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The climatic oscillations that have occurred in the last few million years have strongly affected species
distribution ranges. Highly divergent genetic lineages arose, some of which correspond to recognized
subspecies that currently occupy small geographical areas. Understanding the implications of the genetic
differences between these subspecies is crucial for proper conservation of Evolutionarily Significant Units. We
use the two European rabbit subspecies, Oryctolagus cuniculus cuniculus and O. c. algirus, in the Iberian
Peninsula as a model to investigate the repercussions at the biometric level of their largely recognized
genetic differentiation. To accomplish this we analysed the ear and hind foot length, and the body mass of
999 adult rabbits from 27 locations across the distribution range of both subspecies in their native range, the
Iberian Peninsula. Our results show biometric differences between the two subspecies, also explained by
geographical location and sex, O. c. algirus being lighter and having shorter ear and hind foot lengths. We
examine these findings under an evolutionary framework, and discuss their implications for current
conservation efforts. Future research should focus on the ecological implications of these biometric differences,
namely potential different habitat use and anti-predatory strategies in the species’ native range. §[Corrections
added on 24 February 2016, after issue publication: The Acknowledgements section has been updated to
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INTRODUCTION

The climatic oscillations that have occurred in the
last few million years are thought to have strongly
affected the distribution ranges of species (Hewitt,
2000). In particular, Pleistocene climatic modifica-
tions were responsible for major changes in the loca-
tion of refugia in southern Eurasia, which probably
hosted temperate species during the last glaciations
(Randi, 2007). The Iberian, Italian and Balkan pen-
insulas have been identified as the three main gla-
cial refuge areas during the Pleistocene in Europe
(Randi, 2007), acting as ‘hotspots’ of endemism and
catalysts of speciation mechanisms as the result of
geographical isolation (Bilton et al., 1998). This has
given rise to highly divergent genetic lineages in sev-
eral species, some of which correspond to recognized
subspecies that currently occupy small geographical
areas (Weiss & Ferrand, 2007). Maintaining the
integrity of these lineages by conserving this high
genetic diversity is imperative to deter ongoing
biodiversity loss (O’Brien & Mayr, 1991; Hey et al.,
2003).

The European rabbit (Oryctolagus cuniculus
Linnaeus, 1758) is a native species from the Iberian
Peninsula (Ferrand, 2008), which was historically
very abundant. The species is the sole representative
of its genus and it is considered a keystone species
in Iberian Mediterranean ecosystems, particularly
for its importance in the trophic ecology of these
communities and its role as an ecosystem engineer
(reviewed by Delibes-Mateos et al., 2008a). Molecular
data have recurrently confirmed the existence of two
divergent rabbit groups (Biju-Duval et al., 1991;
Branco, Ferrand & Monnerot, 2000; Carneiro et al.,
2013, 2014), corresponding to the two known subspe-
cies: O. c. cuniculus and O. c. algirus. The diver-
gence between the two rabbit subspecies, detected at
multiple loci (e.g. Geraldes, Ferrand & Nachman,
2006; Carneiro et al., 2010, 2013) and at the genomic
level (Carneiro et al., 2014), suggests that they have
evolved independently for a long time, after splitting
approximately 2 Mya during the Quaternary glacia-
tions (Ferrand, 2008). During this period, both sub-
species remained in allopatry in two glacial refugia
(Branco et al., 2002), one located in the southern-
most tip of Iberia and the other in the eastern
Mediterranean coast of Spain and the Ebro valley
(Ferrand, 2008). After glaciations, rabbit populations

from the two subspecies expanded their ranges,
tracking the amelioration of climatic conditions from
both the southwestern and the eastern refuges in
the direction of central Iberia (Branco et al., 2002).
Currently, the two rabbit subspecies are distributed
in parapatry in the central part of the Iberian
Peninsula, where they also hybridize (Branco et al.,
2000, 2002; Geraldes et al., 2006, 2008; Carneiro,
Ferrand & Nachman, 2009; Carneiro et al., 2010,
2013; Fig. 1). Despite the existence of a postglacial
contact zone (Branco et al., 2000, 2002) the subspe-
cies algirus is mainly restricted to the western por-
tion of the Iberian Peninsula whereas the subspecies
cuniculus is distributed towards the north-east
(Fig. 1).

