susceptible to other infections, increasing the risk of secondary diseases (Marchandeau

et al., 2004; Barnet et al., 2018).

Another highly infectious and often fatal viral disease that affects the European rabbit is
rabbit haemorrhagic disease (RHD) (Parra and Prieto, 1990; Abrantes et al., 2012; Le
Pendu et al., 2017). A calicivirus known as rabbit haemorrhagic disease virus (RHDV or
Gl.1) causes this disease. The first outbreak of RHD was documented in the People's
Republic of China in 1984 among rabbits imported from Germany (Liu et al., 1984). The
virus first appeared in Europe in 1986, with its initial documentation occurring in Italy
(Cancellotti and Renzi, 1991). It subsequently spread throughout the continent, primarily
due to the trade of domestic rabbits, and has become endemic in several countries
(Abrantes et al., 2012). In the Iberian Peninsula, RHD was first reported in 1988 in Spain
(Argiello et al., 1988; Villafuerte et al., 1995) and in 1989 in Portugal, leading to initial
mortality rates of 55-75% (Villafuerte et al., 1994). RHD became enzootic and mortality
rates decreased, although it continues to play a significant role in the dynamics of

European rabbit populations (Calvete et al., 2006).



In 2010, a new variant of RHDV, known as RHDV2 or Gl.2, was identified in France (Le
Gall-Reculé et al., 2011; Le Gall-Reculé et al., 2013). This variant quickly spread across
five continents and affected several lagomorph species (Asin et al., 2024), becoming
endemic and replacing previously dominant strains (Calvete et al., 2014; Lopes et al.,
2015). RHDV2 was first detected in Spain in 2011 (Dalton et al., 2014) and in Portugal in
2012 (Abrantes et al., 2013). The initial outbreaks resulted in a 60-80% decline in the
natural rabbit population in both countries (Delibes-Mateos et al., 2014b; Monterroso
et al.,, 2016). This new variant differs from the traditional strain because it affects
younger rabbits, resulting in high mortality rates among kits under 30 days old (Dalton
etal., 2012) and juveniles under 2 months old (Abrantes et al., 2013). Such high mortality
rates hinder the recruitment of new individuals into the population. Furthermore,
RHDV2 spreads rapidly and causes more severe outbreaks than the classic RHDV

(Abrantes et al., 2013; Le Gall-Reculé et al., 2013).

Degraded and fragmented habitats in the Iberian Peninsula have also significantly
contributed to the decline of rabbit populations, due to shifts in land use and agricultural
practices (Virgds et al., 2003; Ward, 2005; Delibes-Mateos et al., 2010). Changes in
agricultural practices have transformed traditional Mediterranean landscapes, replacing
diverse mosaic habitats, particularly the interspersed pastureland and Mediterranean
scrub that rabbits prefer (Moreno et al., 1996; Calvete et al., 2004), with large
monocultures and dense patches of scrubland (Gonzalez-Bernaldez, 1991; Fernandez-
Ales et al., 1992; Raposo et al., 2023). On the one hand, changes in the use of soil, namely
agricultural intensification, extensive areas of croplands, and intensive tree plantations,
such as eucalyptus (Eucalyptus globulus Labill.), are reducing shelter availability for
rabbits (Calvete et al., 2004; Monzén et al., 2004; Ward, 2005). Intensive plantations of
highly flammable eucalyptus trees have also increased the occurrence and impact of
fires, resulting in the loss of large areas of favourable habitat in Spain and Portugal (Ward,
2005). On the other hand, abandoning traditional agricultural practices, such as
controlled burns and scrub cleanings, has resulted in the uncontrolled growth of dense

scrubland patches where food is scarce (Moreno and Villafuerte, 1995).

Although traditional hunting techniques were sustainable, recent practices may have

contributed to the decline of European rabbits in the Iberian Peninsula, especially when
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combined with habitat loss and diseases (Angulo, 2003; Ward, 2005). Intense hunting
pressure, poaching, and some hunters' lack of restrictions during rabbit shortages are
threatening certain rabbit populations (Angulo, 2003). For example, Kontsiotis and
colleagues (2013) found a negative correlation between rabbit population growth rates
and hunting pressure on Lemnos Island, Greece. Similarly, in northeastern Spain, rabbit
populations showed better recovery years after the initial outbreak of RHD in areas with
low hunting pressure (Williams et al., 2007). In regions where rabbit populations are
recovering, the increased availability of rabbits can surge the hunting pressure (Angulo

and Villafuerte, 2003; Kontsiotis et al., 2013).

According to some authors, in a stable and abundant rabbit population, the impact of
predators is reduced, and the viability of rabbit populations is unaffected (Jaksic and
Soriguer, 1981; Palomares and Delibes, 1997). However, predation pressure on rabbit
populations may lead to greater proportional losses when rabbit abundance is low,
possibly regulating their numbers, unlike at higher densities (Delibes-Mateos et al.,
2023). Predation pressure may be hindering the recovery of rabbit populations in the
Iberian Peninsula, especially in areas where rabbit numbers significantly decreased
following the outbreak of rabbit haemorrhagic disease (RHD) (Moreno et al., 2007). This
is known as the “predator pit” theory, where rabbits, when in low density, are under a
higher impact of predation and their population recovery is more difficult to achieve

(Trout and Tittensor, 1989; Pech et al., 1992).

Climate change presents an additional threat to rabbit populations, introducing new
challenges to their conservation and recovery. It is expected to exacerbate habitat
degradation, change in composition of plant communities, and subsequently impact
food availability for wild rabbit populations (Harrison, 2020). Climate change may also
lead to shifts in breeding seasons, resulting in varying trends in rabbit populations
throughout Europe. Tablado and Revilla (2012) predicted that, in southwestern Europe,
reproductive periods will tend to decrease in magnitude and become more variable. This
change could lead to population declines and an increased risk of extinction. In contrast,
northern and eastern European regions may have longer and more stable breeding
seasons, resulting in population increases. This dynamic might increase the likelihood of

rabbit invasions into adjacent and previously unoccupied areas (Tablado and Revilla,
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2012). Additionally, temperature, precipitation, and humidity fluctuations may increase
the spread and incidence of infectious diseases, making outbreaks more difficult to
control and posing a greater threat to population stability (Van de Vuurst and Escobar,

2023).

1.4. Management and recovery of rabbit populations

Due to the decline of rabbit populations, this species has become the focus of ongoing
management programs, especially the subspecies O. c. algirus, the Iberian rabbit. These
efforts are crucial not only due to the intrinsic value of the species but also because of

the essential services it provides to ecosystems and humans.

The conservation programs encompass strategies such as monitoring population trends
and disease incidence, habitat improvement, population reinforcement and/or

sustainable game management.

1.4.1. Monitoring of population trends and disease incidence

Accurate assessment of wild rabbit populations and disease incidence is essential for
effective conservation and management strategies. Most rabbit monitoring programs
developed in Spain and Portugal are conducted locally or regionally and use different
methodologies (see some examples in Delibes-Mateos et al., 2009a), which make their

findings hardly comparable (Ward et al., 2005; Delibes-Mateos et al., 2023).

In this sense, it is essential to establish a long-term program for large-scale monitoring
within their native range. This program should aim to determine population trends,
evaluate health status, and understand the key factors influencing population dynamics
(Mira et al., 2023). Monitoring population trends and disease incidence is crucial for
developing effective, location-specific management strategies. Moreover, this approach
supports adaptive management, allowing for strategy refinement based on the data

collected through monitoring.



To achieve this goal, several stakeholders gathered in the ambit of the projects LIFE
Iberconejo - “Drawing the baselines for the good management of a Mediterranean key
species, the wild rabbit” (LIFE20 GIE/ES/000731) and LIFE LYNXCONNECT - “Creating a
genetically and demographically functional Iberian lynx (Lynx pardinus) metapopulation”
(LIFE19 NAT/ES/001055), both financed by the European Commission LIFE Program, to
define, implement and validate standardised protocols for rabbit monitoring and/or
sanitary monitoring (LIFE LYNXCONNECT, 2021; LIFE Iberconejo, 2022; LIFE Iberconejo,
2024). The LIFE Iberconejo project aims to establish a governance system for managing
rabbits in the Iberian Peninsula. The main actions of this project include creating and
validating population and sanitary monitoring systems. LIFE LYNXCONNECT project aims
to enhance the population size and connectivity among Iberian lynx nuclei to ensure a
functional, self-sustainable, and viable metapopulation. Therefore, it is essential to
gather information on the rabbit population status, evolution and dynamics for effective

management and conservation of the Iberian lynx.

The suggested protocols for monitoring rabbit populations include direct observations,
searching for signs of their presence (such as latrines), collecting data on the hunting
bag, and assessing the presence of raptors that are highly dependent on rabbit
abundance (LIFE LYNXCONNECT, 2021; LIFE Iberconejo, 2024). LIFE Iberconejo uses the
SMART (Spatial Management and Reporting Tool) computer platform to compile field
data and analyse information from each region. Integrating technologies such as this
further enhances data collection efficiency, accuracy, and dissemination (LIFE Iberconejo,

2024).

These harmonised approaches allow the collection of reliable and comparable data,
providing an accurate representation of species' status across diverse habitats. The
results can be used to develop management plans that can be effectively implemented
across the Iberian Peninsula, ensuring the conservation of wild rabbit populations and

the ecosystems they support.
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1.4.2. Habitat enhancement

The rabbit prefers a mixed habitat that includes Mediterranean woodlands and shrubby
vegetation for shelter, as well as open areas that provide grasses and cereals for its diet

(Moreno and Villafuerte, 1995; Calvete et al., 2004; Carvalho and Gomes, 2004).

Habitat loss and fragmentation are causing declines in Iberian rabbit populations (Virgds
et al., 2003; Delibes-Mateos et al., 2010). Therefore, habitat enhancement has emerged
as a preferred technique for promoting population growth, as it involves lower costs and
simpler implementation while minimising negative impacts on native species (Ferreira

et al., 2013).

Habitat management enhances the carrying capacity of an area by increasing the
availability of essential ecological resources, such as high-quality food, water, breeding
sites, and cover from predators (e.g., Ferreira and Alves, 2009; Fernandez-Olalla et al.,
2010; Godinho et al., 2013; Armenteros et al., 2015). This approach has a positive global
impact on biodiversity, benefiting the target species and several other species. Improving
habitat quality may indirectly enhance rabbit disease resistance, as high-density
populations respond better to disease outbreaks (Calvete, 2006; Guerrero-Casado et al.,

2016).

Habitat management involves creating open areas, planting crops, and installing
supplemental feeders. These efforts aim to enhance food availability and help create a
habitat mosaic that integrates agricultural areas with natural vegetation, replicating

traditional landscapes (Moreno and Villafuerte, 1995).

Additionally, constructing artificial warrens and maintaining shrub cover is crucial,
especially in challenging habitat conditions such as open areas with no shrub protection
or unfavourable soils for digging (Rouco et al., 2011). This provides breeding sites and
offers refuge from predators. In restocking programs, artificial warrens are essential for

helping rabbits adapt to their new environment.

Habitat management also includes establishing water points, such as drinking troughs,

in dry areas, to enhance water availability.
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Habitat enhancement is often not implemented long-term (except for Sarmento et al.,
2012), and its effectiveness is frequently not evaluated, particularly in hunting states.
However, there are documented success cases, and in general, habitat management is
effective for recovering depleted rabbit populations in Mediterranean ecosystems
(Moreno and Villafuerte, 1995; Catalan et al., 2008; Ferreira and Alves, 2009; Ferreira et
al., 2013).

For example, Guil and colleagues (2014b) found that rabbits preferred sown areas over
unsown areas, resulting in a local increase in rabbit populations. Sarmento and
colleagues (2012) showed that continuous pasture creation increased rabbit occupancy
and the colonisation of adjacent areas. Godinho and colleagues (2013) demonstrated
the effectiveness of habitat management in helping low-density wild rabbit populations
recover in southern Portugal. Their results indicated that rabbit abundance was
positively correlated with proximity to artificial warrens, and rabbit presence increased
as the distance to these structures and ecotones decreased. Conversely, a study by
Delibes-Mateos and colleagues (2008b) investigated whether the installation of artificial
warrens was associated with trends in rabbit populations and found no significant
correlation. Regarding drinking trough use, a study conducted in a farmland area of
northwestern Spain showed that rabbits frequently use these structures for drinking,
especially during the summer months and when surrounded by shrub cover (Armenteros

et al., 2015).

Habitat management is an essential response strategy to climate change, as alterations
in temperature and rainfall patterns will influence water availability and vegetation
growth and consequently European rabbit biology and ecology (Tablado and Revilla,

2012).

1.4.3. Population reinforcement

To combat the decline of the Iberian rabbit, conservationists and wildlife managers are
implementing population reinforcements across the Iberian Peninsula. This conservation

strategy aims to restore rabbit populations and improve ecosystem stability (Moreno et
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al., 2004; Guil et al., 2014a; Carro et al.,, 2019). Hunters and game managers also
regularly conduct rabbit restocking programs to ensure sustainable numbers for hunting

(Delibes-Mateos et al., 2008b).

Population reinforcement, also known as restocking, involves releasing individuals into
an area where the species once thrived or is present in low densities (IUCN/SSC, 2013).
The rabbits released in this process are either captive-bred individuals specifically raised
for this purpose (Piorno et al., 2015) or rabbits translocated from healthy wild

populations (Rouco et al., 2008).

Traditional restocking programs often experience high failure rates, particularly during
the initial days following rabbit release, due to factors such as handling and
transportation stress, as well as predation (Calvete et al., 1997; Calvete and Estrada,
2004; Tobajas et al., 2021). For instance, in a study by Calvete and colleagues (1997) on
wild rabbit restocking, the observed survival rates were 1.89% for females and 3.11% for
males in the first 10 days after their release. Similarly, Calvete and Estrada (2004)
assessed the short-term survival and dispersal of translocated European wild rabbits,
reporting a survival rate of only 9% following traditional restocking. Other researchers
have indicated survival rates below 40% when rabbits are released in areas lacking any

form of predator exclusion (Letty et al., 2002; Drees et al., 2009; Tobajas et al., 2021).

Given the high failure rate associated with this practice and the significant costs involved
in restocking protocols (Ferreira and Delibes-Mateos, 2010), careful planning is essential
to maximise success and minimise potential risks, including genetic homogenisation and
the spread of disease. To ensure the effectiveness of this approach, it is crucial to
implement specific evidence-based guidelines alongside habitat improvement measures
and disease management strategies. For instance, restocked rabbits must be in good
physical condition. Following strict veterinary protocols is essential to enhance survival
rates and prevent the introduction of diseases into wild populations (Cabezas et al.,
2011). The release sites should provide sufficient food, shelter, and breeding conditions
(Moreno and Villafuerte, 1997; Cabezas and Moreno, 2007; Cabezas et al., 2011; Guil et
al., 2014a). Habitat improvement, including the construction of artificial warrens and the

planting of crops, is often necessary to facilitate the rapid adaptation of the relocated
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population. Restocking efforts should incorporate an acclimation period, during which
the released rabbits are temporarily confined to enhance their adaptation to the new
environment and reduce predation risk. This method is referred to as soft-release
protocols (Rouco et al, 2010). Studies by Rouco and colleagues (2010) and Machado and
colleagues (2017) indicated that longer confinement periods enhance rabbit survival

rates.

Several restocking initiatives have shown promising results. For instance, Moreno and
colleagues (2004) reported survival rates of nearly 80% in a study that evaluated the
success of introducing rabbits for predator conservation in Spain. Also, Calvete and
Estrada (2004) observed similar survival rates when rabbits were released into fenced
warrens. A project conducted from 2002 to 2007 aimed at recovering rabbit populations
in the compensation area of Los Melonares dam, which sought to support the breeding
of Spanish Imperial Eagles in the surrounding area, noted a rabbit survival rate of 65%
100 days post-release in artificial warrens situated within fenced plots. Rabbit

populations more than quadrupled over four years (Villafuerte et al., 2008).

Implementing evidence-based protocols does not always guarantee complete restocking
success (e.g., Machado et al., 2017); therefore, further studies are essential to evaluate

and propose measures that enhance the effectiveness of rabbit reinforcements.

1.4.4. Hunting management

The primary goal of sustainable hunting management is to balance hunters' interests and
the long-term survival of rabbit populations, ensuring that hunting does not compromise
the species' survival. It can involve regulating hunting pressure, monitoring rabbit

population, and improving habitat (Ward, 2005).

Regulatory mechanisms of hunting pressure include limiting the number of hunters, the
number of hunting days, the number of hours per hunting day, and/or the number of

hunted rabbits per hunter and hunting journey (Delibes-Mateos et al., 2023; Mira et al.,
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2023). According to Angulo and Villafuerte (2003), hunters often make these

adjustments voluntarily, resulting in positive outcomes for rabbit populations.

When aiming to minimise the negative effects of hunting on rabbit populations, it is
important to acknowledge that rabbit hunting and associated habitat management can
also have positive effects (Ward, 2005). Delibes-Mateos and colleagues (2009b) found
that rabbit populations were more abundant in hunting estates than in protected areas
in Spain. This suggests that sustainably managed hunting states, characterised, for
instance, by low hunting pressure and effective habitat management, may benefit rabbit
populations. In fact, in north-eastern Spain, positive rabbit population trends occurred

in areas with low hunting pressure (Williams et al., 2007).