The intraspecific taxonomy of the European rabbit
is supported not only genetically, but also by parasi-
tological (Launay & Beaucournu, 1982; Beaucournu
& Marquez, 1987; Beaucournu & Launay, 1990) and
reproductive studies (Gonc�alves, Alves & Rocha,
2002). However, morphological evidence is quite
scarce and ambiguous. For example, Sharples, Fa &
Bell (1996) found only slight differences in cranial
measurements between the two subspecies that they
considered to be insufficient to separate the Euro-
pean rabbit into distinct groups. Conversely, Villafu-
erte (2002) described that the asymptotic body mass
was largely non-overlapping between the two sub-
species with O. c. cuniculus being heavier than
O. c. algirus. Nevertheless, the demonstration of
such morphological differences between rabbit sub-
species has relied on only a small sample of Iberian
populations that included individuals not geneti-
cally validated as belonging to one or the other
subspecies.

Identifying units below the species level that differ
in their genetic and ecological characteristics is of
great importance to understand their biology and to
adjust the corresponding conservation or manage-
ment actions. One common approach in this respect
is the definition of Evolutionarily Significant Units
(ESUs; Moritz, 1999), of populations that should be
managed separately to prioritize conservation efforts.
In genetic terms, ESUs have been defined as popula-
tions that have substantial reproductive isolation
which has led to adaptive differences. However, it
has been suggested that ecological differentiation
should also be taken into account when defining
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units of management (Crandall et al., 2000). Proper
delimitation of these units is of particular interest
when the species or differentiated populations of the
species under management are frequently translocat-
ed, due to the risks associated with the admixture of
populations with different genetic characteristics and
the subsequent outbreeding depression. European
rabbit populations are intensively managed in the
Iberian Peninsula (e.g. Ferreira et al., 2014), and
restocking with translocated or captive-reared indi-
viduals is a frequent strategy that has raised con-
cerns about artificial alteration of the genetic

structure of the species (Delibes-Mateos et al.,
2008b). Understanding the implications of the
genetic differences between rabbit subspecies is cru-
cial for proper management of the species and the
conservation of rabbit ESUs. A first step to under-
stand the differences between rabbit subspecies is
the study of possible biometric differences, as these
dissimilarities may reflect adaptations to diverse
environmental conditions.

The main goal of this study was to investigate if
the genetic differentiation between the two European
rabbit subspecies is reflected in biometric differences

Figure 1. Distribution of European rabbit biometric data collected in the Iberian Peninsula, from 1989 to 2011, accord-

ing to the proposed division of subspecies (light grey O. c. algirus, secondary contact zone and dark grey O. c. cuniculus;

Carneiro et al., 2013). Note: numbers correspond to populations (Province), as follows: 1, Agullent (Valencia); 2, Argue-

das (Navarra); 3, Bell�us (Valencia); 4, Cabreira (Vieira do Minho); 5, Caparroso (Navarra); 6, Cirauqui (Navarra); 7,

L’Algaida, Do~nana (Huelva); 8, Estômbar (Portim~ao); 9, Aguilar de la Frontera (C�ordoba); 10, Vigo (Galicia); 11, La Gar-

ganta (Ciudad Real); 12, Jaraguas (Valencia); 13, Larraga (Navarra); 14, Los Corrales (Valencia); 15, Las Lomas (C�adiz);

16, Lucient (Valencia); 17, Melonares (Sevilla); 18, Minaya (Albacete); 19, Moriles (C�ordoba); 20, Montaverner (Valen-

cia); 21, Navarra (Navarra); 22, Ontinyent (Valencia); 23, Pina de Ebro (Zaragoza); 24, La Roda (Albacete); 25, Pernes

(Santar�em); 26, Tudela (Navarra); 27, Vila Vic�osa (Vila Vic�osa).
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within their native range, the Iberian Peninsula. Our
hypothesis is that such biometric differences exist
and that they can be explained by the evolutionary
history of the two subspecies and their geographical
distribution.

MATERIAL AND METHODS

Data on the European rabbit’s biometry were
collected from 27 sites located across the species
distribution range in the Iberian Peninsula (Fig. 1).
Data collection spanned an interval of 22 years
(1989–2011) and comprised 999 individuals in total.
Over this period, rabbits were collected using both
scientific captures of live rabbits with ferrets
(Mustela putorius Linnaeus, 1758) (i.e. ferreting
with nets and traps), and in the course of regular
game activities (i.e. rabbits killed with shotgun by
hunters during the hunting season). All animal
manipulations conducted in this work complied with
the standards and procedures promulgated by the
National Authorities legislation. Several different
biometric measurements were taken over the
22 years of data collection but for the purposes of
this study we considered ear and hind foot lengths
(measured according to the protocol in the Support-
ing Information, Fig. S1) and body mass because
they were the only ones consistent across popula-
tions. Sex was also determined for each individual
rabbit. Only adult rabbits were included in the
analyses. Rabbits were considered to be adults
when their body mass (regardless of subspecies)
exceeded the weight of the lightest individual show-
ing signs of sexual maturity (scrotal tests for males
and lactating and/or pregnant females, as assessed
by inspection of mammary gland development and
abdominal palpation; males > 750 g and females
> 900 g; Villafuerte, 1994). Pregnant and lactating
adult females were also excluded from the statisti-
cal analyses of body mass, but were included in ear
and hind foot length analyses. The potential for a
non-detection of pregnant and/or lactating females
in this study is considered very low because the
method is very reliable. However, an error could
have occurred for females in an early stage of preg-
nancy, although at this stage the variations in body
mass would be negligible. We explicitly excluded
populations from the known hybrid zone, as we
were interested in assessing the morphological dif-
ferences between the two subspecies as separate
ESUs (Fig. 1). The subspecies to which each individ-
ual rabbit belonged was determined genetically for
all individuals either specifically in this work or in
previous studies; in all cases, this identification was

based on three diagnostic loci located on cytochrome
b, on the X and Y chromosomes (Branco et al.,
2000; Geraldes et al., 2006, 2008).

STATISTICAL ANALYSES

Mean (� SD) ear length, hind foot length and body
mass were estimated for each sex, population and
subspecies. To analyse the variables that determine
the biometric differences between subspecies we used
linear mixed models (LMMs) with a normal error
structure and an identity link function. We built
LMMs using ear length, hind foot length and body
mass as the response variables, respectively. Initial
models included the effects of site latitude and longi-
tude, sex, and subspecies (A, O. c. algirus; B, O. c.
cuniculus), and the two-way interactions between
latitude and longitude, latitude and subspecies, and
subspecies and sex. Two-way interactions reflected
our biological understanding of the system and were
included to account for potential non-linear spatial
patterns (latitude 9 longitude), differential responses
of the subspecies to north–south gradients (lati-
tude 9 subspecies), and sex-related differences
between the subspecies (sex 9 subspecies). In the
model for ear length, the independent effect of hind
foot length was also included as a predictor variable
to account for potential differences in rabbit size.
Site and sampling year were included as random
variables to account for data structure. When testing
for multicollinearity among predictor variables, we
found that latitude and longitude differed between
subspecies in all cases (P > 0.6); in the model for ear
length, hind foot length was also different between
subspecies (P > 0.5). To avoid problems due to collin-
earity (Graham, 2003), we computed a regression
of subspecies against the problematic continuous
variables, and in further analyses we replaced the
former variables with the residuals from this
regression. Having removed the variation due to sub-
species, these residuals represent the unique contri-
bution of latitude, longitude and hind foot length of
subspecies-induced effects. Model selection followed a
backward stepwise procedure based on Akaike’s
Information Criterion (AIC) and likelihood ratio tests
(LRT); models with and without a certain variable
were compared, and only variables that significantly
improved model fit were retained in the final model
for each response variable (Zuur et al., 2009). All
modelling assumptions, including spatial autocorrela-
tion, were checked through analyses of residuals
(Zuur et al., 2009). All statistical analyses were per-
formed using R 3.0.3 (R Core Team, 2014) and the
packages ncf for building spatial correlograms and
nlme for LMMs.
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RESULTS

Of the 999 rabbits analysed, 752 belonged to the sub-
species O. c. algirus and 247 to O. c. cuniculus.
Results showed marked biometric differences
between the two subspecies (Table 1; for results per
population and individual sex see Table S1). Overall,
ear length (mean � SD) was shorter for adult
O. c. algirus than for adult O. c. cuniculus (algirus =
72.76 � 5.75 mm, cuniculus = 78.72 � 4.82 mm), and
hind foot length followed the same pattern (algi-
rus = 56.38 � 3.42 mm, cuniculus = 59.45 � 3.26 mm;
Table 1). Body mass was consistent with this trend,
with algirus rabbits being lighter than cuniculus
(algirus = 1043.29 � 137.30 g, cuniculus = 1234.49 �
169.34 g; Table 1).

The final model for ear length included the indepen-
dent effect of latitude, longitude, subspecies and hind
foot length as significant predictors (Table 2). For
hind foot length, latitude and the two-way interaction
between sex and subspecies were retained (Table 2,
Fig. 2). Longitude had a positive effect on ear length
and body mass, indicating that ears were longer and
rabbits were slightly heavier towards the eastern part
of the study area. Subspecies had a positive effect on
ear, hind foot length and body mass, indicating
greater sizes for the subspecies O. c. cuniculus. For
latitude, opposing patterns were found for ear and
hind foot lengths; ears tended to be shorter and feet to
be longer at the northernmost populations. Finally,
the two-way interaction between sex and subspecies
explained differences in hind foot length and body
mass, which indicated that the difference in size
between males and females was smaller in the sub-
species O. c. cuniculus (Table 2, Fig. 2). Notwith-
standing, for hind foot length this difference between
sexes was not significant (Table 2).