Many hunters and wildlife managers in Spain and Portugal consider predator control an
essential management tool to reduce the mortality of small game species (Delibes-
Mateos et al., 2008b). Delibes-Mateos and colleagues (2013) conducted interviews with
game managers from small-game hunting estates in central Spain and found that 90% of
these estates use predator control. This practice is regulated, allowing certain abundant
opportunistic predator species control, particularly the fox (Vulpes vulpes) and the
Egyptian mongoose (Herpestes ichneumon) (San Miguel, 2014). However, this regulation
lacks support from local scientific studies, and there are instances where non-selective

and illegal predator control methods are employed (Ward, 2005).

Hunting regulations should be flexible and responsive to changes in population trends,
disease outbreaks, and habitat conditions. During years when rabbit populations are low,
it is essential to reduce hunting pressure to support their recovery. Additionally,
implementing management measures that enhance habitat carrying capacity can
contribute to the sustainable management of rabbit populations. This approach allows
for continued hunting while maintaining or even increasing rabbit population density

(San Miguel, 2014).
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1.5. Research goals

Due to the European rabbit Oryctolagus cuniculus' importance, particularly the Iberian
rabbit subspecies O. c. algirus, as a keystone prey species, ecosystem engineer and small
game species (Delibes-Mateos et al., 2008a; Galvez et al., 2008; Paixdo et al., 2009),
conservationists, wildlife managers and hunters have continuously made efforts to
reverse the ongoing rabbit population decline. However, these efforts, which involve
significant economic costs (Ferreira and Delibes-Mateos, 2010), have often been
unsuccessful (Calvete et al., 1997; Letty et al., 2002). In some cases, these have been

time-limited, and their effectiveness has not been evaluated.

This thesis aims to evaluate the effectiveness of various measures commonly applied in
rabbit recovery programs and provide recommendations, based on the research
findings, to enhance the success and effectiveness of these recovery efforts, ultimately

supporting the conservation of Iberian rabbit populations in the Mediterranean region.
Specifically, this thesis aims to reach the following specific goals:

1. Understand the effect of habitat management and its early cessation on rabbit
populations (Chapter 3, Paper |);

2. Assess the survival and space use of a rabbit population released in a restocking
park, a semi-natural enclosure (Chapter 4, Paper Il);

3. Evaluate the efficiency of four types of artificial warrens (logs, Mayoral® —
registered trademark, pallets, and tubes) as shelters for Iberian rabbits recently

restocked (Chapter 5, Paper lil).

1.6. Thesis structure

This thesis consists of six main chapters: a general introduction (Chapter 1), a summary
description of the study area (Chapter 2), three papers published in peer-reviewed
international journals, each one addressing one of the previous specific goals (Chapters

3, 4, and 5), and the general conclusions (Chapter 6).
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Chapter 1 includes the scope and background information underlying the research goals.
This chapter also presents the main objectives of the thesis and summarises the thesis’

structure and contents.

Chapter 2 describes the study area and the framework of the thesis.

Chapter 3 evaluates rabbit population responses to habitat improvement in a natural
landscape and analyses the consequences of prematurely stopping habitat
management. This chapter compares the relative importance of managed and
unmanaged habitat features on rabbit distribution before management (2007), during
the implementation of measures (2008), immediately after (2009) and three years after
measures ended (2012). The results of this chapter were published in the journal

Ecological Research:

e Encarnacdo, C., Medinas, D., Alves, P.C., Mira, A. (2019). Does short-term habitat
management for the European rabbit (Oryctolagus cuniculus) have lasting

effects? Ecological Research, 34: 296-308. https://doi.org/10.1111/1440-

1703.1064 (Paper 1)

Chapter 4 analyses the effectiveness of a rabbit restocking in a semi-natural enclosure,
focusing on survival and space use. The analyses are based on data collected over six
months from 22 radio-collared rabbits, consisting of 11 males and 11 females, out of 75
rabbits released. The results of this chapter were published in the journal European

Journal of Wildlife Research:

e Encarnacdo, C., Sabino-Marques, H., Pinheiro, P.,, Alves, P.C., Mira, A. (2025).
Survival and space use of a restocked Iberian rabbit population in a semi-natural
enclosure. European  Journal  of  Wildlife  Research, 71: 3.

https://doi.org/10.1007/s10344-024-01881-5 (Paper ).
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Chapter 5 compares the use of four distinct types of artificial warrens, commonly
employed in Iberian rabbit recovery programmes and investigates the factors influencing
warren use. In this case, the study focuses on using the artificial warrens installed inside
the restocking park. The costs associated with warren installation are quantified, and the
best options in terms of cost-benefit are discussed. The results of this chapter were

published in the journal World Rabbit Science:

e Encarnacdo, 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 Science, 32: 113-127.
https://doi.org/10.4995/wrs.2024.20814 (Paper lll)

Chapter 6 summarises the main findings and conclusions of the previous chapters and
the overall conclusions, and, based on the results, suggests guidelines to improve rabbit
restocking programs. This chapter also acknowledges the study's limitations and

highlights future research issues to be addressed.
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Chapter 2

Study area and framework

The study was conducted on an area of approximately 4,720 hectares (Figure 2.1a)
located within Monchique Natura 2000 Special Area of Conservation (SAC) (PTCON0037)
(Regulatory Decree n. 2 1/2020 of 16th March) Norwest Algarve, Portugal (37° 16’ 33"
N, 8°29’ 27" W).

The SAC encompasses the Serra de Monchique, a mountain range characterised by steep
slopes and valleys with significant ecological and biophysical importance. This range
features the highest peak in southern Portugal, Foia, which rises to 902 meters. The
unique combination of topographic, climatic, and geological features in this area
supports a diverse array of habitats that are of conservation interest, many of which are

protected under the EU Habitats and Birds Directives.

The study area encompasses three game estates, partners of the project: the Associative
Game Estate of Esgravatadouro, Montes Velhos, and others (Process No. 3393), the
Municipal Game Estate of Alferce (Process No. 4180), and the Associative Game Estate

of Alferce (Process No. 3993).

The soil is generally poor and highly susceptible to rapid erosion. When erosion removes
the fine-textured material, it exposes the underlying rock fragments (ICN, 2006). The
most common type of soil is the incipient soil, particularly schist or greywacke lithosols

of xeric-regime climates (86.4%; IHERA, 1999).

The oceanic pluvial-seasonal Mediterranean bioclimate influences the climate of the
study area. The thermotype varies from thermo to mesomediterranean, and the

ombrotype from sub-humid to humid (Rivas-Martinez et al., 2017).

The climate is Mediterranean (Rivas-Martinez et al., 2017) with mild and moist winters

and hot and dry summers. The average minimum and maximum temperatures in winter
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(January) are 5.6 °C and 11.6 oC, and in summer (July) they are 17.3 °C and 24.0 °C.
Annual rainfall averages 925.5 mm and is concentrated in October-April (Monchique,

1984 —2022; SNIRH, 2023).

The area is situated within the Arade hydrographic bay and is characterised by two
primary watercourses: "Ribeira de Monchiqgue" and "Ribeira de Odelouca" (APA, 2018).
Additionally, a network of smaller watercourses runs in the valleys. Due to the dense
riparian vegetation, some areas retain water all year (Anténio Gamito and Jodo Dimas,
personal observations). During this study, an important dam, the Odelouca Dam, was

built within the study area.

Dense Mediterranean scrub (51.1%), eucalyptus (Eucalyptus globulus) plantations
(26.1%), and cork oak (Quercus suber) woods (5.2%) mainly cover the hilly landscape.
Agricultural activities are minimal (4.8%), and human occupation is limited to sparsely

cultivated valleys and a few isolated houses (1.1%) (Figure 2.1b).

Endangered species, such as the Bonelli's eagle (Aquila fasciata) and the Eurasian eagle
ow! (Bubo bubo), inhabit the area (ICN, 2006). It is also located in a region where the
Iberian lynx (Lynx pardinus) historically lived (ICN, 2006). Previous surveys have shown
that wild rabbits are present in the area, but their populations are scattered and low-

density.

20



9°0'W 6°0'W
42°0N < =
[ Study area limits
Game estates
Process n.2 4180
[ Process n.2 3993
40°0'N 0 I Process n.2 3393
- [ |
<
O
-]
3 =
x
(o]
o
38°0'N - -
[ ]

Land uses

[0 Dams and water courses
Pastures and agricultural areas

1 Mediterranean shrubs

Il Cork oak woods

I Eucalyptus and pine plantations

0 1 2 km - i Il Urban areas

Figure 2.1 Location of the study area, limits and hunting areas within the study area (a) and main
land uses (b).

The experiments and the fieldwork for this thesis were carried out in the framework of
the “Compensatory measures and specific monitoring of the Odelouca’s Bonelli eagle
couple, arising from the environmental impact assessment process of the Sines-
Portimdo high-voltage power line” project (REN et al., 2009). The research was
supported by "Redes Energéticas Nacionais" (REN) and coordinated by the consortium
formed by the companies “EGSP - Energia e Sistemas de Poténcia, Lda.” and

“ECOSSISTEMA, Consultores em Engenharia do Ambiente, Lda”.
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The project involved taking specific actions to support the recovery of the rabbit
population, a significant food source for the Bonelli eagle (Aquila fasciata). The

University of Evora implemented these actions from November 2006 to November 2012.

The primary objectives of these specific actions were to restore wild rabbit populations,
and consequently, other species, to levels that provide sufficient food for endangered
predators, especially the Bonelli's Eagle, and to establish mechanisms to maintain a high

rabbit density in the long term.
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Abstract

The European rabbit Oryctolagus cuniculus, a keystone species of Mediterranean
ecosystems, is the target of several recovery and management plans throughout the
Iberian Peninsula. The majority of these plans are limited in time by budget constraints
and lack post-intervention monitoring of population trends. This study was conducted in
southwest Portugal and aimed to understand the effect of habitat management and its
early cessation on rabbit populations. We assessed rabbit presence and relative
abundance before management (2007), during the implementation of measures (2008),
immediately after (2009) and three years after measures ended (2012). We applied a
model selection approach, using generalised linear models to determine the relative
importance of MANAGED and UNMANAGED habitat features on rabbit presence in each
year. We used spatial eigenvector mapping to describe the spatial autocorrelation in
rabbit presence and a variation partitioning approach to quantify the relative effects of
management-related variables, unmanaged environmental descriptors, and spatial
characteristics on rabbit presence. Rabbit presence and abundance increased shortly
after the management intervention but decreased three years after. Rabbit presence was
positively related to the proximity of installed crops and the existence of favourable soils
for digging. Habitat management-related variables explained most of the variation in all
models. Habitat improvement actions, particularly the sowing of pastures, contributed
to increased rabbit presence. We propose a continued long-term intervention and the
cultivation of crops with auto-regeneration properties (e.g., subterranean clover—
Trifolium subterraneum) to continue to increase rabbit presence and abundance in areas

where rabbit populations are scarce.

Keywords: Habitat management, long-term effectiveness, Mediterranean landscape,

rabbit presence, variation partitioning
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3.1. Introduction

The European rabbit (Oryctolagus cuniculus), a species endemic to the Iberian Peninsula,
is prey to a wide variety of predators in this region. It is an important source of food for
various carnivores and birds of prey, such as the red fox (Vulpes vulpes), the Egyptian
mongoose (Herpestes ichneumon) or the eagle owl (Bubo bubo), including some
endangered species, such as the Iberian lynx (Lynx pardinus) and the imperial eagle
(Aquila adalberti; Delibes and Hiraldo, 1981; Jaksic and Soriguer, 1981; Delibes-Mateos
et al., 2008a). Within its original distribution, it also stands as one of the most harvested
game species, with high socioeconomic value (Villafuerte et al., 1998; Paixdo et al.,
2009). In recent decades, wild rabbits have suffered a >90% population decline (Virgds
etal., 2007; Ferreira et al., 2010; Cortés-Avizanda et al., 2015) with severe consequences
for the specialist predator populations that depend on them. Despite preferential
predation by some species (Ferreras et al., 2011; Fernandez-de-Simon, 2013) and
hunting pressure (Angulo and Villafuerte, 2003; Calvete et al., 2005), the main factors
contributing to this decline are the emergence of diseases, particularly myxomatosis and
rabbit haemorrhagic disease (Villafuerte et al., 1995; Fa et al., 2001; Abrantes et al.,
2013; Delibes-Mateos et al., 2014b) and habitat degradation (Moreno and Villafuerte,
1995; Devillard et al., 2008; Delibes-Mateos et al., 2010). Habitat changes have led to
the loss of the species' preferred habitats: landscape mosaics that simultaneously
provide shelter and food (Calvete et al., 2004). Conversely, in other areas, agriculture
intensification leading to impoverished arable weed communities which serve rabbits as
alternative food (e.g., olive groves or vineyards), has led to significant increases in rabbit
numbers, causing substantial crop damage (Barrio et al., 2013; Delibes-Mateos et al.,

2018a).

Hunters, conservationists, and wildlife managers have been working to reverse rabbit
decline due to the species' ecological and socioeconomic importance. Several general
protocols for habitat management (Delibes-Mateos et al., 2009a; Ferreira et al., 2014),
hunting regulation and predator control (Delibes-Mateos et al., 2009a), semi-natural
captive breeding and reintroductions (Villafuerte et al., 2008; Rouco et al., 2010) and

vaccination campaigns (Ferreira et al., 2009; Rouco et al., 2016) have been implemented
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and, in some cases, have been successfully replicated in different regions of the Iberian

Peninsula.

However, the realities differ between locations, and rabbit recovery programs should be

flexible. In addition, the efficiency of rabbit management actions is often not evaluated.

Habitat improvement is the most common action currently taken to enhance rabbit
populations, because it requires lower investment and produces more beneficial effects
on a local scale (Ferreira et al., 2014). The main goal of habitat improvement is to
promote a landscape mosaic that can guarantee the availability of key resources for this
species (Moreno et al., 1996; Carvalho and Gomes, 2004). Habitat enhancement
generally includes measures for increasing the availability of food, through the
installation of small crops and/or supplementary artificial feeders, shelter, through
scrubland management and/or construction of artificial shelters and water, through the
installation of drinking troughs (e.g., Sdnchez et al., 2007; Ferreira and Alves, 2009;
Fernandez-Olalla et al., 2010; Godinho et al., 2013).

In the Iberian Peninsula, habitat management practices generally occur in private
hunting areas, and several studies have addressed the real impact of their
implementation on rabbit populations (e.g., Catalan et al., 2008; Ferreira and Alves,
2009; Fernandez-Olalla et al., 2010; Godinho et al.,, 2013). Moreover, compensatory
measures from large infrastructure construction (dams, roads, power lines, etc.) aiming
at predator conservation often include investments in rabbit population recovery
programs (e.g. Ecosativa, 2007; REN et al., 2007; REN et al., 2009; Procesl, 2010).
However, investments in rabbit habitat management are often limited in time, taking
place over 2-5 years, after which no additional measures or revaluations take place. The
response of the rabbit population after the cessation of these measures is thus also

unknown.

We evaluated rabbit population responses to habitat improvement at the Monchique
Natura 2000 site (PTCON0037; south-west Portugal) to understand the consequences of
ending habitat management after a rabbit recovery program. Specifically, we intended
to: (a) characterise changes in rabbit presence and abundance pre-management (2007),
during management (2008), immediately after the habitat management period (2009)
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and three years after measures ended (2012), (b) determine which management
interventions most influenced rabbit presence in each sampling period, (c) determine
which ecological factors unrelated to management most influenced rabbit presence in
each sampling period and (d) evaluate the real contribution of habitat management

variables for increasing rabbit presence in each surveyed year.

We hypothesised that rabbit presence and abundance in 2008 and 2009 would be
significantly higher than rabbit presence and abundance before habitat management
(2007) and three years after habitat management abandonment (2012), because of the
extremely low rabbit initial numbers and because of the shortage of resources needed
for the species in 2007 and 2012. We also defined two sets of a priori hypotheses. The
first came from the assumption that (a) management actions promote rabbit presence.
Thus, we expect that rabbit presence would be increased by the proximity to crops,
artificial shelters, drinking troughs and/or the perimeters of ecotones (Lombardi et al.,
2007; Catalan et al., 2008; Delibes-Mateos et al., 2008b; Sarmento et al., 2012; Godinho
et al., 2013). The second set of hypotheses came from the assumption that (b) other
environmental variables, unrelated to management and based on species ecological
requirements, also affect rabbit presence. We expect that rabbit occurrences would be
favoured in non-intervention sites near agricultural or natural pastureland areas, in areas
with higher shelter availability and areas with natural water availability (Trout et al.,
2000; Lombardi et al., 2007; Sarmento et al., 2012). In addition, we expect that rabbit
presence would be increased by soils with favourable conditions for digging (Williams et
al., 2007; Serrano and Hidalgo de Trucios, 2011), smooth slopes (Calvete et al., 2004;
Farfan et al., 2008; Delibes-Mateos et al., 2010) and warmer and drier terrain

orientations (Delibes-Mateos et al., 2010; Godinho et al., 2013).

Finally, we also hypothesised that management-related variables should play a major
role in species presence during habitat management (2008 and 2009). In contrast, other
environmental variables should play a major role in species occurrence three years after

ending habitat management (2012).
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3.2. Materials and methods

3.2.1. Study area

The study was conducted in an area of 4,720 ha inside the Monchique Natura 2000 site
(PTCONO0O037) in southwest Portugal (37°16’ N, 8°29’ W, Figure 3.1).

The region has a Mediterranean climate characterised by humid winters with
precipitation levels above 700 mm/year and dry and hot summers, with average annual
temperatures over 162C (Rivas-Martinez and Loidi, 1999). The area is part of the Arade
hydrographic basin and is crossed by a network of smaller watercourses, which retain
water in all seasons, as indicated by dense riparian vegetation. The hilly landscape (10—
500 m a.s.l.; CNA, 1982) has poor soil dominated by incipient soils, particularly the schist
or greywacke lithosols of xeric-regime climates (78%; IHERA, 1999) and is predominantly
covered by dense Mediterranean shrubs (51.1%), eucalyptus (Eucalyptus globulus)
plantations (26.1%) and cork oak (Quercus suber) woods (5.2%). Agricultural activities,
excluding eucalyptus plantations, are minimal (4.8%), and human occupation is

restricted to sparsely cultivated valleys and a few isolated houses (1.1%; Figure 3.1).

Between 1970 and 1990, the Monchique Natura 2000 site experienced significant
changes in the habitat. There was large-scale eucalyptus forestation, replacing extensive
areas originally occupied by natural vegetation (ICN, 2006). A decrease in small crop
cultivation due to land abandonment (Krohmer and Deil, 2003) may also have
contributed to the discontinuity of suitable habitats for the rabbit population and thus
to a drastic reduction in distribution and abundance. This area was also several times
devastated by wildfires, causing drastic changes in the land cover, soil characteristics and
hunting pressure. In 2003, almost 80% of the whole Natura 2000 site was burned
(Portaria No. 1064/2006, 2006). The wild rabbit currently has a fragmented distribution
pattern in the Monchique Natura 2000 site (Ferreira et al., 2017) and hunting pressure

is low and localised (Beja et al., 2007).
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Figure 3.1 Study area location and detailed land uses. Transects for rabbit surveys (white lines)

and their respective 250-m buffers (thicker black lines) are also shown.

3.2.2. Habitat management

To improve habitat quality for the wild rabbit, we implemented actions to increase the
availability of food, water and shelter. These actions were taken as part of the scope of
the “Compensatory measures and specific monitoring of the Odelouca's Bonelli eagle
couple” project, which included specific actions aimed at supporting the recovery of the
rabbit population (REN et al., 2009), a major trophic resource for Bonelli eagles (Aquila

fasciata).

A total of 75 small patches (approximately 1 ha each) were cleared and seeded between
September 2007 and January 2008 and renewed between October 2008 and January
2009, to promote food availability and create a habitat mosaic with a high edge

perimeter, which is particularly suitable for rabbits (Rogers and Myers, 1979; Moreno et
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al., 1996; Carvalho and Gomes, 2004). All interventions started after the first autumn

rains.

In May 2008, to ensure water availability in areas of water shortage, we installed 18
drinking troughs, scattered across the study region. Areas with inadequate habitat for
the species (e.g., eucalyptus plantations and regions with very steep terrain) were

excluded from these management actions.

Although soil conditions were unsuitable for digging burrows, a pilot study suggested
that the study area had good shelter availability, due to the presence of extensive areas
of dense shrub vegetation. Nevertheless, we installed 18 artificial warrens between

September 2007 and January 2008 to provide additional shelter and reproduction sites.

In late 2009, at the end of the project, drinking troughs were removed, crop renewal in
the ambit of our intervention stopped, and shrubs invaded the patches. During the three
years after the project's conclusion, 10 artificial shelters, mostly made from wooden

pallets, shrubs and dirt, collapsed and became unsuitable for rabbit use.

3.2.3. Rabbit surveys

Rabbit surveys were conducted from June to early July, at the end of each breeding
season, corresponding to a population peak (Gongalves et al., 2002), on four different
occasions: pre-management (2007) as the baseline for our analysis, during the habitat
management period (2008), immediately after management (2009) and three years after
management ended (2012). Relative rabbit abundance was assessed in 40 randomly
selected diurnal linear transects, each of approximately 250 m. One observer performed

the transects in each sampling period along existing dirt roads.

Rabbit presence and abundance were determined through the detection of latrines. To
ensure consistency with previous assessments of rabbit abundance in the region (e.g.,
Ferreira and Alves, 2005), a latrine was defined as any faecal accumulation of at least 20
pellets within an area of 200 x 300 mm?. We applied this indirect method, which is widely
used to obtain rabbit abundance indices (e.g., Virgos et al., 2003; Calvete et al., 2004;
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Beja et al., 2007; Beja et al., 2009; Godinho et al., 2013), because a preliminary survey

carried out in January 2007 suggested that low rabbit abundance and dense vegetation

cover compromised direct counting in transects. Rabbit presence was assumed when at

least one fresh latrine (with circular and aggregated pellets) was found in a sampling site.

3.2.4. Explanatory variables

We collected data on 10 environmental variables within the 40 sampling sites and

grouped them into two sets of predictors: managed descriptors aiming at habitat

improvement (MANAGED) and descriptors that were independent of management

(UNMANAGED; Table 3.1). All descriptors, except those related to distance, were

measured in a 250-m buffer around each transect. This buffer size was used because

movements by rabbits in related habitats tend to be approximately equal to, or less than,

this distance (e.g., Gibb, 1993; Moreno et al., 2004; Letty et al., 2005). All selected

descriptors were known from previous studies to affect rabbit distribution and

abundance (e.g., Trout et al., 2000; Calvete et al., 2004; Lombardi et al., 2007; Williams

et al., 2007; Farfan et al., 2008; Delibes-Mateos et al., 2010; Sarmento et al., 2012;

Godinho et al., 2013).

Table 3.1 Description, transformation and summary statistics of explanatory variables used to

analyse European wild rabbit distribution.

Set/Variable Variable description (Units) Transformation Mean + SE Range
MANAGED
D_crop Distance to the nearest installed crop (m) Logarithmic 365.4 £ 36.5 0-1,749.9
D_shelter  Distance to the nearest artificial shelter (m) Logarithmic 1,674.7 £94.0 9.1-4,230.9
D_drink Distance to the nearest drinking trough (m) Logarithmic 812.1+£50.5 2.2-2,087.7
Ecot Ecotone density (m/ha) - 30.0+2.3 0-105.3
UNMANAGED
Soils Presence (1) or absence (0) of favourable soils for digging - - 0;1
D_agri Distance to the nearest agricultural patch (m) Logarithmic 568.0 + 40.0 0.4-2,301.2
D_shrub Distance to the nearest shrub patch (m) Logarithmic 16.2+3.3 0-179.5
D_water Distance to the nearest watercourse or water reservoir (m) - 175.4+£9.2 33.1-478.0
M_slope Mean slope (Degrees) Logarithmic 13.8+0.2 7.4-214
P_ori Proportion of areas with favourable orientation (%) Angular 0.6+0.0 0.1-1.0

Note. SE: standard error.
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We extracted habitat variables from land cover maps with a geographic information
system (QGIS Development Team, 2014). Land cover maps were based on the
photointerpretation of digital aerial photographs between 2005 and 2011 (1:5,000) and
were validated and updated through field checking every year. Distance variables
[distance to the nearest installed crop (D_crop), distance to the nearest artificial shelter
(D_shelter), distance to the nearest drinking trough (D_drink), distance to the nearest
agricultural patch (D_agri), distance to the nearest shrub patch (D_shrub) and distance
to the nearest watercourse or water reservoir (D_water)], were accounted for using the

function “ST_Distance” in PostGIS 2.1.6 (http://postgis.net). The shrub patches included

patches with shrubs or forests with shrubs.

The ecotone corresponded to the edges between the food (crops, natural pasturelands,
and agricultural areas) and shelter patches (shrubs and forest with shrubs), and the
ecotone density (Ecot) was defined as the ratio between the edge length and the buffer

area.

We identified the soil types from the official Portuguese soils map (1:25,000; IHERA,
1999) and categorised them as favourable or unfavourable for digging. Favourable soils
are deep, soft, well-drained, and rich in carbonates and sand content (Parer and Libke,
1985; Williams et al., 2007; Serrano and Hidalgo de Trucios, 2011). We classified the

humic and nonhumic litholic soils of syenite as favourable soils.

The mean slope (M_slope) and the proportions of areas with a favourable orientation
(P_ori) were derived from a 25-m digital terrain model (EEA, 2013), using GRASS 6.4.4
GIS software (GRASS Development Team, 2014). We considered patches facing south
and east as having more suitable orientations. These are known to be warmer and drier,
due to Mediterranean winds and sun exposure, which reduce disease-vector

proliferation (Osacar-Jimenez et al., 2001) and litter mortality (Rodel et al., 2009).

32


http://postgis.net/

3.2.5. Data analyses

We estimated relative rabbit abundance at each of the 40 sampling sites and for each
sampling period by calculating the total number of latrines recorded per kilometre of
transect (kilometric abundance index—KAI; Wilson et al., 1996). We evaluated the
differences in mean rabbit abundances between sampling periods with a nonparametric
Wilcoxon signed-rank test to test our first hypothesis. The same differences but
considering the proportion of rabbit presence (number of sites where at least one latrine
was detected/total number of sites sampled), were evaluated using a Pearson Chi-

squared test.

Before model building and when necessary, we transformed the proportions and
continuous explanatory variables using angular and logarithmic transformations,
respectively, to approach the normality of the residuals, homogenise variances and
reduce the effect of outliers (Zuur et al., 2010). All predictors were standardised to a zero
mean and unit variance to allow direct comparisons between individual regression
coefficients (Schielzeth, 2010). At the data exploration stage, Spearman correlation
coefficients were also computed to check for correlations between all pairs of variables.
For pairs with a correlation coefficient > 0.7 (Dormann et al., 2013), we retained the
variable with the lowest AlICc (Akaike information criterion corrected for small samples)
in the univariate model (Burnham and Anderson, 2002). In this process, we discarded
D_drink, Ecot and M_slope from further modelling, because they were correlated with
D_crop. D_shrub was also excluded from the analyses because, even after
transformation, it presented outliers and a skewed distribution (Zuur et al., 2009; Zuur
etal., 2010). Indeed, D_shrub was mostly zero or near zero (median = 0 m), showing that

this is not a limiting factor for the rabbits in the study area.

To identify the factors that most influenced rabbit presence in each sampling period, we
used generalised linear models (GLMs). Model selection was based on the information-
theoretic approach and inferences were based on model averaging (Burnham and
Anderson, 2002). Separate GLMs with binomial error distributions and a logistic link
function were applied for three sampling periods: during habitat management (2008),

immediately after management (2009) and three years after (2012). We decided to use
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rabbit presence as a response variable, due to the high number of zeros and very high

overdispersion of the abundance data (Zuur et al., 2007). Despite this, the number of

rabbit-presence instances in the pre-managed period (2007) was too low to produce

robust GLM models.

We generated 18 candidate models with all possible combinations of the remaining

variables for each hypothesis set: three models derived from two variables for the

MANAGED set and 15 models derived from four variables for the UNMANAGED set

(Table 3.2). We also tested the constant-only model. Models were ranked by the AlCc

(Burnham and Anderson, 2002) within each set of hypotheses.

Table 3.2 Models tested for determining the predictors influencing European rabbit presence for

the two hypothesis sets in each sampling period.

Hypotheses sets

Models

MANAGED

D_crop
D_shelter
D_crop + D_shelter

UNMANAGED

Soils

D_agri

D_water

P_ori

Soils + D_agri

Soils + D_water

Soils + P_ori

D_agri + D_water
D_agri+P_ori

D_water + P_ori

Soils + D_agri + D_water
Soils + D_agri + P_ori
Soils + D_water + P_ori
D_agri + D_water + P_ori
Soils + D_agri + D_water + P_ori

Note. See Table 3.1 for explanatory variable descriptions.
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Because no single model was convincingly the most plausible (wi = 0.90; Burnham and
Anderson, 2002), we performed a model averaging approach for each variable set,
basing the average parameters, unconditional standard errors (SE) and 95% confidence
interval (Cl) inferences on the group of models with AAICc <2 (Burnham and Anderson,
2002). Estimates with confidence limits that included zero were viewed as having

equivocal meaning (Burnham and Anderson, 2002).

Model adequacy was evaluated by plotting average model residuals and each variable

presented in the final model against fitted values (Zuur et al., 2009).

Residual plots suggested the existence of spatial autocorrelation. To account for this, we
used a spatial eigenvector mapping (SEVM) approach (Griffith and Peres-Neto, 2006) to
select a linear combination of the most relevant eigenvector-based spatial filters (those
minimising residual spatial autocorrelation; Diniz-Filho and Bini, 2005). Therefore,
Spatial eigenvectors were considered the third set of explanatory variables (SPATIAL) for
each year. Spatial eigenvector calculations were made using the Spatial Analysis in

Macroecology software (SAM, version 4.0; Rangel et al., 2010).

As a final point, to test our last hypothesis and to assess the pure and shared effects of
each of the three variable sets (MANAGED, UNMANAGED and SPATIAL) of explanatory
variables on rabbit presence, we used a variation partitioning procedure (Borcard et al.,
1992) and extended this method to three subsets of explanatory variables (Cushman and
McGarigal, 2002; Heikkinen et al., 2004). The explained variation for the three single-set
models, the three joint models (MANAGED + UNMANAGED, MANAGED + SPATIAL,
UNMANAGED + SPATIAL) and the full model (MANAGED + UNMANAGED + SPATIAL),
together with the unexplained variations, were estimated for each sampling period
(Borcard et al., 1992). Each model contained all variables from the AAICc <2 subset. The
explained null deviance proportion (D2) was used as a measure of the explained variance

for each logistic model (Guisan and Zimmermann, 2000).

Model performance was assessed using the area under the receiver operating
characteristic curve (AUC), with values between 0.5 and 0.7 indicating a low-accuracy
model, values between 0.7 and 0.9 indicating good accuracy and values above 0.9
indicating excellent accuracy (Swets, 1988).
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The R statistical package version 3.4.2 (R Core Team, 2017) was used for all statistical
analyses. The MuMIn package (Barton, 2014) was used for model inference, and the

caTools package (Tuszynski, 2014) for AUC determination.

3.3. Results

3.3.1. Rabbit distribution and abundance

We registered an increase in rabbit presence and abundance during and immediately
after the application of management actions, followed by a decline three years later.
Rabbits were present in 12.5% of the sites sampled in June 2007, 37.5% of the sites
sampled in June 2008, 42.5% of the sites sampled in June 2009 and 27.5% of the sites
sampled in June 2012 (Figure 3.2a). The species had a mean relative abundance of 4.66
latrines/km in 2007, 10.17 latrines/km in 2008, 23.80 latrines/km in 2009 and 6.40
latrines/km in 2012 (Figure 3.2b).

Rabbit presence in 2007 was significantly lower than in 2008 (x? = 4.263, p = 0.039) and
2009 (x> = 5.762, p = 0.016). There were no significant differences in presence
proportions between 2008 and 2009 (x% = 0.133, p = 0.715), 2007 and 2012 (x? = 1.667,
p = 0.197), 2008 and 2012 (x*> = 0.667, p = 0.414) and 2009 and 2012 (x> = 1.385, p =
0.239).

The mean relative abundance was significantly lower during the pre-managed period
than in the other three sampling periods (2008: Z = -2.313, p = 0.021; 2009: Z = -2.521,
p =0.012; 2012: Z=-2.033, p = 0.042).

Abundance was also significantly lower in 2008 and 2012, compared to the values

registered in 2009 (2008: Z = -3.583, p = 0.0004; 2012: Z = -2.819, p = 0.005).
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Figure 3.2 Proportion of presence (xSE) (a) and mean relative abundance (+SE) (b) of European
rabbit for the four sampling periods (2007, 2008, 2009 and 2012). Grey bars indicate the duration

of habitat management.

3.3.2. Rabbit presence modelling

The average models describing the estimated effects of explanatory variables on rabbit
presence are presented in Table 3.3. All candidate models for each sampling year are

presented in Table S3A.1 (Supplementary information 3A).

According to SEVM, two spatial eigenvectors were statistically significant. These
eigenvectors were introduced into the respective models to account for autocorrelation

in the data (Tables 3.3 and S3A.1).
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The MANAGED set had a higher performance for all three occasions modelled (AUC =
0.869 in 2008; AUC = 0.858 in 2009; AUC = 0.824 in 2012) than the UNMANAGED set
(AUC =0.712in 2008; AUC = 0.624 in 2009; AUC = 0.677 in 2012). The SPATIAL set had a
lower accuracy in 2012 (AUC = 0.781 in 2008, AUC = 0.831 in 2009 and AUC = 0.671 in
2012).

Table 3.3 Average models describing the estimated effects of explanatory variables on European

rabbit presence in the three sampling periods (2008, 2009 and 2012).