DISCUSSION

To our knowledge, this is the first study performed
at a large scale on the biometry of the European rab-

bit subspecies in its native range, the Iberian Penin-
sula, using genetic validation. Our results suggest
that there are unequivocal biometric differences
between rabbit subspecies. Rabbits from the O. c.
algirus populations have smaller ears (even when
controlling for the effect of body mass, i.e. hind foot
length) and feet in relation to the O. c. cuniculus
populations, and they are also lighter.

Table 1. Means � SD for ear length, hind foot length and body mass, and respective sex ratio (F:M) of 999 adult

European rabbits belonging to each of the two subspecies (A, Oryctolagus cuniculus algirus; B, O. c. cuniculus) from

27 sites sampled across the Iberian Peninsula

Biometry Sub Adult males n Adult females n All adults N F:M

Ear length (mm) A 72.62 � 5.71 448 72.95 � 5.82 304 72.76 � 5.75 752 1.00

B 79.10 � 4.74 117 78.38 � 4.89 130 78.72 � 4.82 247 0.99

Hind foot length (mm) A 56.22 � 3.47 448 56.61 � 3.34 304 56.38 � 3.42 752 1.00

B 59.58 � 3.78 117 59.34 � 2.71 130 59.45 � 3.26 247 0.99

Body mass (g) A 1003.17 � 120.28 448 1102.41 � 139.62 304 1043.29 � 137.30 752 1.10

B 1208.67 � 159.76 117 1257.74 � 174.89 130 1234.49 � 169.34 247 1.04

Table 2. Results for the LMMs of each biometric param-

eter considered in this study based on 999 European rab-

bits from 27 sites sampled across the Iberian Peninsula

Estimate � SE d.f. t-value P

Ear length

Intercept 74.00 � 0.77 957 95.41 < 0.001

LongitudeR 1.41 � 0.24 957 5.97 < 0.001

LatitudeR �0.95 � 0.29 957 �3.19 0.001

Subspecies (B) 4.83 � 1.08 957 4.46 < 0.001

Foot lengthR 0.34 � 0.04 957 7.48 < 0.001

Hind foot length

Intercept 57.14 � 0.50 958 113.44 < 0.001

LatitudeR 0.60 � 0.21 958 2.90 0.0038

Subspecies (B) 2.04 � 0.65 958 3.12 0.0019

Sex (M) �0.28 � 0.18 958 �1.49 0.1373

Sub 9 sex

(B 9 M)

0.71 � 0.37 958 1.91 0.0568

Body mass

Intercept 1100.68 � 26.11 958 42.15 < 0.001

LongitudeR 16.28 � 7.91 958 2.06 0.0399

Subspecies (B) 160.06 � 34.03 958 4.70 < 0.001

Sex (M) �85.29 � 9.38 958 �9.09 < 0.001

Sub 9 sex

(B 9 M)

44.50 � 18.90 958 2.35 0.0187

Superscript R indicates variables for which residuals of

the regression against subspecies were taken (see text for

details). For categorical variables the level tested against

the baseline is indicated in parentheses (B, Oryctolagus

cuniculus cuniculus; M, males).

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 116, 106–116

110 C. C. FERREIRA ET AL.



Dissimilar inter-sexual non-significant trends
between rabbit subspecies were also observed, with
O. c. algirus males having smaller ears and feet than
O. c. algirus females, and O. c. cuniculus males
showing the opposite pattern (Fig. 2). This could be
related to the fact that O. c. algirus reaches sexual
maturity at an earlier age (and smaller body mass)
than O. c. cuniculus as a result of living under differ-
ent climatic conditions (Gonc�alves et al., 2002).
Another explanation could be related to differences
in the composition and abundance of the predator
communities across the Iberian Peninsula (Mathias
et al., 1998; Mart�ı & Del Moral, 2003; Palomo,
Gisbert & Blanco, 2007), and thus in predation risk,
which would probably affect males more than
females (Villafuerte, 1994). Nevertheless, these dif-
ferences were not significant, and therefore caution
should be given to these considerations.