Hypotheses sets 2008 2009 2012
/Variables 8 (95% Cl) w+ 8 (95% Cl) w+ 8 (95% Cl) w+
MANAGED
Intercept —0.606 (~1.492; 0.281) - ~0.283 (~1.098; 0.536) - -1.262 (-2.180; —0.344) -
D_crops -1.952 (-3.291; -0.614)  1.00 -1.622 (-2.856; -0.749)  1.00 -1.275(-2.203; -0.346)  1.00
D_shelter 0.648 (-0.428; 1.723) 0.40 -0.519 (~1.439; 0.400) 0.40
UNMANAGED
Intercept -1.140 (-2.043; -0.236) - -0.333 (-1.019; 0.352) - -1.090 (-1.913; -0.267) -
D_agri -0.519 (~1.344; 0.305) 0.45 -0.832 (-1.895; 0.231) 0.77
D_water —0.511 (~1.285; 0.264) 0.45 -0.511 (-1.345; 0.322) 0.18 -0.702 (-1.701; 0.297) 0.25
Soils 1.908 (0.301; 3.517) 1.00 0.435 (-0.972; 1.842) 0.16 0.345 (-0.501; 1.191) 0.12
D_ori 0.555 (~1.045; 2.155) 0.11
SPATIAL
Intercept -0.759 (-1.661; —0.006) - ~0.565 (~1.488; 0.214) - -1.097 (-1.973; -0.373) -
Eigenvector2  0.945 (0.155; 1.923) 1.00 1.287 (0.467; 2.346) 1.00 0.605 (-0.158; 1.491) 1.00
Eigenvector 6  —-0.972 (-2.036; -0.151)  1.00 -0.919 (-2.026; -0.073)  1.00 -0.466 (~1.333; 0.299) 1.00

Note. For each variable, we show the standardised regression coefficient (B), the 95% confidence
interval (95% Cl) and the selection probability (w+) for the AAICc <2 models. Coefficient

estimates whose Cls exclude zero are in bold.

In all sampling periods, rabbit presence was favoured in the proximity of installed crops
(D_crop) and unmanaged water (D_water) and in areas with favourable soils for digging.
D_crop was always the most important factor explaining rabbit presence, showing the
highest absolute values of regression coefficient and one of the highest values of
selection probability. In 2009, immediately after habitat management, rabbit presence

was also negatively correlated with the distance to the agricultural patches. Distance to
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the nearest artificial shelter influenced rabbit presence positively in 2008 and negatively
in 2012. Three years after the end of management (2012), rabbit presence was favoured
by proximity to agricultural patches and in areas predominantly oriented to the west or
south. Nonetheless, some predictors had an equivocal meaning in all sampling periods,

since the unconditional confidence interval included zero (Table 3.3).

3.3.3. Variation partitioning

Variation partitioning analysis (Figure 3.3) showed that the 2008 full model explained
73.5% of the variance in rabbit presence, the 2009 model explained 58.9% and the 2012
model explained 41.9%. The full models obtained for 2008 and 2009 demonstrated
excellent accuracy (AUC 2008 = 0.976; AUC 2009 = 0.949) and the 2012 model exhibited
good accuracy (AUC 2012 = 0.893).
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(a)

UNMANAGED
12.0 %

MANAGED
39.9 %

SPATIAL

25.6 %
Unexplained

26.5%

(b)

UNMANAGED
0.8 %

MANAGED
292 %

SPATIAL

25.0 %
Unexplained

411 %

(c)

UNMANAGED
9.9%

MANAGED
26.0 %

SPATIAL

249
% Unexplained

58.1 %

Figure 3.3 Variation partitioning results for three sampling periods: (a) 2008, (b) 2009 and (c)
2012, considering three sets of independent variables: MANAGED, UNMANAGED and SPATIAL.

“Unexplained” denotes the percentage of unexplained variation.
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In all sampling periods, species presence was mostly explained by MANAGED model pure
effects, although with a decreasing trend over the study period (2008 = 39.9%; 2009 =
29.2%; 2012 = 26.0%). The lowest pure effects resulted from the UNMANAGED model in
2008 (12.0%) and 2009 (0.8%) and the SPATIAL model in 2012 (2.4%).

The joint fractions containing two or three sets of variables had very low values of
explained variance in all sampling periods. In some cases, the explained variance was
represented by a small negative value, which suggests a synergy between variable sets

(Legendre and Legendre, 1998).

3.4. Discussion

We evaluated the influence of habitat management on the distribution and abundance
of the European wild rabbit in a natural landscape and within its native range, and how

the distribution and abundance evolved three years after management ended.

Before management (2007), rabbit distribution was narrow and localised, and
abundance was very low. Our results showed an increasing trend in rabbit distribution
and abundance during and in the year after habitat management actions took place, but
a decrease three years after the cessation of those actions, as we initially hypothesised.
Habitat improvement seems to have benefited the rabbit population, creating more
suitable conditions, especially by installing new feeding areas scattered throughout a
shrubby matrix. Habitat management actions improved the characteristics of the
intervention area, particularly regarding food availability for the rabbits. On a broader
scale, our implemented measures also contributed to creating a habitat mosaic where
food and shelter were interspersed, favouring conditions highly suitable for rabbits
(Moreno et al., 1996; Carvalho and Gomes, 2004). In 2012, three years after
management ceased, rabbit abundance declined to pre-management levels, and the
influence of MANAGED habitat descriptors on rabbit presence decreased. Rabbit
presence also declined compared to 2009; however, in 2012 rabbits were still present in
twice as many sites as in 2007 (before any management), so three years after

management stopped, results were, in this sense, still positive.
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Nevertheless, in 2012, a large proportion (58.1%) of the variance in the rabbit
presence/absence pattern remained unexplained. Thus, other factors could have
contributed to the low rabbit presence this year. For instance, there may have been an
opportunistic intensification in hunting pressure immediately after rabbit numbers
increased (Angulo and Villafuerte, 2003; Kontsiotis et al., 2013), due to higher rabbit
availability. Stochastic extinction of some rabbit nuclei may also have occurred, because
some sites with few or no rabbit signs were found in areas that had maintained suitability
for the species and were previously occupied. Additionally, a new variant of rabbit
haemorrhagic disease virus (RHDV2), resistant to vaccination, was identified in France in
2010 (Le Gall-Reculé et al., 2011; Le Gall-Reculé et al., 2013) and rapidly spread
throughout the Iberian Peninsula (Abrantes et al., 2013; Dalton et al., 2014). In Spain,
RHDV2 was first found in rabbit farms in 2011 (Dalton et al., 2012), but in Portugal, the
first outbreaks in wild populations were not reported until November 2012 (Abrantes et
al., 2013). Given the geographic proximity of the two countries, we cannot exclude the
hypothesis that the virus was already present in Portugal before the 2012 sampling
occasion. However, we believe an RHDV2 outbreak in the study area was very unlikely to
be missed since this virus has different characteristics from the original virus: much
higher mortality rates and mortality in young rabbits less than two months old (Abrantes
et al., 2012; Dalton et al., 2012; Le Gall-Reculé et al., 2013). Moreover, in cooperation
with hunters' associations, we found only one rabbit carcass showing myxomatosis
symptoms near the study area at the end of 2008 (REN et al., 2009). Therefore, we have
no evidence that suggests the occurrence of any disease outbreak during the sampling

periods that could have drastically reduced rabbit numbers.

Although precipitation levels over the year could have influenced grass germination and
consequently food availability for the rabbits, they are unlikely to have influenced our
results, because annual precipitation patterns were very similar between vyears.
Moreover, the beginning of the rainy season was always between August and September
(APA, 2013), suggesting that the breeding season started at almost the same time every

year.

The limits of the areas occupied by eucalyptus plantations are well-defined in the study

area and did not differ significantly between the beginning and the end of the study
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period (Z = -0.486, p = 0.627). Therefore, it is unlikely that this factor could have

influenced a decrease in rabbit presence and abundance in 2012.

3.4.1. Descriptors influencing distribution

As we predicted, the proximity to installed crops and the presence of favourable soils for
digging significantly increased the probability of rabbit presence. Crop patches are the
main food source in places where land abandonment had previously boosted dense
shrub vegetation development (Palma et al., 2005; Beja et al., 2007). The creation of
crop patches also improves the ecotone perimeter with shrubs and woodland, a
condition considered by several authors to be the main driver of rabbit habitat quality
and rabbit abundance (e.g., Rogers and Myers, 1979; Moreno et al., 1996; Lombardi et
al., 2003; Carvalho and Gomes, 2004). The ecotone structure allows rabbits to optimise
their spatial behaviour and easily access feeding and refuge patches (Virgds et al., 2003;

Monzodn et al., 2004; Lombardi et al., 2007).

The presence of favourable soils for digging warrens was a determining factor for species
presence, even though above-ground refuge does not appear to be a problem due to
the availability of dense shrub vegetation (Table 3.3). The species may live above ground
when a dense shrub layer is present (Beja et al., 2007), but it depends on warrens for

breeding and protection from predators (Parer and Libke, 1985; Kolb, 1994).

Other predictors did not seem as relevant to species presence as we hypothesised, since
their unconditional confidence intervals included zero, showing an equivocal meaning
and selection probabilities were low. Nonetheless, some regression coefficient estimates
showed similar tendencies to those we predicted. Species presence tends to decrease
with the distance to agricultural patches and with the distance to a watercourse or water
reservoir, and tends to increase with the proportion of areas with favourable orientation

(such as areas south and east oriented).

Our results did not support the importance of drinking troughs and proximity of artificial
shelters as limiting factors for the species, as reported by other authors for the Iberian

Peninsula (Carvalho and Gomes, 2004; Delibes-Mateos et al., 2010; Godinho et al.,
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2013). Dense Mediterranean shrub vegetation covers about 50% of the study area, and
a network of small watercourses crosses it, ensuring the availability of these resources

throughout the area, which may explain our results.

As hypothesised, habitat management-related variables were determinants for species
presence during habitat management (2008 and 2009), as they explained most of the
model's variation. On the other hand, in 2012, management-related variables still
explained most instances of rabbit presence, contrary to our prediction. Although crops
had not been renewed since the beginning of 2009 and were partially invaded by shrubs,
some of the sown crops were still preserved and were colonised by natural herbs,
providing food resources for the species. The continuation of rabbit monitoring in the
following years, which was not logistically possible, could have given us the answer to

whether this decreasing trend would persist.

3.4.2. Management implications

Mediterranean ecosystems have a long and intense history of human influence, resulting
in landscape fragmentation and degradation (Gonzalez-Bernaldez, 1991; Myers et al.,

2000), and this study area in southwest Portugal (Monchique) is no exception.

Several factors, such as changes in traditional land practices, land abandonment and
proliferation of the forest industry, may have led to a decrease in rabbit abundance and
to the formation of several fragmented and isolated populations in this region. This
declining tendency has also been observed in other areas of the Iberian Peninsula
(Moreno & Villafuerte, 1995; Calvete et al., 2006; Delibes-Mateos et al., 2010), and the

results of the present study could also be useful in these areas.

In the last two decades, conservationists, hunters and other stakeholders have
developed and implemented mitigation actions and have invested considerable
resources in increasing rabbit populations in Iberia through active habitat management
(Ferreira et al., 2014). However, most of these actions have a short timeline and their

medium- and long-term effects are often neglected. In our study, despite the high rabbit
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recovery registered during and immediately after the cessation of the management
actions, we believe that the short period for which those measures were implemented
was insufficient to achieve abundant, stable, and self-sustaining rabbit populations,
which are more resistant to diseases, predation, hunting pressure, and stochastic events.
In a long-term study where relative rabbit abundance was assessed for 12 years,
Sarmento et al. (2012) demonstrated that a steady increase in rabbit occupancy and

colonisation patterns was consistently associated with continuous pasture creation.

We thus propose that habitat management should be continuous over long periods,
rabbit populations should be regularly monitored (distribution, abundance, and disease
incidence) throughout the intervention period, and management actions should be
regularly revised based on species assessment results. This would allow two important
guestions to be answered: (a) can long-term habitat management lead to the presence
of self-sustaining rabbit populations, and (b) if so, for how long and to what rabbit
density level is habitat management needed to achieve a sustainable rabbit population.
To reduce costs, we also suggest that habitat management should favour crop cultivation
for rabbit food, and crop composition should aim for self-sufficiency. Crops including
species with auto-regeneration properties that do not need to be replanted every year,
such as subterranean clover (Trifolium subterraneum), yellow serradella (Ornithopus
compressus) and the annual Wimmera ryegrass (Lolium rigidum), will tend to accelerate
the achievement of sustainable rabbit populations. Although the eucalyptus plantations
are on private properties and are an important economic resource for their owners, we
also believe efforts should be made to reduce the areas occupied by them. The goal is to

promote the restoration of rabbit favourable habitat and reduce the risk of wildfires.

3.5. Conclusion

Our results provide some indications that habitat management should be a continued
effort to achieve its goals. We believe that our results and management suggestions
provide new guidelines to improve rabbit recovery protocols, particularly in the

Mediterranean region.
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Supplementary information 3A

Table S3A.1 Candidate models tested to assess factors potentially affecting rabbit presence for
each variable set (MANAGED, UNMANAGED and SPATIAL) corresponding to different groups of
hypotheses, in the three sampling periods (2008, 2009 and 2012). For each model, we present
the Akaike Information Criterion for small samples (AICc), AlCc differences (AAICc) and Akaike
weights (w;). Models are ranked by AAICc. Best-ranked models (AAICc < 2) are in bold.
Parameters: Soils — presence of favourable soils for digging, D_crops — Distance to the nearest
installed crop, D_shelter — Distance to the nearest artificial shelter, D_agri — Distance to the
nearest agricultural patch, D_water — Distance to the nearest watercourse or water reservoir,

P_ori — Proportion of areas with favourable orientation, Eigenvector — spatial eigenvector.

Sample Hypotheses sets Models AlCc AAICc wi
2008 MANAGED D_crop 38.6 0.00 0.602
D_crop + D_shelter 39.5 0.83 0.397

Null 55.0 16.40 0.000

D_shelter 55.8 17.18 0.000

UNMANAGED Soils 51.1 0.00 0.268
Soils + D_water 51.5 0.42 0.217

Soils + P_ori 53.2 2.12  0.093

Soils + D_agri 53.4 231 0.084

Soils + D_agri + D_water 53.5 2.41 0.080

Soils + D_water + P_ori 54.0 2.89 0.063

Null 55.0 3.94 0.037

D_agri + D_water 55.6 455 0.028

Soils + D_agri + P_ori 55.7 459 0.027

Soils + D_agri + D_water + P_ori 56.0 4.88 0.023

D_agri 56.3 5.18 0.020

D_water 56.4 5.31 0.019

P_ori 57.1 6.05 0.013

D_agri + D_water + P_ori 57.3 6.16 0.012

D_agri+P_ori 57.7 6.65 0.010

D_water + P_ori 58.7 7.65 0.006

SPATIAL Eigenvector 2 + Eigenvector 6 49.1 - -
2009 MANAGED D_crop 42.6 0.00 0.736
D_crop + D_shelter 44.7 2.08 0.261

D_shelter 53.9 11.27 0.003

Null 56.7 14.04 0.001

UNMANAGED Null 56.7 0.00 0.219
D_water 57.4 0.79 0.147

D_agri + D_water 58.2 1.52 0.102

Soils 58.5 1.83 0.088

D_agri 58.7 2.01 0.080

P_ori 58.8 2.20 0.073

Soils + D_water 59.1 2.49 0.063

D_water + P_ori 59.7 3.09 0.047

D_agri+ D_water + P_ori 60.5 3.89 0.031

Soils + D_agri + D_water 60.6 3.92 0.031

Soils + D_agri 60.8 4.13 0.028
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Sample Hypotheses sets Models AlCc AAICc wi
Soils + P_ori 60.8 414 0.028

D_agri+P_ori 60.8 4.17 0.027

D_water + P_ori 61.6 490 0.019

Soils + D_agri + D_water + P_ori 63.1 6.47 0.009

Soils + D_agri + P_ori 63.1 6.50 0.008

SPATIAL Eigenvector 2 + Eigenvector 6 47.1 - —
2012 MANAGED D_crop 40.2 0.00 0.582
D_crop + D_shelter 41.0 0.78 0.395

D_shelter 47.4 7.17 0.016

Null 49.2 8.91 0.007

UNMANAGED D_water 48.7 0.00 0.182
D_agri + D_water 48.9 0.23 0.163

Null 49.2 0.46 0.145

D_water + P_ori 50.3 1.64 0.080

Soils + D_water 50.5 1.85 0.072

Soils 51.1 2.40 0.055

D_agri 51.2 249 0.053

P_ori 51.3 2.59 0.050

D_agri + D_water + P_ori 51.3 2.64 0.049

Soils + D_agri + D_water 51.4 2.67 0.048

Soils + D_agri + P_ori 52.1 3.44 0.033

Soils + P_ori 53.4 466 0.018

Soils + D_agri 53.4 469 0.017

D_agri+P_ori 53.5 482 0.016

Soils + D_agri + D_water + P_ori 53.9 5.18 0.014

D_water + P_ori 55.8 7.13  0.005

SPATIAL Eigenvector 2 + Eigenvector 6 47.6 - -
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Abstract

Restocking is widely used to recover depleted wild rabbit Oryctolagus cuniculus
populations in the Iberian Peninsula. However, in general, it’s costly and unsuccessful. In
this work, we developed a wild rabbit restocking protocol based on recommendations
from existing literature to enhance its success. We released 75 Iberian rabbits,
Oryctolagus cuniculus algirus, in a 1.7-ha restocking park, a fenced semi-natural
enclosure with similar resources as the surrounding area, in Monchique, southern
Portugal. We tracked 22 radio-collared rabbits (1:1 sex ratio) for 6 months. We released
some rabbits inside warrens, and others in shrub patches. After a 72-day acclimation
period, we opened the restocking park passages to allow the rabbits to disperse. We
then assessed rabbit survival and space use. We found that survival rates stabilised 74
days after restocking, with an estimated probability of survival at the end of the study of
35.4%. Predation by birds of prey was the primary cause of death. Regarding space use,
the restocked population took 96.364 + SE 12.615 days to stabilise home ranges. After
the acclimation period, the maximum distances travelled by rabbits significantly
increased. However, before and after the opening of the passages, the home ranges
remained within the limits of the restocking park, indicating that the surviving rabbits
settled within the enclosure. Rabbits released within warrens had significantly smaller
core areas, while those released in shrubs exhibited more ranging behaviour.
Considering our findings, we recommend implementing several measures to improve

similar rabbit restocking programs.

Keywords: dispersion, home ranges, Oryctolagus cuniculus algirus, predation, restocking

park, wildlife management
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4.1. Introduction

Translocation is widely used in wildlife management to restore natural ecosystems and
communities. Given the rapid destruction of natural habitats and the rising number of
threatened species, translocation is emerging as a valuable tool in conservation efforts

(Griffith et al., 1989).

Translocation involves moving organisms from one area to another through human
intervention. When conducted intentionally, translocations can be done for various
reasons, such as political, commercial, recreational, or conservation purposes. It is called
reinforcement or restocking when the translocation involves moving and releasing
individuals into an area with an existing population, even when densities are low. The
aim is to improve population viability by, for instance, increasing population size or

genetic diversity (IUCN/SSC, 2013).

Restocking is a common method to increase European rabbit Oryctolagus cuniculus
populations in Portugal and Spain, whether for conservation or hunting purposes
(Calvete et al., 1997; Delibes-Mateos et al., 2008c). The main goal is to establish a self-
sustaining breeding core of rabbits with abundant numbers, ensuring they can naturally

repopulate the surrounding areas.

In 2019, the International Union for Conservation of Nature (IUCN) classified the
European rabbit as a globally Endangered species (Villafuerte and Delibes-Mateos,
2019). This is mainly due to the sharp reduction in the distribution and abundance of its
Iberian populations in the last few decades, particularly the southern Iberian subspecies
Oryctolagus cuniculus algirus. The decline is primarily attributed to outbreaks of a new
variant of rabbit haemorrhagic disease virus (RHDV2) (Delibes-Mateos et al., 2014b;
Monterroso et al., 2016; Villafuerte and Delibes-Mateos, 2019). In Portugal, this species
has recently been classified as Vulnerable, as it was recognised as one of the mammal

species with the greatest population decline in the last decade (Mira et al., 2023).

In the Iberian Peninsula, two distinct genetic lineages of rabbits have been associated
with two rabbit subspecies: Oryctolagus cuniculus algirus and Oryctolagus cuniculus

cuniculus (Branco et al., 2000; Carneiro et al., 2010). Only the O. c. algirus subspecies
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occurs in Continental Portugal (Branco et al., 2000; Delibes-Mateos et al., 2023; Diaz-
Ruiz et al., 2023). As a result, this text will specifically refer to the Iberian rabbit, the

common name of the O. c. algirus subspecies (Mira et al., 2023).

Given the fundamental role of the lberian rabbit in Mediterranean ecosystems, its
scarcity is a major concern. It acts as an ecosystem engineer (Jones et al., 1994; Galvez
et al., 2008), altering vegetation structure through grazing and seed dispersal, and
providing refuge for other animal species that use its warrens (Willot et al., 2000; Galvez-
Bravo et al., 2009; Dellafiore et al., 2010; Bobadilla et al., 2023). Furthermore, the rabbit
holds great significance as a game species in the Iberian Peninsula, where hunting holds
high socio-economic importance (Villafuerte et al., 1998; Paixdo et al., 2009). However,
its primary contribution lies in being the main prey for numerous avian and mammalian
predators, including endangered species like the Iberian lynx (Lynx pardinus) and the
Spanish imperial eagle (Aquila adalberti) (Delibes and Hiraldo, 1981; Delibes-Mateos et
al., 2008a). Consequently, efforts to reinforce rabbit populations are commonly
incorporated into predator conservation programs (Moreno et al., 2004; Guil et al.,

2014a; Carro et al., 2019).

While successful rabbit restocking programs exist, even in areas where the species was
absent, despite suitable habitat (Villafuerte et al., 2008; Guil et al., 2014a), this outcome
is unusual. There is an ongoing debate among hunters and conservationists concerning
the effectiveness and high economic costs of restocking (Ferreira and Delibes-Mateos,

2010; Guerrero-Casado et al., 2013a; Carro et al., 2019).

Releasing animals into a new habitat can be challenging and often results in high failure
rates, especially during the first few days after release (Calvete et al., 1997; Letty et al.,
2002; Calvete and Estrada, 2004; Rouco et al., 2010). Early mortality can occur due to
transportation and handling stress, adjustment to the new environment, exposure to
local viruses and diseases, and predation (Calvete et al., 1997; Letty et al., 2000; Letty et
al., 2002; Cabezas et al., 2011). Furthermore, this action presents significant risks to the
resident population, including the possibility of sanitary or genetic contamination

(Delibes-Mateos et al., 2008c).
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Restocking failures often occur due to inadequate planning, which violates critical
assumptions necessary for implementing proper management (Calvete et al., 1997;
Calvete and Estrada, 2004; Guerrero-Casado et al., 2013a). Despite available information
on game management and restocking, many hunting estates, especially those without a

game manager, still carry out unplanned restocking operations (Machado et al., 2017).

For successful rabbit restocking, careful planning of all restocking phases is essential. This
involves selecting a donor population genetically similar to the native population
(Delibes-Mateos et al., 2008c) and individuals in good body condition. Additionally, it is
crucial to establish strict guidelines for transportation, handling, and vaccination to
minimise initial stress on the rabbits, which can affect their physiological condition

(Cabezas and Moreno, 2007), increasing vulnerability to predation or diseases.

Based on practical research, protocols have improved, highlighting good practices and
suggestions to increase restocking success. For instance, restocking should only be
considered after ensuring the species' habitat requirements are fulfilled, promoting the
rapid adaptation of the population relocated to the release area (Moreno and

Villafuerte, 1997; Cabezas and Moreno, 2007; Cabezas et al., 2011; Guil et al., 2014a).

Rouco and colleagues (2010) argued that it is important to prevent short-term dispersal.
This is usually achieved by releasing the animals in fenced areas that serve as quarantine
or acclimation sites. Doing so allows the animals to adapt to the new environment
immediately after release when they are most vulnerable. This reduces post-release
stress and ensures immediate access to vital resources such as shelter, food, and water,
and protection against predation (Calvete and Estrada, 2004; Rouco et al., 2008; Rouco

et al., 2010; Cabezas et al., 2011; Machado et al., 2017).

A long acclimation period increases the initial breeding stock and overall restocking
viability (Letty et al., 2008; Rouco et al., 2010). Restocking programs should also consider
other factors such as release timing, sex ratio, and rabbit age (Cotilla and Villafuerte,

2007; Guerrero-Casado et al., 2013a).

Several authors studied the survival and dispersal of restocked rabbit populations in the

short term (Letty et al., 2002; Calvete and Estrada, 2004; Letty et al., 2008; Rouco et al.,
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2010; Machado et al., 2017). However, the behaviour of a restocked rabbit population in
the medium and long term after an extended confinement period is poorly understood

(Guerrero-Casado et al., 2013a).

We carried out an Iberian rabbit restocking in southern Portugal. We considered various
factors, as described in the literature, that promote the success of rabbit restocking. The
primary aim of this work is to assess the survival and space use of a rabbit population

released in a restocking park, a semi-natural enclosure.

Specifically, we aimed to answer the following questions:

1. How did the survival rate of the restocked rabbits vary over time? Were there
differences in the survival of males and females, rabbits released in warrens
versus rabbits released in the shrubs, and rabbits that died due to predation or
other causes? We expect higher mortality during the first few days after
restocking, due to stress or predation (Calvete et al., 1997; Letty et al., 2000; Letty
et al., 2002), as rabbits explore the new environment. Additionally, due to the
same reason, we expect higher mortality rates among dispersing animals after
the passages are opened. We predict a higher mortality rate for rabbits released
in the shrubs than those released in warrens because the former are expected to
have higher mobility to find an adequate place to settle (Kolb, 1991). We expect
a higher mortality rate in males than females due to males' greater locomotor
activity (Dondzar and Ceballos, 1989). During the breeding season, male
aggression intensifies as they compete for and maintain high social ranks (von
Holst et al., 1999).

2. Did the sex of the rabbits, the type of release location, and the time since
restocking (before or after the opening of the restocking park passages) influence
the mean and maximum distances travelled from the released sites (rabbits’
dispersion), and home range and core area sizes? We anticipate that male rabbits
would travel longer distances to explore the territory, leading to larger home
ranges than females (Parer, 1982). We predict rabbits released in warrens would
adjust more quickly and travel shorter distances, resulting in smaller home

ranges and core areas than those released in shrubs. Warrens are fundamental
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for rabbit populations, providing refuge from predators and extreme climatic
conditions, and playing a key role in rabbit reproduction and establishing social
ties (Parer and Libke, 1985; Kolb, 1991). Additionally, we hypothesise that, after
the passages are opened, the rabbits would travel longer distances from the
release site and have bigger home ranges and core areas, assuming some rabbits

would disperse and explore the habitat outside the restocking park.

4.2. Materials and methods

4.2.1. Study area

We conducted the study in a hunting estate in Monchique Natura 2000 Special
Conservation Area (SAC) (PTCONO037) (Regulatory Decree n. 2 1/2020 of 16th March),
Southwest Portugal (37° 16’ 33” N, 8° 29" 27” W) (Figure 4.1). The weather is
characteristic of Mediterranean climates (Rivas-Martinez and Loidi, 1999), with
minimum and maximum mean temperatures of 5.6°C and 11.6°C in winter (January),
and 17.3°C and 24.0°C in summer (July). Annual rainfall averages 925.5mm (Monchique,
1984 — 2022; SNIRH, 2023). The relief is undulating, with altitudes ranging from 30 to
180 m above sea level (CNA, 1982), and the soils are poor, mainly dominated by incipient
soils (IHERA, 1999). The landscape is largely dominated by dense Mediterranean shrubs,
occupying about 75% of the area, but eucalyptus (Eucalyptus globulus) plantations and
agricultural fields (mostly cereal crops and orchards) can also be found, the latter ones,
in the valley of the Odelouca river. Previous surveys indicated the presence of Iberian

rabbits in the area, with scattered and low-density populations.
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Figure 4.1 Location and schematic representation of the restocking park in Southern Portugal.

The release sites of the restocked rabbits are also marked.

4.2.2. Restocking park, a semi-natural enclosure

We built a 1.7-ha restocking park to acclimate the restocked rabbits and prevent the
entry of terrestrial carnivores (Figure 4.2). A wire fence with a simple mesh of 40mm,
1.8m high, and 50cm buried underground in an “L-shape” delimited the park (Figure
4.2b). This first fence was reinforced at the base with a second fence, 1m high (15mm
mesh), with 50cm below ground to prevent rabbits from getting through. Also, on top of
the fence, we added four lines of barbed wire. Under the fence, we installed 16 passages,
made of plastic tubes 12.5cm in diameter, to allow rabbit dispersion to the surrounding

area (Figure 4.2c).

No measures were taken to exclude aerial predators since the restocking was
incorporated in the “Compensatory measures and specific monitoring of the Odelouca's
Bonelli eagle couple, arising from the environmental impact assessment process of the

Sines-Portimdo high-voltage power line” project (REN et al., 2009).
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Inside the fenced park, we ensured food, shelter, and water availability (Figures 4.1 and
4.2a). We alternated patches of herbaceous crops, a mixture of Leguminosae and
Graminae (food), and patches of Mediterranean shrubs (shelter) and we installed four
drinking troughs (water). Additionally, we built eight uniformly spaced (as much as
possible) warrens, to increase the availability of shelter and breeding sites. We built four

different types of man-made warrens, two of each: logs, Mayoral® — registered

trademark, pallets, and tubes.

Figure 4.2 Restocking park limits (a; white line), fence (b) and passages (c).
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4.2.3. Rabbit release protocol

We conducted the restocking on 28th October 2007, using adult Iberian rabbits from a
certified national breeder, who kept the animals in a semi-natural regime, i.e. living
outside in enclosures but with food supplementation. We chose a breeder within the
natural distribution area of the subspecies O. c. algirus (approximately 160 km from the
study area) to ensure genetic similarity to the native populations (Branco et al., 2000;
Carneiro et al., 2010). Before travelling, the rabbits were fed and vaccinated against

rabbit haemorrhagic disease (RHD) and myxomatosis.

Rabbits were transported overnight and arrived at the enclosure at sunrise (e.g.,
Machado et al.,, 2017), to minimise the effects of thermal stress, during animal
transportation, manipulation and release. Additionally, releasing the rabbits early in the
day, when they are less active and more likely to be resting, reduces their movement as
they acclimate to their new environment in the initial hours after release. This makes

them less vulnerable to stress and predation (Letty et al., 2008).

We conducted a clinical examination of all the animals before their release into the
restocking park, ensuring that only healthy rabbits were released. A total of 75 Iberian
adult rabbits were released, consisting of 19 males and 56 females, resulting in a sex
ratio of 1:2.9. With this sex ratio, we intended to promote the formation of initial family
nuclei with enough females for males, thereby minimising the risk of conflicts arising

from competition for recruiting females for reproduction (von Holst et al., 2002).

Each rabbit was weighed, sexed, subjected to internal and external deworming, and
identified by a small, numbered metal tag placed in the left earflap. We performed all
the procedures as quickly as possible to minimise the stress due to handling. A veterinary
team oversaw all procedures, ensuring compliance with Portuguese legal regulations. All
actions were done following the guidelines of the American Society of Mammalogists for
the use of wild mammals in research (Gannon et al., 2007), and the guidelines for the
treatment of animals in behavioural research and teaching (ASAB/ABS, 2006) and with

the authorisation of the Portuguese Conservation Agency (ICNF).

We then released the rabbits in 10 locations inside the restocking park: inside each of

the eight warrens and in two randomly selected locations in shrub patches (Figure 4.1).
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At each location, we released groups of 5-8 individuals, maintaining approximately the

same ratio of male/female.

To enhance rabbit survival during the initial weeks following restocking, we confined the
rabbits within the fenced park by keeping the passages closed. This acclimation period
allowed the animals to adjust to the new environment before dispersing into the

surroundings (Machado et al., 2017).

Initially, we planned an acclimation period of about four weeks. However, due to
insufficient rain for the growth of autumn crops inside and outside the restocking park,
we decided to postpone the opening of the passages. Throughout this period, we
provided water (see Figure 4.1) and occasionally offered supplementary food (cereal

seeds) near the four drinking troughs.

On 8th January 2008, after a confinement period of 72 days, we opened the enclosure
passages to facilitate the natural dispersal of rabbits into adjacent areas following their

acclimation to the new habitat.

4.2.4. Rabbit survey by radio-tracking

Out of the 75 rabbits released, we randomly selected 22 (11 males and 11 females),
approximately 30% of the total released. These rabbits had radio transmitting collars
(model: Ipm-2,700; weight = 25g; Wildlife Materials, Inc., USA). The collars were
designed to add no more than 5% of the animal's weight and to ensure no significant
additional energetic costs (Wilson et al., 1996; Sikes et al., 2011). We considered the
population wearing radio collars a representative sample of the entire population. The
collars had an activity sensor, which generated a different pulse rate after 4 hours of
inactivity, ensuring we registered only locations of live rabbits. We released two radio-
tagged individuals (one male and one female) in each warren, and three in two randomly
selected locations in the shrub patches (one male and two females in one location, and

two males and one female in the other).

Monitoring occurred between 30th October 2007 (two days after restocking to allow

rabbits to recover from transportation and handling stress; Teixeira et al., 2007), and
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24th April 2008. We located the animals daily during the first two weeks after restocking
and the first five weeks following the opening of the passages and about three times a

week during the rest of the monitoring period.

For each animal, we evenly surveyed six different 4-h radio-tracking intervals covering a
complete 24-h cycle (00:00-04:00, 04:00—-8:00, 08:00-12:00, 12:00-16:00, 16:00-20:00,
20:00-00:00 hours), so that specific daily patterns of activity would not bias radio
locations (Villafuerte et al., 1993). Each tracking session started at least 12 hours after

the previous session to minimise autocorrelation in the radio-tracking data.

We used a TS—1 receiver (Telonics, Telemetry — Electronics Consultants, USA), and an
external 3-element Yagi directional antenna (Wildlife Materials, Inc., USA) for tracking.
The transmitters operated within the 150-152 MHz frequency range. During each
tracking session, we first located each radio-collared rabbit using the homing method.
As we approached within about 10 to 15 meters, we conducted multiple triangulations.
This approach aimed to minimise any disturbance to the rabbits and reduce the margin
of error for each location, which could increase if we relied solely on triangulation from
a greater distance. A positioning measurement was recorded at each radio location
using a handheld GPS. We monitored each radio-collared rabbit until its death or until
the end of the battery life of the transmitter. The average duration of the monitoring

period per animal was (+SE) 77.4 + 14.8 days (range: 1-179).