For body mass, a two-way interaction between sub-
species (O. c. cuniculus) and sex (males) explained
part of the variation found in the models, suggesting
that there are differences between sexes and subspe-
cies when considering body size. Our results suggest
the occurrence of reversed sexual dimorphism (RSD)
in both European rabbit subspecies, as females were
slightly heavier than males. Furthermore, O. c. algi-
rus, the lighter subspecies, showed higher RSD than
O. c. cuniculus (Table 1), in accordance with Rens-
ch’s rule that predicts that within a lineage size

dimorphism will decrease with increasing body size
when the female is the larger sex (Rensch, 1950;
Fairbairn, 1997). Sexual dimorphism is a pattern
seen throughout the animal kingdom and is exhib-
ited in a myriad of ways (e.g. coloration, body size).
Because of their different roles in reproduction,
males and females are often under selection that
favours their divergent morphological appearance
(Badyaev, 2002), and in mammals this is typically
biased towards males (Davis & Roth, 2008). Never-
theless, RSD seems to be a common pattern in lag-
omorphs, also reported in Sylvilagus rabbits and in
hares (genus Lepus), as well as in domestic rabbits
(Davis & Roth, 2008; Alves, Ferrand & Hackl€ander,
2010; Rosell & de la Fuente, 2012). Larger size may
be advantageous in terms of behaviour and domi-
nance for access to a partner, or to resources, but
also in terms of foraging, nest protection, breeding
investment and energetics or a combination thereof
(Shine, 1989). Larger female size may be related to
high fecundity (as seen in the European rabbit for
the O. c. cuniculus subspecies; Gonc�alves et al.,
2002), or reduced nest mortality (R€odel et al., 2009),
a suite of traits (female dispersion, large male
home-ranges, reduced aggression and a promiscuous
mating system) have been proposed to favour smaller
males in Sylvilagus rabbits (Davis & Roth, 2008). In
the European rabbit, there are no apparent differ-
ences in mating system or foraging strategies (eco-
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logical specialization) that could explain the differ-
ences in size dimorphism between the two subspe-
cies, and so the impact of these potential
mechanisms requires further investigation.

An interesting observation in our study was that
ear length, although generally smaller than for rab-
bit populations outside Iberia, was still larger in
southern Iberian populations when controlling for
the effect of subspecies and body mass (as suggested
by a negative coefficient for latitude in the ear length
model, Table 2). A potential explanation for this
could be thermoregulation, as southern Iberia is
under a Mediterranean semi-arid climate with mean
annual maximum temperatures of 24 °C (Ninyerola,
Pons & Roure, 2005). This phenomenon has been
described also for several mammals (e.g. Lindstedt &
Boyce, 1985) including other lagomorphs (e.g. genus
Lepus, Stott, Jennings & Harris, 2010). Moreover,
studies from Australia have shown that European
rabbits introduced in a warmer environment
responded by increasing the mean length of their
ears (Parer & Libke, 1985). Bigger ears could provide
an advantage to facilitate heat interchange (i.e.
Allen’s rule), probably more as a consequence of
phenotypic than genetic variation (Serrat, King &
Lovejoy, 2008). Nevertheless, experiments by Wil-
liams & Moore (1989, 1990) showed that although
much of the variability between locations is pheno-
typic adaptation, there is a small, detectable genetic
component of differences in ear size relative to body
size. These authors argued that the growth of the
extremities is not just determined by ambient
temperature but also by the number of littermates.
Likewise, pinnae and other organs with a thermoreg-
ulatory function are influenced by temperature and
season of birth, i.e. rabbits that matured during win-
ter could have smaller ears than those that grew in
late spring and early summer. Unfortunately, our
dataset did not allow for such finer-scale analyses,
although we acknowledge that both season of birth
and number of littermates could play a role in the
variation detected between the two rabbit subspecies
across the Iberian Peninsula.

Previous work on the differentiation of rabbit sub-
species in Europe has relied largely on differences in
either body mass (Soriguer, 1980; Villafuerte, 2002)
or pelage (Callou, 2002), although in some of these
studies not all rabbits were subjected to a genetic
assignment of the subspecies. These variations have
been attributed mainly to latitudinal effects (Callou,
2002), as the pattern is observed similarly in rabbit
populations across the globe (although outside Iberia
these are represented only by O. c. cuniculus), where
an increase in body mass (and ear length) with
increasing latitude is evident for both males and
females, supporting Bergmann’s rule (interestingly,