Concerning survival analysis, when a collar emitted a signal of inactivity, the technician
searched for the animal and identified the presumed cause of death. We also regularly
checked the enclosure and the surroundings for signs of dead rabbits such as carcasses,
body parts, ear tags, or tufts of hair. Whenever possible, the carcasses were collected
and subjected to veterinary exams to determine the specific cause of death. We
categorised the cause of death as predation or other causes. Other causes included dead
rabbits with no visible signs of predation, non-recovered carcasses inside warrens, or
other unknown reasons. Animals found dead on the nth day after release were

considered to have survived n-1 days (Rouco et al., 2010).
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4.2.5. Statistical Analysis

4.2.5.1. Survival

We calculated the finite survival rate by dividing the number of individuals alive at the

end of the monitoring period by the number of individuals alive at the beginning.

We estimated survival rates for rabbits during the monitoring period with the Kaplan—
Meier product limit estimator. This non-parametric technique shows the probability of
survival over time (Pollock et al., 1989). Additionally, 95% confidence intervals were
computed. We estimated the survival curves for the entire population, and separately
for males and females, for rabbits released in warrens and rabbits released in shrubs,
and for rabbits that died due to predation or other causes. We used a non-parametric
log-rank test to compare survival curves between these pairs of groups. This test
compares survival probabilities between two groups, with the null hypothesis stating

that the survival functions of the groups being compared do not differ.

We conducted the analysis using the “survival” package (Therneau, 2023) in R software

version 4.2.3 (R Core Team, 2023).

4.2.5.2.Space use

We used radio-tracking data to calculate four space use indicators for each rabbit:
maximum distance travelled from the release point, mean distance travelled from the
release point, home range, and core area. The maximum distance travelled is the
Euclidean distance from the release point to the furthest recorded point, while the mean
distance travelled is the average Euclidean distance of all locations of each rabbit from
the release point (Moreno et al., 2004; Machado et al., 2017). Home range and core area
sizes were determined using 95% and 50% minimum convex polygons, respectively

(MCP; Mohr, 1947).

Only one rabbit dispersed from the restocking park to the surrounding area. Given the

small sample size, we included this rabbit in the analysis. However, we omitted all its
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locations recorded outside the restocking park, focusing the analysis on the rabbit

population within the restocking park.

We chose to use Minimum Convex Polygons (MCPs) for several reasons (Harris et al.,

1990; Hemson et al., 2005; Devillard et al., 2008; Ziege et al., 2020):

1. They are typically more robust when the number of locations is small.

2. They are less affected by location density than Kernel or the k-nearest neighbours
convex hull methods. Since rabbits inhabit holes, multiple relocations may occur
at the same place, potentially causing a lack of convergence in the smoothing
parameters.

3. MCPs have also traditionally been the most common metric used in home range

studies, allowing for easier comparisons with other studies.

In this case, we estimated a 95% MCP instead of a 100% MCP. We based this decision on
the fact that MCPs are highly sensitive to the most extreme locations in space (Burgman
and Fox, 2003). By excluding 5% of extreme locations, we improve the standardisation in
animal home range calculations. These extreme locations are believed to be more
related to the dispersal or exploratory movements of the animals rather than the regular

movements that typically define animal home ranges (Harris et al., 1990).

The minimum number of fixes needed for reliable home range estimation was
determined by analysing incremental-area plots (Odum and Kuenzler, 1955; Harris et al.,
1990; Kenward, 2001) using R software version 4.2.3 (R Core Team, 2023). We considered
the number of locations satisfactory for MCP estimation when the relationship between
MCP percentages of the total area and the number of fixes reached an asymptote. This
refers to the point at which additional locations result in a minimal increase in range size.
Defining where asymptotes begin and determining the number of locations required is
subjective, so we adopted a criterion of less than a 10% increase in the area to identify
the asymptote (e.g., Hayward et al., 2009; Plotz et al., 2016). We only included rabbits

with enough locations above this threshold for further analysis.

We used incremental-area plots to estimate the average number of days it took for the

rabbit home ranges to stabilise after restocking.
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For each of the four space-use indicators, we computed three values for each animal:
one for all the locations acquired during the monitoring period, and two by dividing the

locations obtained before and after the opening of the passages.

Distance indicators were calculated using QGIS (QGIS Development Team, 2023), and
area indicators were determined in R software version 4.2.3 (R Core Team, 2023) using

the “adehabitatHR” package (Calenge, 2006).

Due to the small sample size, we used non-parametric statistical tests to compare the
space use indicators, determined for the entire monitoring period, for male and female
rabbits, and rabbits released in shrubs versus those released in artificial warrens. We
employed the Two-sample Mann-Whitney U test for independent samples for this
comparison. For the same reason, we compared the space use indicators for locations
registered before and after the opening of the passages using the non-parametric

Wilcoxon signed-rank test for related samples.

We also evaluated rabbit site fidelity in QGIS by calculating the percentage of overlap
between the home ranges and core areas of each rabbit in two different periods: before
and after the opening of the passages (Jerosch et al., 2017; Wereszczuk and Zalewski,
2019). The percentage overlap was determined using the formula (Aij/Ai) x 100 where
Aij represents the area of overlap between the areas at time i (before) and time j (after),
and Ai represents the area in time i (before the opening of the passages) (Jerosch et al.,

2017).

4.3. Results

Throughout the study, we recorded 864 rabbit radio locations. On average, each rabbit
had 39.1 + 7.4 locations (range: 1-89). The tracking period for each rabbit varied from 2
to 179 days, with an average of 77.4 + 14.8 days (Table 4.1).
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Table 4.1 Details of the 22 radio-tracked rabbits. For each rabbit, we provide detailed information
about sex, release site, number of locations, number of tracking days, rabbits that stabilised
home ranges (HR, marked with x), and rabbits with enough locations before and after the

opening of the restocking park passages (marked with x).

Rabbit Release Neof  Ne2oftracking Death Before and
ID Sex site locations days cause SRR after locations
1 Male Warren 3 6 Other
2 Male Warren 25 55 Other X
3 Female Warren 7 10 Predation
4 Male Warren 1 3 Predation
5 Female Warren 18 37 Predation
6 Male Warren 26 62 Predation
7 Male Shrubs 84 177 - X X
8 Male Warren 80 163 - X X
9 Male Warren 5 8 Predation
10 Female Shrubs 1 2 Other
11 Female Warren 12 17 Predation
12 Female Shrubs 87 179 - X X
13 Female Warren 28 71 Predation X
14 Female Warren 89 179 - X X
15 Female Warren 32 75 Other X
16 Male Warren 87 174 - X X
17 Female Shrubs 81 174 - X X
18 Male Warren 25 52 Other
19 Female Shrubs 83 170 - X X
20 Male Shrubs 12 22 Predation
21 Female Warren 1 3 Predation
22 Female Warren 77 64 - X X
4.3.1. Survival

During the monitoring period, we documented 14 mortality events (Table 4.1). Only
eight of the 22 radio-collared rabbits survived (four males and four females),

representing an overall finite survival rate of 36.4%.

Predation was the main cause of death. Of the 14 rabbits found dead, nine exhibited
signs of predation (64.2%), particularly by birds of prey (Calvete et al., 1997; Lombardi
et al., 2003). Indeed, during the monitoring period and near the restocking park, we

heard vocalisations of a Eurasian eagle owl (Bubo bubo), and we found feathers and
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regurgitated pellets of this species with metal tags identical to the ones we placed on
the rabbits’ earflap. Additionally, we found two radiotelemetry collars near a Eurasian
eagle owl nest, located about 250m away from the restocking park. The remaining five
rabbits died from other causes, two of them during the first week after restocking and

three between the middle of December 2007 and the middle of January 2008.

Additionally, we found eight more carcasses or body parts of rabbits (six females and two
males) within the restocking park. All were from the individuals we released, and all
occurred within the first three weeks after restocking. Four of these carcasses showed
signs of predation, while the other four rabbits died from different causes during the

initial week after restocking.

The veterinary team conducted a lab examination on the six carcasses showing no signs
of predation, found in the first week after restocking and including two radio-collared
rabbits. The results revealed that the cause of death may be related to a severe parasite

infection, including Helminth (Cestoda, Nematoda) and coccidian.

Regarding rabbits that died more than a month after restocking, lab results revealed that
both radio-collared males died of hyperparasitism. As for the other rabbit, despite
necropsy examinations suggesting sudden death due to intoxication, the veterinary team

remained unable to determine the exact cause of death.

We found no evidence of death caused by myxomatosis or rabbit haemorrhagic disease

during the monitoring period.

Survival probability for this population stabilised 74 days after restocking (Figure 4.3).
The estimated median survival time was 57.5 days, which means that on average, 50%
of the population had died by that point. The probability of survival beyond 74 days was
354% (95% ClI = 19.9% - 62.9%). Assuming the radio-collared population is
representative of the total restocked population, we can estimate there were
approximately 27 rabbits alive (75x0.354=26.6; 95% Cl = 14.9 — 47.2 rabbits) at the end

of the radiotelemetry, out of the 75 restocked.
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Figure 4.3 Restocked rabbit survival probability curve during radio tracking, in a semi-natural

enclosure, based on Kaplan-Meier estimate, with a 95% confidence interval.

We found no significant differences in survival rates between females and males
(p=0.653; Figure S4A.1, Supplementary information 4A) or between rabbits released in
a warren and rabbits released in shrubs (p=0.151; Figure S4A.2, Supplementary
information 4A). Furthermore, we have no evidence to suggest survival rates differ
between rabbits that died due to predation or other causes (p=0.484; Figure S4A.3,

Supplementary information 4A).

4.3.2. Space use

Eleven rabbits stabilised their home ranges (Table 4.1). On average, this restocked
population stabilised home ranges in 96.364 + SE 12.615 days.

Only 8 rabbits had enough locations to compute space use indicators before and after
the opening of the passages (Table 4.1). Before and after core areas overlapped on
average 39.503 + SE 14.143% (n=8), and home ranges overlapped on average 69.709 +
SE 8.578% (n=8).

Regarding space use indicators, the mean maximum distance travelled and the mean
distance travelled were 81.304 + SE 8.097 m (n=11) and 40.289 + SE 5.420 m (n=11),

respectively. Rabbits’ home range size was on average 0.228 + SE 0.037 ha (n=11), and
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rabbits’ core area size was on average 0.055 + SE 0.009 ha (n=11). We found no
significant differences in space use indicators between males and females.

Only the core areas, determined for the entire monitoring period, of rabbits released in
artificial warrens were significantly smaller (p=0.042) than those released in shrub
patches (Figure 4.4, Table S4A.1, Supplementary information 4A). The average core area
of rabbits released in warrens was less than half the size of those released in shrubs

(warrens - 0.040 + 0.009 ha, n=7; shrubs - 0.082 + SE 0.012 ha, n=4).

Maximum distance travelled was the only space use indicator significantly higher
(p=0.023) after the opening of the restocking park passages. Before the opening of the
passages, the maximum distances travelled by rabbits from their release site were on
average 76.280 + SE 5.016 m (n=8), and after the opening of the passages, 93.190 + SE
5.871 m (n=8) (Figure 4.5, Table S4A.2, Supplementary information 4A).
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Figure 4.4 Core area size (50% minimum convex polygon) of the restocked Iberian rabbits,
determined for the entire monitoring period, according to the type of site they were released,
shrubs, or warrens. In each boxplot of the graph, the triangle is the mean, and the darker
horizontal line is the median. The length of the box represents the interquartile range (i.e., the

difference between the 75th and 25th percentiles). The dots outside the whiskers are outliers.
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Figure 4.5 Maximum distance travelled (MDT) by the restocked Iberian rabbits, before and after
the opening of the restocking park passages. In each boxplot of the graph, the triangle is the
mean, and the darker horizontal line is the median. The length of the box represents the
interquartile range (i.e., the difference between the 75th and 25th percentiles). The dots outside

the whiskers are outliers.

4.4. Discussion

In the southern regions of Europe, conservationists and hunters often invest in rabbit
restocking or translocation to areas where their numbers are declining. However, these
efforts are sometimes unsuccessful (Calvete et al., 1997; Letty et al., 2002) and require
significant economic costs (Ferreira and Delibes-Mateos, 2010). Therefore, it is essential

to assess all aspects of restocking efforts to maximise their effectiveness.

Furthermore, most studies involving rabbit restocking or translocations tend to
concentrate on the first few weeks after the animals are released (e.g. Letty et al., 2002;
Letty et al., 2003; Calvete and Estrada, 2004; Rouco et al., 2008; Rouco et al., 2010) and
available data on the long-term outcomes for the restocked rabbits are scarce (e.g.,

Cabezas et al., 2011; Machado et al., 2017; Tobajas et al., 2021).

In this study, we assessed the long-term outcomes by monitoring the survival and space
use of an Iberian rabbit population released in a restocking park, a semi-natural
enclosure, for six months. In this permanently enclosed area, surrounded by a fence,
released rabbits could roam freely, and the habitat closely resembled the surrounding

environment. The purpose of the enclosure was to facilitate rabbit settlement by
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reducing mortality from terrestrial predators and post-release stress, particularly during
acclimation. Additionally, the restocking park aimed to establish a local breeding core of
rabbits that expands naturally to the surrounding areas (Rouco et al., 2008; Guerrero-

Casado et al., 2013b).

We implemented the rabbit restocking protocol, considering important issues that
contribute to the success of rabbit restocking. For example, we ensured the restocking
park fulfilled the habitat requirements for the species, namely, in terms of food, shelter
and water (Cabezas and Moreno, 2007; Letty et al., 2008), selected a donor population
genetically close to the native rabbit populations (Delibes-Mateos et al., 2008c),
established strict guidelines for transportation, handling, and vaccination, and

implemented a soft-release protocol with a long confinement period (Rouco et al., 2010).

Our findings should be interpreted cautiously due to the limitations of this study and
cannot be extrapolated to natural populations. Our research was confined to a single
restocking park, with only 1.7ha, which may influence rabbit movements and home
ranges. Moreover, the limited number of rabbits could increase the risk of statistical
errors, particularly when the sample is divided to make subgroup comparisons. Grouping
the data could increase statistical power, allowing for more robust and reliable
conclusions. However, we could risk losing statistically relevant distinctions between

subgroups, such as those we attained.

Nevertheless, our results provide meaningful preliminary insights, highlighting

important issues to consider for enhancing the success of rabbit restocking programs.

We found that rabbit survival was globally low, and that space use only presented
punctual differences among rabbits released in shrubs and warrens and between before

and after the opening of the restocking park passages.

4.4.1. Survival

Despite implementing a restocking protocol that included measures known to enhance

restocking success, and the Iberian rabbits being released in a semi-natural enclosure, at
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the end of the monitoring period (179 days), only eight out of the 22 radio-tagged rabbits

survived, reflecting a finite survival rate of 35.4%.

This survival rate aligns with findings from several studies on rabbit restocking, including
those by Letty et al. (2002), Drees et al. (2009), and Tobajas et al. (2021). However, in
these studies, rabbits were released in unfenced areas without undergoing a quarantine
period before release. Calvete and colleagues (1997) also found similar survival rates. In
their study, the rabbits were released in unfenced areas after a two-week confinement

period.

On the other hand, other studies, where rabbits also underwent a period of confinement
before release, but were released in open areas, contrary to our study, estimated higher
survival rates. Moreno and colleagues (2004) evaluated the success of introducing
rabbits for predator conservation in Spain. After a 90-day study period, researchers
reported survival rates between 70% and 78% for the introduced rabbits, depending on
the season in which they were restocked. Rouco and colleagues (2010) estimated a
survival rate between 79% and 87% in a study aiming to assess the effect of different
confinement periods on the survival of translocated rabbits. However, the authors only

monitored the radio-collared rabbits for 10 days.

The survival rates stabilised 74 days after restocking, immediately after the opening of
passages on the 72nd day. We had anticipated increased mortality of dispersing animals
after the opening of passages, but the results do not support this. This outcome,
combined with limited dispersion, suggests the surviving animals have adapted well to
the habitat in the restocking park. In this respect, the enclosure partially fulfilled its

purpose.

Based on field observations, we found radio-collared rabbits primarily died due to
predation by birds of prey, most likely caused by a Eurasian eagle owl (Bubo bubo). We
believe the sudden release of many rabbits in the small area of the restocking park
attracted the owl, leading it to kill more rabbits than needed. This type of behaviour is
known as multiple predation or surplus killing (Short et al.,, 2002). Other authors
observed similar predator behaviour following rabbit translocations (Calvete et al., 1997;

Moreno et al., 2004; Cabezas et al., 2011; Guerrero et al., 2013b). We found no signs of

71



predation by terrestrial mammal carnivores, suggesting the structure of the restocking

park fence was robust enough to prevent the entry of carnivorous mammals.

In the first few weeks after restocking, the mortality rate of rabbits due to causes other
than predation, which are usually associated with induced stress (Calvete et al., 1997;
Letty et al., 2000; Letty et al., 2002), was relatively low. We only observed two deaths
among the radio-collared rabbits in the first week, representing 9.1% of the radio-
collared population. Other studies have also reported low rabbit mortality rates due to
stress, which were lower than the mortality rates caused by predation (Calvete et al.,
1997; Calvete and Estrada, 2004; Drees et al., 2009). We believe the transport and
handling methods were appropriate, and the requirements for the animals to acclimatise

were met within the enclosure, which helped minimise post-release stress.

The veterinary analysis showed these two rabbits died due to severe parasite infections,
even though the initial exams performed on the 1st day after restocking confirmed the
low degree of parasitic infection of the animals. This confirms that stress can cause
strong immunosuppression in rabbits, making them vulnerable to developing severe

parasitism even from low initial infections (Letty et al., 2000).