the pattern is not as clear for ear length; Fig. 3).
Our results also support this evidence, as site lati-
tude and longitude were retained in our final model
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for ear length, latitude for ear length and longitude
for body mass. Nevertheless, the effect of subspecies
was clearly stronger for all biometric variables
(Table 2). These biometric differences could translate
into ecological particularities of each subspecies and
there is some evidence to support this. For example,
since the beginning of the 20th century, the two sub-
species were thought to exhibit distinct characteris-
tics, with O. c. cuniculus usually being described as
‘the larger and perhaps hardier breed’ (Cabrera,
1914), which ‘displayed remarkable adaptability to
extreme conditions’ (Gibb, 1990). These observations
were further corroborated by Cockerell (1921) who
drew attention to similarities between the Porto
Santo rabbit and the southern European subspecies
of O. cuniculus, advocating that they were the same
and that both were different from the English rabbit,
contrary to what had been proposed initially by Dar-
win. On the other hand, there is strong evidence for
reproductive differences between the two subspecies
with lower breeding parameters (e.g. average litter
size) for the O. c. algirus subspecies (Gonc�alves
et al., 2002). Osteometric and osteoscopic analyses
have also shown obvious differences between the two
subspecies (cranial and post-skeletal features smaller
in O. c. algirus), as the result of a morphological evo-
lution in function of their geographical position (lati-
tude) and their environment (Callou, 2002).
Therefore, the results of our study are in clear accor-
dance with these findings, as ear and hind foot
lengths, and body mass are also different between
the two subspecies, within the species native range,
with values lower for O. c. algirus. If the differences
in body size offer some reproductive advantage, they
might promote not only hybridization in the second-
ary contact zone but also reproductive asymmetry.
Despite the detection of hybrids in the wild, molecu-
lar studies have not shown the existence of asymmet-
ric gene flow (e.g. Carneiro et al., 2014), suggesting
that body size is probably not playing an important
role in sexual selection, and some other behavioral
mechanism (e.g. assortative mating) may be working
to prevent directional mixing.

Several cases described in the literature support
the idea that animal populations that have been his-
torically geographically isolated frequently undergo
speciation and can generate different species (Coyne
& Orr, 2004). The ultimate differences can manifest
not only at the genetic level but also morphologically
[e.g. European lynx (Lynx lynx Linnaeus, 1758) and
the Iberian lynx (Lynx pardinus Temminck, 1824),
Ferrer & Negro, 2004]. The fossil record of O. cunicu-
lus indicates that, at least in south-western Spain, in
the area of distribution of O. c. algirus, the rabbit
has undergone a marked reduction in body size dur-
ing the last 5000 years (Bern�aldez-S�anchez, Bern�al-

dez-S�anchez & Vi~nas, 2013). The causes for this
reduction in body size, also observed in wild ungu-
lates, are not clear but may be due to climatic factors
or anthropogenic influence (Bern�aldez-S�anchez et al.,
2013), which could have favored the morphological
differentiation between subspecies. A more recent
form of anthropogenic influence, e.g. through artifi-
cial selection, could also have played a role in this
differentiation. Rabbit domestication was initiated
approximately 1400 years ago in France, mainly to
obtain meat and fur (Clutton-Brock, 1999). The lar-
ger size and productivity of the subspecies O. c. cuni-
culus probably favoured its selection for controlled
breeding. Our results suggest that 2 Myr of indepen-
dent evolutionary histories may have prompted the
development of the biometric differences observed
between the two European rabbit subspecies. The
latter reinforces the distinctiveness of O. c. cuniculus
and O. c. algirus and highlight the need for a differ-
ential assessment of the two rabbit subspecies. This
can be particularly crucial for O. c. algirus, which is
restricted to the south-western portion of the Iberian
Peninsula (Ferrand, 2008) and presents an excep-
tionally high nucleotide diversity in comparison with
the O. c. cuniculus populations both in Iberia and
worldwide, probably as a result of the influence of
historical biogeographical events (e.g. glaciations) on
Iberian biota (Carneiro et al., 2009). The best way to
preserve this genetic diversity, which is mirrored in
the biometric differences found, would be their recog-
nition at least as two different ESUs, and to perform
distinct threat assessments using IUCN criteria,
thereby ensuring the protection of the idiosyncrasies
of each rabbit subspecies. A similar approach has
been used for a roe deer (Capreolus capreolus Linna-
eus, 1758) population isolated in southern Spain,
which shows biometric differences with respect to
other populations within the species range, and is
currently the target of specific conservation efforts
(Arag�on, Braza & San Jos�e, 1998; San Jos�e, Fern�an-
dez-Salguero & Redondo, 2013). Our results could
also be useful to prevent the artificial admixture of
rabbit subspecies caused by restocking operations
through, for instance, the development of alternative
methods of differentiating both rabbit subspecies in
the field. Nevertheless, accurate subspecies assigna-
tion should rely on genetic analysis, as fine-tuning of
alternative tools still requires further research.

ACKNOWLEDGEMENTS§

We thank everyone involved in field samplings, espe-
cially J. Theureau and M. J. Modesto (from the Con-
seller�ıa de Medi Ambient, Aigua, Urbanisme i
Habitatge, Generalitat Valenciana), J. M. L�opez, C.

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 116, 106–116

BIOMETRY OF EUROPEAN RABBIT SUBSPECIES IN IBERIA 113

clim2
Highlight



Miranda and P. Llopart (from the Departament de
Medi Ambient i Habitatge, Generalitat de Catalu-
nya), VAERSA, Juan de Dios Garc�ıa (from Feder-
aci�on de Caza de Castilla-La Mancha), and Forestal
Catalana S.A. for facilitating sample collection, and
J. Duarte for assistance with QGIS. This study was
partially funded by Projects PAI06-170, VP-0119-07,
POII09-0099-2557, CGL2009-11665, 2012-30E060,
CGL2013-43197, CGL2013-43197-R, FCT research
project (PTDC/BIA-EVF/111368/2009), and ‘Genomics
Applied to Genetic Resources’ co-funded by North
Portugal Regional Operational Programme 2007/
2013 (ON.2 – O Novo Norte), under the National
Strategic Reference Framework (NSRF), through the
European Regional Development Fund (ERDF). C.F.
was supported by a PhD grant (Ref. SFRH/BD/
22084/2005) and a postdoctoral grant (Ref. SFRH/
BPD/88643/2012), and J.B.-A. by a postdoctoral grant
(Ref. SFRH/BPD/65464/2009) all from the Fundac�~ao
para a Ciência e Tecnologia of the Minist�erio da
Ciência, Tecnologia e Ensino Superior, Portuguese
government. C.F. is currently supported by a Marie
Curie Outgoing International Fellowship for Career
Development (PIOF-GA-2013-621571) within the 7th
Framework Programme of the European Union.
M.D.-M. is currently funded by Consejer�ıa de Eco-
nom�ıa, Inovaci�on, Ciencia y Empleo of Junta de
Andaluc�ıa, and the European Union’s Seventh
Framework Programme for research, technological
development and demonstration under grant agree-
ment 267226. C.A.R.-S. was supported by a doctoral
grant from the National Council of Science and Tech-
nology of Mexico (CONACyT). P.C.A. was supported
by an FCT sabbatical grant (SFRH/BSAB/1278/2012)
and by FLAD (Luso-American Foundation). Special
thanks go to Prof. John A. Allen, Dr Andrew Smith
and three anonymous reviewers for their helpful
comments on previous versions of the manuscript.
The authors have no conflict of interest to declare.

REFERENCES

Alves PC, Ferrand N, Hackl€ander K. 2010. Lagomorph

biology: evolution, ecology, and conservation. Berlin:

Springer.

Arag�on S, Braza F, San Jos�e C. 1998. Variation in skull

morphology of roe deer (Capreolus capreolus) in western

Europe. Journal of Mammalogy 79: 131–140.

Badyaev AV. 2002. Growing apart: an ontogenetic perspec-

tive on the evolution of sexual size dimorphism. Trends in

Ecology and Evolution 17: 369–378.

Beaucournu JC, Launay H. 1990. Les puces (Siphonapter-

a) de France et du Bassin M�editerran�een Occidental. Collec-

tion Faune de France 76, F�ed�eration Franc�aise des Soci�et�es

de Sciences Naturelles, Paris.

Beaucournu JC, Marquez F. 1987. Caenopsylla laptevi

ibera ssp. nova (Siphonaptera, Leptosyllidae) est la Caenop-

sylla inf�eod�ee au lapin de garenne dans la P�eninsule Ib�eri-

que. Revue Ib�erique de Parasitologie 47: 93–99.

Bern�aldez-S�anchez E, Bern�aldez-S�anchez M, Vi~nas EG.

2013. “Campos de hoyos”, campos de compost? Estudio ta-

fon�omico y paleobiol�ogico del sector de La Gallega del yac-

imiento de Valencina de la Concepci�on (Sevilla). In:

Sanju�an LG, Vargas JM, P�erez VH, Briones R, Moreno TR,

eds. El asentamiento prehist�orico de Valencina de la concep-

ci�on (Sevilla). investigaci�on y tutela en el 150 aniversario

del Descubrimiento de La Pastora. Universidad de Sevilla.