After these first few weeks of restocking, an additional three rabbits were found dead
without any signs of predation. These late deaths cannot be attributed to adaptive stress
since they occurred after a considerable amount of time had passed. Post-mortem
examinations were conducted, and the veterinary team was unable to determine the
exact cause of death for one of the rabbits. However, lab results confirmed that the other
two rabbits, both males, died due to hyperparasitism. There could be several reasons
behind this diagnosis. One possible cause is the absence of basic nutritional
requirements within the restocking park. As mentioned earlier, in the year of the
restocking, the lack of rain caused a delay in the germination of crops, both inside and
outside the restocking park. Although we occasionally provided supplementary food
during acclimation, its quantity and quality may have been insufficient. The shortage of
green biomass, rich in nutrients and water content, could have weakened some
individuals (Dudzinski and Mykytowycz, 1960; Alves and Moreno, 1996). This could have
made them more susceptible to parasitism, leading to mortality even outside the critical

period of adaptation (Villafuerte, 1994; Reglero et al., 2007). Increased parasitism may

72



also be caused by intraspecific aggression associated with male social interactions during
the reproductive season (von Holst et al., 1999). During this time, the stress caused by
the high rabbit concentration inside the restocking park, with rabbits competing for
territory and mating partners, can weaken their immune systems and make them more

susceptible to parasitic infections (von Holst et al., 1999).

We initially expected that males would have a higher mortality rate than females.
However, our results did not support this hypothesis. Several authors also noted the
absence of differences between sexes in survival after release (Calvete et al., 1997; Letty
et al., 2003; Calvete and Estrada, 2004). Furthermore, our results revealed no significant
difference in the survival rates of rabbits that died due to predation and those that died

from other causes.

Although the mortality rate of rabbits released in shrubs was not significantly higher than
that of those released in warrens, we observed a slight tendency for higher survival rates
in rabbits released in artificial warrens (Figure S4A.2, Supplementary information 4A).
Warrens are essential in maintaining healthy rabbit populations as they serve as
breeding sites and provide refuge from predators (Parer and Libke, 1985; Kolb, 1991).
Natural burrows are challenging to excavate in the study area due to the rocky and hard
soil (IHERA, 1999). Therefore, we believe the rabbits released in shrubs exhibited more
ranging behaviour to find a suitable refuge, making them vulnerable to predation. On
the other hand, rabbits released into warrens settled within them and had less need to

explore the area.

4.4.2. Space use

The radio-collared rabbits stayed inside the restocking park, except for one male rabbit
who dispersed and settled about 200 meters north of the release location. We believe
the carrying capacity of the restocking park was not reached due to the mortality that
occurred before the passages were opened. As a result, the surviving rabbits established
themselves within the park without feeling compelled to explore the nearby areas. Right
after restocking, rabbit density within the park was high, at 44 rabbits per hectare. By

the end of the monitoring period, considering the final survival rate of the radio-tracked
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rabbits, we estimated a density of 16 rabbits per hectare. This estimate does not account
for the number of rabbits entering or leaving the park, nor the number of newborn

rabbits, since we were unable to accurately estimate those numbers.

Rabbits took about 90 days to stabilise their vital areas, in contrast to the 8.3 days
reported by Moreno and colleagues (2004). This delay may have been caused by factors
such as a lack of nutritious food, aggressive interactions, or the pressure of predation,

which can all contribute to erratic behaviour.

Rabbits’ home range (HR) and core area (CA) size were relatively smaller than what is
reported in the literature (e.g., HR 6.3 ha - Hulbert et al., 1996; HR 2.1 ha - Moseby et
al., 2005; HR 1.2 ha and CA 0.4 ha - Devillard et al., 2008; 9.6 ha and CA 1.3 ha - Rouco
et al.,, 2019), which is attributed to the fact that rabbits with radio collars remained

within the restocking park.

After the acclimation period, the maximum distances travelled by rabbits significantly
increased. However, there was a high overlap between their home ranges before and
after the opening of the restocking park. This suggests the surviving rabbits settled
within the park and explored the nearby areas around their home ranges when the

passages were opened, instead of dispersing to other locations.

As we hypothesised, animals released within warrens had significantly smaller core areas
than those released in shrubs. This indicates concentrated activity within and around the
warrens. On the other hand, animals released in shrubs exhibited more ranging
behaviour, which makes them more vulnerable to predation (Parer and Libke, 1985; Kolb,

1991).

Contrary to our predictions, our study found no significant differences in spatial
indicators between males and females. This result aligns with the findings of Rouco and
colleagues (2019), who reported similar results regarding home range and core area
sizes, and Letty and colleagues (2008), who reported no difference in distance from
release warrens between males and females. These findings suggest separate
management measures for males and females may be unnecessary for restocking

efforts.
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4.4.3. Management suggestions

Based on our research findings, we believe we can make recommendations to improve

rabbit restocking success in similar operations.

The fence we installed in the semi-natural enclosure prevented terrestrial predators
from entering. Protection against predators, namely terrestrial, is essential to ensure the
investment in restocking does not merely result in an immediate and short-term food
supply for predators. Therefore, we recommend that conservationists and hunting
managers involved in rabbit recovery release rabbits preferably in confined, fenced
areas. This helps prevent rabbit dispersion and protects them from predation by

terrestrial mammals during the initial days after release.

The enclosure effectively protected against predation by terrestrial mammals, but it
failed to provide adequate protection from birds of prey. Predation by birds of prey was
the main cause of rabbit mortality, especially in the first few weeks after release. We
took no measures to exclude aerial predators since the restocking was part of the
“Compensatory measures and specific monitoring of the Odelouca's Bonelli eagle
couple, arising from the environmental impact assessment process of the Sines-
Portimdo high-voltage power line” project (REN et al., 2009). The results clearly showed
this decision was incorrect. We believe the released rabbit population should be
protected from both mammalian predators and birds of prey, at least until the animals
are adapted to the new environment. Avoiding predator activity in the release area
during the critical period could substantially increase rabbit survival (Calvete et al.,

1997).

To prevent predation by birds of prey, a soft net could be installed to cover the top of the
restocking park, especially during the acclimation period (Guerrero-Casado et al.,
2013b). However, this approach may be expensive and logistically challenging to
implement in large-scale restocking parks like ours. It is also advisable to avoid installing
fences near large trees that could serve as perches for diurnal or nocturnal birds of prey

during their hunting activities.

Considering our findings regarding space use, we recommend releasing rabbits into

warrens that offer protection from predators in the most critical period (Parer and Libke,
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1985; Kolb, 1991). This will help animals acclimate faster, reduce post-release stress,
minimise distances to explore the new and unfamiliar environment, and ultimately

decrease predation risk.

After restocking, we suggest long-term monitoring of the released rabbit population
thoroughly and continuously for dispersal, mortality, and breeding success. This will
allow implementing adaptive management and taking the actions needed to enhance

the rabbits' survival and the overall success of the restocking effort whenever necessary.

Finally, given the limitations of our research, we acknowledge the need for future
research with larger sample sizes to support the conclusions presented in the study and
increase the replicability of these measures. Even though we know that the high costs

associated with this type of action may always limit what can be done.

4.5. Conclusions

Our study presents findings on the survival and space use relevant to the recovery plans
for the Iberian rabbit populations, based on releasing animals within a semi-natural

enclosure and following specific guidelines.

We believe that our findings provide meaningful preliminary insights, even considering
the local context and the limitations of this study. Our management recommendations
can be applied to similar restocking programs involving the release of rabbits in semi-
natural enclosures in the southern Iberian Peninsula. These results and conclusions can
be helpful for game managers and conservationists, given the importance of conducting
restocking efforts to help recover this declining species that plays a fundamental role in

Mediterranean ecosystems.

Ethics approval

Animal transportation and handling were in conformity with Portuguese legal
regulations. All applicable international, national and institutional guidelines for the care

and use of animals were followed.
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Figure S4A.1 Restocked males and females’ survival probability curve during radio tracking,

based on Kaplan-Meier estimate, with a 95% confidence interval.
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Figure S3A.2 Survival probability curves for both types of release sites, warren or shrubs, during

radio tracking, based on Kaplan-Meier estimate, with a 95% confidence interval.
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Figure S3A.3 Survival probability curves for both classes of causes of rabbit death, predation or
other causes, during radio tracking, based on Kaplan-Meier estimate, with a 95% confidence
interval. The length of time axis is limited to a maximum of 75 days because these survival

probability curves only considered rabbits that died, and the last death was registered at day 74.
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Table S4A.1 Results of the Mann-Whitney test for independent samples comparing spatial use

indicators, determined for the entire monitoring period, of males and females, and of rabbits

released in warrens and rabbits released in shrubs. Spatial use indicators: MDT — maximum

distance travelled, DT — mean distance travelled, CA — Core area (50% minimum convex polygon),

and HR — Home range (95% minimum convex polygon). * - Significant for p<0.05

Spatial use indicator

(Unit) Classes Mean + SE w p-value
MDT (m) Females (n=7)  79.526 +9.642  14.000  1.000
Males (n=4)  84.416 + 19.420
Warrens (n=7) 75.203+12,947 21.000 0.230
Shrubs (n=4)  91.981 + 3.830
DT (m) Females (n=7) 39.190+5.420 17.000  0.648
Males (n=4) 42,212 + 14.357
Warrens (n=7) 38.396 £8.259 18.000 0.527
Shrubs (n=4) 43.601 +7.188
CA (ha) Females (n=7)  0.056+0.014  15.000 0.927
Males (n=4) 0.053 +0.016
Warrens (n=7) 0.040 +0.009 25.000 0.042*
Shrubs (n=4) 0.082 +0.012
HR (ha) Females (n=7)  0.256+0.058  18.500  0.449
Males (n=4) 0.180 +0.049
Warrens (n=7) 0.184 + 0.046 20.000 0.298
Shrubs (n=4) 0.306 + 0.046

Table S4A.2 Results of the Wilcoxon test for dependent samples comparing spatial use indicators

before and after the opening of the restocking park gates. Spatial use indicators: MDT —

maximum distance travelled, DT — mean distance travelled, CA — Core area (50% minimum

convex polygon), and HR —Home range (95% minimum convex polygon). * - Significant for p<0.05

Spatial use indicator

(Unit) Classes Mean + SE W p-value
MDT (m) Before (n=8) 76.280+5.016 2.000 0.023*
After (n=8)  93.190 + 5.871
DT (m) Before (n=8) 43.900+5.482 14.000 0.641
After (n=8)  46.281 + 7.652
CA (ha) Before (n=8) 0.037+0.009  9.000 0.447
After (n=8) 0.053 £ 0.011
HR (ha) Before (n=8)  0.066+0.023  7.000 0.148
After (n=8) 0.240 + 0.036
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Abstract

The European rabbit (Oryctolagus cuniculus) is an endangered species native to the
Iberian Peninsula, playing a vital ecological role in Mediterranean ecosystems as prey for
several threatened predators. Conservation efforts have been implemented to halt its
decline, focusing on the lberian rabbit subspecies (Oryctolagus cuniculus algirus). Many
conservation programmes involve restocking and habitat management, including
artificial warren construction 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 lberian 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: B=—0.1714£0.041; Mayoral: f=—0.149+0.058; Tube: B=—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 (B=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.

Keywords: habitat management, Mediterranean, Iberian rabbit, restocking, warren use
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5.1. Introduction

The European rabbit (Oryctolagus cuniculus) is a native species of the Iberian Peninsula
(Delibes-Mateos et al., 2023). 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 et al., 2006; Rios-Saldafa et al., 2013;
Delibes-Mateus et al., 2018), it plays a significant ecological and economic role in

Mediterranean ecosystems where it 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 Iberian lynx (Lynx pardinus) and the Spanish imperial eagle
(Aquila adalberti) (Delibes and Hiraldo, 1981; Delibes-Mateos et al., 2008a). 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 (Villafuerte et al., 1998; Paixdo et

al., 2009).

The European rabbit population, particularly the southern Iberian subspecies, O. c.
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., 2009a). 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 et al., 2014b; Monterroso et al., 2016; Villafuerte and

Delibes-Mateos, 2019). As a result, the International Union for Conservation of Nature
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(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 et al., 2004;
Guil et al., 2014a) and/or increasing habitat carrying capacity by enhancing food and/or
shelter availability (e.g., Moreno and Villafuerte, 1995; Ferreira and Alves, 2009;

Encarnacdo 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,

although artificial warrens may provide immediate refuge to released rabbits during the
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acclimation period, minimising predation, little is known about the selection and use of
different types of artificial warrens, particularly in controlled experiments, such as

restocking in fenced areas.

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 et al., 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 in 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;

Encarnacdo et al., 2019).
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3. Does rabbit artificial warren use vary through the annual life cycle? We
anticipated that 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.

5.2. Materials and methods

5.2.1. Study area

We conducted this study in the Algarve region, southern Portugal (37° 16" 33" N, 8° 29’
27" W; Figure 5.1), specifically within a hunting estate located in the Monchique Natura
2000 Special Conservation Area (SAC) (PTCON0037) (Regulatory Decree n. 2 1/2020 of
16th March). The area’s climate 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 (IHERA, 1999).
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Figure 5.1 Schematic representation of the restocking park in southern Portugal.

5.2.2. Restocking park

A restocking park, covering an area of approximately 1.7 ha, was designed to acclimate
and breed reintroduced rabbits that, subsequently, would restock the surrounding area
(Figure 5.1). 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 monitoring of the Odelouca’s Bonelli eagle
couple, arising from the environmental impact assessment process of the Sines-
Portimdo 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.
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Inside the fenced area, we ensured the availability of essential requirements for rabbit

survival, including food, water and shelter (Figure 5.1). 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, ensuring 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 5A 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 independent modules that 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 (Gonzalez 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.

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 dimensions 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
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underground, at approximately 0.60 m in depth, following the layout described
by Gonzalez 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 the 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.

5.2.3. Rabbit release protocol

On 28th October 2007, 75 adult Iberian rabbits (19 males and 56 females) were released
into the restocking park at sunrise. 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 O. c. algirus.

Before release, each rabbit underwent a series of preparatory measures. We weighed
and sexed each individual and administered 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, approximately maintaining the same sex ratio (2-3 females for each
male) 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
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within the shrub patches. To allow for rabbit dispersion outside the restocking park, the

fence passages were opened on 8th January 2008, after an acclimation period of 72 days.

5.2.4. 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 different numbers of entrances.

5.2.5. Predictors of warren use

We modelled warren use as a function of the predictors listed in Table 5.1. We assessed
the proportion of food patches, shelter patches and ecotone length within a 10m 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
(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).
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Table 5.1 Predictors used in the analysis of rabbit artificial warren use.

Predictors description (Units)

Mean (t 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

Note. SE - standard error; * Pallets is the reference category for the type of artificial warren
predictor.

5.2.6. 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
(|rs|>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
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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 nonlinear (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 AlCc.
Only predictors that produced univariate models with an AlCc 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 per warren to
differ by adding a variance structure (varldent) to the model (Zuur et al., 2009). This

resulted in lower AICc values and improved the model fit.

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 (Cl) 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

93



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).

5.3. 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 of cost/warren use value (347.1€/pellets/d/m?) and
tube warrens had the highest (2,012.8€/pellets/d/m?). Log warrens and Mayoral
warrens fell in between, with efficiency ratios of 632.6€/pellets/d/m? and

1,861.0€/pellets/d/m?, respectively.
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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 S5B.1, Supplementary information 5B).

Sample week exhibited a non-linear relationship with warren use (edf=6.840; F=13.350,
P=0.000) (Figure 5.2a). 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
(B=0.132+0.037) (Figure 5.2b). 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: B= —

0.17140.041; Mayoral: B=—0.149+0.058; Tube: B=—0.240+0.071) (Figure 5.2c).

The distance to the nearest food patch did not show a significant effect on warren use,
as the unconditional Cl for its coefficient included zero (Table SB5.1, Supplementary

Information 5B).

All candidate models and the average model describing the estimated effects of

predictors on warren use are presented in Table SB5.2, Supplementary Information 5B.
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Figure 5.2 Relationship between warren use, expressed as logarithmic mean pellet abundance
[log(x+1) (pellets/d/m?)], and (a) sample week, (b) proportion of shrubs and (c) type of artificial
warren. Predicted values of warren use were calculated using the averaged GAMM model. In
graphs (a) and (b), the grey zone represents the 95% confidence interval of the predicted values.
In each boxplot of graph (c), the triangle is the mean, and the darker horizontal line is the median.
The length of the box represents the interquartile range (i.e., the difference between the 75t

and 25™ percentiles). The dots outside the whiskers are outliers.
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5.4. 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
et al., 2010) and identify the factors influencing the use of artificial (e.g., D’Amico et al.,
2014) and natural warrens (e.g., 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. |berian 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 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
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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 S5A.1,

Supplementary Information 5A).

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 protect against extreme climate conditions by covering
them with branches and cork (Villafuerte et al., 1993), this may not have fully buffered

against 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 access essential resources, such as food and water, safely. This result aligns
with previous studies that also reported similar findings concerning natural warrens
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(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
them. 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 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, no concrete evidence supports this hypothesis, as most
recorded deaths occurred during the acclimation period. During our study, we radio-
tagged some restocked rabbits and closely monitored them for approximately six
months or until their death. We only detected signs of predation from radio-tagged
animals and during field surveys conducted inside the restocking park and its
surroundings until January 11th, 2008, coinciding with the beginning of artificial warren

pellet counts.

As predicted, we observed a slight recovery in warren use in June, coinciding with the
period immediately after the breeding peak (Goncalves et al., 2002). The confirmation
of successful reproduction just a few months after restocking 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 affect pellet persistence (Ferndndez-de-

Simon et al., 2011), in this study, the influence of precipitation on warren use was
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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 et al.,
2016). The ongoing decrease in populations is a cause for concern regarding their
survival and its impact on Mediterranean ecosystems (Delibes-Mateos et al., 2014b;
Monterroso et al., 2016), given their roles as keystone prey species, ecosystem engineers
and small game species (Delibes-Mateos et al., 2008a; Galvez et al., 2008; Paixao 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., 2008a).

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.

5.5. 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
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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 placing artificial warrens strategically 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 5A

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

« Logwarren

© Cldudia Eficarnacio

Figure S5A.1 Log warren.
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Mayoral® warren (registered trademark)

© Claudia Encarnagdo

Figure S5A.2 Structure (a) and final appearance (b) of a Mayoral® warren.
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Pallet warren

udia Encarnacao

. ©Ch

Figure S5A.3 Structure (a) and final appearance (b) of a pallet warren.
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Tube warren

Figure S5A.4 Structure (a) and final appearance (b) of a tube warren.
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Supplementary information 5B

Details of model selection.

Table S45.1 Candidate models tested to assess 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-meter buffer around the warren. Delta are AlCc differences to the best model
and w; 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 AICc Delta Wi

12 0.4824 + + + 16 -40.1 0.00 0.336
11 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 -35.2 4.96 0.028
8 0.5134 + + + 16 -34.7 5.46 0.022
4 0.6175 + + 15 -34.2 5.93 0.017
3 0.3663 + 12 -29.6 1048 0.002
9 0.3557 + 11 34 4351 0.000
10 0.4851 + + 14 3.9 43.99 0.000
13 0.3578 + + 12 43 44.43 0.000
14 0.4757 + + + 15 6.1 46.18 0.000
5 0.3661 + 11 8.2 48.30 0.000
6 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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Table S5B.2 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-meter 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)

Majano -0.144 0.061 (-0.265, -0.023) 0.49

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)
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) 1.00
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)
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Chapter 6

General conclusions

6.1. Thesis overview and summary of the main findings

This thesis aimed to provide empirical insights and practical guidelines to enhance the
effectiveness of management interventions for the lberian rabbit (Oryctolagus cuniculus
algirus) in the Mediterranean region. The results are presented in three research papers
obtained by examining key aspects of rabbit recovery efforts, focusing on
the effectiveness of habitat management (Chapter 3, Paper 1), the survival and
behaviour of restocked individuals (Chapter 4, Paper Il), and the suitability of artificial

warrens (Chapter 5, Paper lil).

The first study (Chapter 3) evaluated the long-term impacts of habitat management
interventions on rabbit presence and abundance, covering the periods before (2007),
during (2008), immediately after (2009) and three years after post-management

cessation.

Results indicate that habitat management can significantly increase the Iberian rabbit
presence and abundance; however, these effects are not self-sustaining and require
continued intervention. A substantial increase in rabbit distribution and abundance was
observed during and immediately after implementing habitat management, largely due
to improved environmental conditions, such as greater food availability and a more
diverse habitat mosaic (Moreno et al., 1996; Calvete et al., 2004; Carvalho and Gomes,
2004). However, three years after implementing management measures, rabbit
abundance had declined to pre-management levels, suggesting that short-term
interventions alone are insufficient for long-term population recovery. While habitat
management significantly increased rabbit populations, particularly through crop sowing
(Sarmento et al., 2012), additional factors, such as the presence of suitable soils for

digging, also influenced species distribution. Thus, these results highlight the importance
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of promoting medium or long-term management measures, at least for establishing
stable Iberian rabbit populations. The abandonment of supporting measures to improve
rabbit populations after their implementation does not seem appropriate to promote

stable rabbit populations.

The second study (Chapter 4) addressed the survival and space use of the restocked

Iberian rabbit population in the semi-natural enclosure.

Despite implementing known measures to enhance restocking success (Cabezas and
Moreno, 2007; Delibes-Mateos et al., 2008c; Letty et al., 2008; Rouco et al., 2010),
findings revealed low survival rates, particularly during the first few weeks after release.
Predation by avian predators was the primary cause of mortality, whereas deaths from
non-predation causes, often linked to stress (Calvete et al., 1997; Letty et al., 2000; Letty

et al., 2002), were relatively low.

Restocked rabbits required approximately three months to stabilise their home ranges.
Most radio-collared individuals remained inside the semi-natural enclosure, and,
probably for this reason, their home range and core area sizes were smaller than those
reported in previous studies (e.g., Hulbert et al., 1996; Moseby et al., 2005; Devillard et
al., 2008; Rouco et al., 2019).

Space use analyses showed an increase in the maximum distances travelled. However,
home ranges remained within the boundaries of the restocking park, suggesting that
rabbits settled within the park as they acclimated to their new environment and adapted
to local conditions. Moreover, rabbits released into warrens exhibited smaller core areas,
while those released in shrubs displayed broader-ranging behaviour, making them more

vulnerable to predation (Parer and Libke, 1985; Kolb, 1991).

The third study (Chapter 5) evaluated the use of four types of artificial warrens - logs,
Mayoral®, pallets, and tubes - and examined the habitat factors that contributed to their

use by the restocked Iberian rabbit population in the semi-natural enclosure.

Findings revealed that rabbits favoured pallet warrens, contrary to the initial hypothesis

that they would prefer warrens made from natural materials or structures resembling
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natural burrows (Fernandez-Olalla et al., 2010; San Miguel, 2014). The robust structure
of pallet warrens facilitated tunnel excavation. Pallet warrens also provided the best

cost-benefit ratio, making them a highly effective option for rabbit conservation.

A higher proportion of shrub patches surrounding artificial warrens positively influenced
their use by rabbits, reinforcing the idea that vegetation cover is vital for providing
refuge, ensuring safe access to vital resources (Moreno et al., 1996; Carvalho and Gomes,
2004). Additionally, seasonal variations in warren usage were observed: a decline during
winter and early spring, followed by an increase in late spring, which aligned with the

expected peak in breeding activity (Gongalves et al., 2002).

6.2. Management implications

The decline in Iberian rabbit populations highlights the importance of effectively
managing both the subspecies and its habitat, given the rabbits’ crucial role in
Mediterranean ecosystems (Delibes-Mateos et al.,, 2008a). The three studies in this
thesis emphasise the significance of three key conservation strategies to ensure the
sustainability of Iberian rabbit populations: habitat management (Chapter 3), restocking

efforts (Chapter 4), and the provision of artificial warrens (Chapter 5).

The findings support several management recommendations to improve the
effectiveness of future Iberian rabbit conservation initiatives, benefiting the species and

broader ecological communities that depend on it (Delibes-Mateos et al., 2008a).

The results reinforce the fundamental role of habitat quality in determining rabbit
conservation success. Habitat management efforts should prioritise maintaining a
habitat mosaic to ensure resource availability and protection from predators (Moreno et
al., 1996; Carvalho and Gomes, 2004), particularly by sowing crops within continuous
scrub patches, as discussed in Chapter 3. The findings also underscore the importance
of long-term habitat management strategies to sustain favourable conditions for rabbit
populations. Furthermore, it is advisable that the management process be subject to

continuous review based on monitoring outcomes.
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Artificial warren installation is advisable, particularly in areas with unfavourable soil that
hinders natural burrow excavation, since they serve as breeding sites and provide
protection from predators (Parer and Libke, 1985; Kolb, 1994; Chapter 5). Even in
enclosed restocking parks, artificial warren installation is recommended, as they provide
critical shelter and facilitate the initial acclimation process for restocked rabbits. Among

available options, pallet warrens are particularly recommended (Chapter 4).

Within semi-natural enclosures, artificial warrens should be placed near shrub patches,
as nearby vegetation enhances warren use by providing cover, reducing predation risk,
and facilitating access to critical resources, thus further improving the adaptation
success of restocked rabbits (Moreno et al., 1996; Carvalho and Gomes, 2004; Chapter

4).

Furthermore, we suggest strategically placing additional warrens around the outer
boundaries of semi-natural enclosures (Chapter 5). This measure aims to support
dispersal by providing essential shelter for young rabbits or individuals exploring beyond

the park's limits, contributing to successful colonisation and population growth.

In rabbit restocking efforts, acclimation semi-natural enclosures should be built with
fences designed as described in Chapter 4, as they effectively prevent terrestrial
predator entrance. However, further improvements can enhance protection against
aerial predators by placing a soft net over the restocking park, at least during rabbit
acclimation (Guerrero-Casado et al., 2013b). Whenever possible, enclosures should not

be located near large trees, which could serve as perches for birds of prey.

Management strategies like habitat improvement and restocking can be costly, so it is
essential to prioritise cost-effective measures. For example, promoting self-regrowing
crops can help sustain the food supply for rabbits, without requiring frequent replanting
(Chapter 3). Additionally, we recommend using pallet warrens in restocking programs,
as they are more economical and have a higher usage than more expensive and complex

warren designs (Chapter 5).

Rabbit populations, especially restocked ones, should undergo regular long-term

monitoring to assess survival rates, dispersion patterns, distribution, abundance, and
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disease incidence (Chapters 3 and 4). Continuous evaluation of conservation efforts is
key to implementing adaptive management strategies, ensuring solutions are data-
driven. This approach will help address emerging challenges and improve outcomes,
thereby improving rabbit recovery protocols and ensuring their survival within

Mediterranean ecosystems.

6.3. Limitations and future research

While this thesis provides valuable insights into Iberian rabbit management, several
limitations were identified across the three studies that may have influenced the results
and interpretations. Addressing these gaps will be essential for refining management

plans and enhancing conservation outcomes for the Iberian rabbit.

One limitation is the specific geographical context in which the studies were conducted,
which may restrict the generalisation of findings to other regions with different

ecological conditions.

In the first study (Chapter 3), rabbit presence was used as the response variable in the
three sampling periods - during habitat management (2008), immediately after (2009)
and three years after (2012) - because rabbits were present on too few sites to allow a
more robust statistical analysis based on rabbit abundance. In 2007, rabbit presence
remained too low, with only five detections, preventing the use of GLM analysis, thereby

limiting statistical analysis to the subsequent three sampling periods.

Moreover, the lack of long-term monitoring hindered the assessment of the persistence
of trends in rabbit presence and abundance immediately following the cessation of
habitat management. Future studies should incorporate extended monitoring periods of
at least 7 to 10 years to ensure the robust detection of sustained population trends and
the effective evaluation of management interventions (e.g., Moreno et al., 2007;
Delibes-Mateos et al., 2009a; Sarmento et al., 2012). Monitoring should be carried out
at least once a year, preferably during the peak of the reproductive period. Long-term
monitoring is also particularly important for understanding the impacts of key factors

such as disease outbreaks and changes in habitat or environmental conditions.
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In Chapters 3 and 5, rabbit sampling relied on indirect methods, such as detecting
presence signs, pellets and latrines, which can, however, degrade due to rainfall or
natural decomposition (Iborra and Lumaret, 1997; Fernandez-de-Simon et al., 2011).
Nevertheless, these methods are widely used in assessing rabbit abundance indices
(e.g., Virgos et al., 2003; Calvete et al., 2004; Beja et al., 2007; Godinho et al., 2013) and
were considered the most suitable given study conditions at the time and in that study
area. In the first study (Chapter 3), the low rabbit density and dense vegetation cover
would have made direct counting methods ineffective. In the third study (Chapter 5),
radiotelemetry data from artificial warrens were insufficient for drawing reliable

conclusions.

The primary limitation in the second (Chapter 4) and third studies (Chapter 5) lies in the
restricted scope of the research, which was limited to a single restocking park. Moreover,
the second study involved a limited sample size of rabbits monitored by radiotelemetry,

while the third study included only two replicates per warren type.

Although some results from both studies are statistically significant and provide useful
insights for enhancing rabbit restocking success, the limited number of replicates may
weaken the conclusions. Therefore, caution is needed when generalising these findings
to broader contexts. Ideally, future research should encompass multiple restocking sites,
monitor a greater number of rabbits using radio or GPS telemetry, and include additional
warrens to validate some of the findings. However, the high financial cost of these

measures poses challenges for implementing this approach.

In the second study (Chapter 4), due to the “Compensatory measures and specific
monitoring of the Odelouca’s Bonelli eagle couple, arising from the environmental
impact assessment process of the Sines-Portimao high-voltage power line” project goals
(REN et al., 2009), no measures were taken to mitigate avian predation, potentially
influencing rabbit mortality rates. Future studies should explore cost-effective exclusion
methods to reduce aerial predation, particularly during the initial weeks following rabbit
restocking (e.g., Guerrero-Casado et al., 2013b). For instance, establishing several
smaller restocking parks could mitigate surplus killing (Short et al., 2002), while testing
different net types to cover the top of the restocking park, such as wire nets, hard plastic

nets or soft and flexible plastic nets could enhance protection.
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Although the impact of diseases was not the primary focus of this thesis, it was
monitored as part of the project that funded the fieldwork. A veterinary team regularly
surveyed the semi-natural enclosure and surrounding area to detect and prevent
myxomatosis and rabbit haemorrhagic disease (RHD) outbreaks impacting the rabbit
population, searching for dead or sick rabbits and collecting pellets for laboratory
analysis. No signs of myxomatosis or RHD were observed in the study area during the
study period. At the end of 2008, we found only one rabbit carcass exhibiting symptoms
of myxomatosis near the study area (REN et al., 2009). Therefore, it appears that these

diseases were not a significant issue in the study area at the time.

However, the ongoing threat of diseases, particularly the variant of the RDH virus known
as RHDV2 (Monterroso et al., 2016; Villafuerte and Delibes-Mateos, 2019; Asin et al.,
2024), poses a significant risk to Iberian rabbit populations. Therefore, it is essential to
establish and implement a well-structured sanitary monitoring plan for rabbits, enabling
timely preventive and mitigation actions in response to disease outbreaks. Local plans
can be implemented in cooperation with large-scale projects, such as the LIFE Iberconejo
project - “Drawing the baselines for the good management of a Mediterranean key
species, the wild rabbit” (LIFE20 GIE/ES/000731) or the Portuguese projects “+Coelho”
and “+Coelho2”, both coordinated by the Portuguese National Institute of Agricultural

and Veterinary Research (INIAV) (Duarte et al., 2020).

One of the goals originally set for the semi-natural enclosure was to serve as a rabbit
source for local translocations, aiming to establish new populations and improve
connectivity between existing ones. The aim was to capture rabbits within the semi-
natural acclimation enclosure, but only if the enclosure supported a high density of
rabbits capable of long-term self-sustainability. The plan involved soft-release
translocations (Rouco et al., 2010) into temporarily fenced areas, providing complete
protection against predation and supplying necessary resources such as shelter, food,
and water. This process would contribute to expanding Iberian rabbit distribution in the
area by installing temporary fenced plots in locations with suitable habitat, or where
habitat enhancement is feasible, but where the species is absent. Additionally, the stress
associated with transportation would be minimised since the time between capture and

release would be reduced. Furthermore, rabbits would face less stress adapting to their
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new habitat, as they would already be acclimatised to conditions like those at the release
site. Unfortunately, the previous actions and goals could not be achieved due to financial
constraints associated with the premature conclusion of the project by the financing

entity.

In 2018, a large-scale wildfire consumed approximately 27,000 hectares of forest and
agricultural land in the Monchique municipality within a week (ICNF, 2018). The fire
destroyed dozens of homes and a significant portion of the study area, including the
semi-natural enclosure and surrounding areas. Unfortunately, to the best of our
knowledge, no studies have assessed the exact impact of this wildfire on local Iberian
rabbit populations. Nevertheless, evaluating the status of these populations in the Serra

de Monchique is essential.

6.4. Concluding remarks

This thesis contributes significantly to the knowledge required to enhance management
strategies for future conservation efforts focused on recovering the lberian rabbit

Oryctolagus cuniculus algirus.

The three studies presented emphasise the importance of implementing evidence-
based strategies to enhance habitat quality, optimise restocking efforts, and refine the

selection and placement of artificial warrens.

The thesis findings suggest that rabbit recovery efforts should prioritise cost-effective
and proven strategies, particularly habitat improvements implemented across broad
temporal and spatial scales (Carro et al., 2019). Common management practices, such
as rabbit restocking—especially traditional restocking methods—frequently exhibit high
failure rates (Calvete et al., 1997; Calvete and Estrada, 2004; Tobajas et al., 2021).
Therefore, restocking should be considered an exceptional measure, to be implemented
only after ensuring that all habitat requirements are fulfilled and all relevant factors
known to influence restocking success have been carefully considered (Carro et al., 2019;

Delibes-Mateus et al., 2023).
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The decline of the Iberian rabbit over the past 15 years has been more severe than ever,
largely due to new variant disease outbreaks affecting the Iberian population. Therefore,
implementing measures for population management becomes even more critical. The
insights provided in this thesis offer valuable guidance for future recovery and
conservation efforts, helping to ensure the species’ survival within Mediterranean
ecosystems. This research provides a solid foundation for future rabbit conservation
studies and practical guidelines that can be successfully applied in similar ecological

contexts.

Ultimately, the findings presented in the thesis contribute to the Iberian rabbit
conservation and, by extension, to the maintenance of broader Mediterranean

ecosystems that depend on this keystone species.
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