Biju-Duval C, Ennafaa H, Dennebouy N, Monnerot M,

Mignotte F, Soriguer R, Gaaied A, Hili AJ, Mounolou

C. 1991. Mitochondrial DNA evolution in Lagomorphs: ori-

gin of systematic heteroplasmy and organization of diver-

sity in European rabbits. Journal of Molecular Evolution

33: 92–102.

Bilton DT, Mirol PM, Mascheretti S, Fredga K, Zima J,

Searle JB. 1998. Mediterranean Europe as an area of

endemism for small mammals rather than a source of

northwards postglacial colonization. Proceedings of the

Royal Society London Series B 265: 1219–1226.

Bouss�es P. 1991. Biologie de population d’un vert�ebr�e phyto-

phage introduit. Le lapin (Oryctolagus cuniculus) dans les

ı̂les subantarctiques de Kerguelen. D. Phil. Thesis, Rennes 1

University, France.

Branco M, Ferrand N, Monnerot M. 2000. Phylogeogra-

phy of the European rabbit (Oryctolagus cuniculus) in the

Iberian Peninsula inferred from RFLP analysis of the cyto-

chrome b gene. Heredity 85: 307–317.

Branco M, Monnerot M, Ferrand N, Templeton AR.

2002. Postglacial dispersal of the European rabbit (Oryctol-

agus cuniculus) on the Iberian Peninsula reconstructed

from nested clade and mismatch analyses of mitochondrial

DNA genetic variation. Evolution 56: 792–803.

Cabrera A. 1914. Fauna ib�erica: mam�ıferos. Madrid, Spain:

Museo Nacional de Ciencias Naturales.

Callou C. 2002. De la garenne au clapier: �etude arch�eozoo-

logique du Lapin en Europe occidentale. M�emoires du

Mus�eum national d’Histoire naturelle 189: 1–358.

Carneiro M, Ferrand N, Nachman MW. 2009. Recombina-

tion and speciation: loci near centromeres are more differ-

entiated than loci near telomeres between subspecies of the

European rabbit (Oryctolagus cuniculus). Genetics 181:

593–606.

Carneiro M, Blanco-Aguiar JA, Villafuerte R, Ferrand

N, Nachman MW. 2010. Speciation in the European rabbit

(Oryctolagus cuniculus): islands of differentiation on the X-

chromosome and autosomes. Evolution 64: 3443–3460.

Carneiro M, Baird SJE, Afonso S, Ram�ırez E, Tarroso

P, Teot�onio H, Villafuerte R, Nachman NW, Ferrand

N. 2013. Steep clines within a highly permeable genome

across a hybrid zone between two subspecies of the Euro-

pean rabbit. Molecular Ecology 22: 2511–2525.

Carneiro M, Albert FW, Afonso S, Pereira RJ, Burbano

H, Campos R, Melo-Ferreira J, Blanco-Aguiar JA, Vil-

lafuerte R, Nachman MW, Good JM, Ferrand N. 2014.

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 116, 106–116

114 C. C. FERREIRA ET AL.



The genomic architecture of population divergence between

subspecies of the European rabbit. PLoS Genetics 10:

e1003519. doi:10.1371/journal.pgen.1003519.

Clutton-Brock JA. 1999. Natural history of domesticated

mammals. Cambridge: Cambridge University Press.

Cockerell TDA. 1921. Natural history of Porto Santo. Nat-

ure 107: 10–11.

Coyne JA, Orr HA. 2004. Speciation. Sunderland, MA:

Sinauer Associates.

Crandall KA, Bininda-Emonds ORP, Mace GM, Wayne

RK. 2000. Considering evolutionary processes in conserva-

tion biology. Trends in Ecology and Evolution 15: 290–295.

Davis CM, Roth VL. 2008. The evolution of sexual size

dimorphism in cottontail rabbits (Sylvilagus, Leporidae).

Biological Journal of the Linnean Society 95: 141–156.

Delibes-Mateos M, Delibes M, Ferreras P, Villafuerte R.

2008a. Key role of European rabbits in the conservation of

the western Mediterranean Basin Hotspot. Conservation

Biology 22: 1106–1117.

Delibes-Mateos M, Ram�ırez E, Ferreras P, Villafuerte

R. 2008b. Translocations as a risk for the conservation of

European wild rabbit Oryctolagus cuniculus subspecies.

Oryx 42: 1–6.

Fairbairn DJ. 1997. Allometry for sexual size dimorphism:

pattern and process in the coevolution of body size in males

and females. Annual Review of Ecology, Evolution, and Sys-

tematics 28: 659–687.

Ferrand N. 2008. Inferring the evolutionary history of the

European rabbit (Oryctolagus cuniculus) from molecular

markers. In: Alves PC, Ferrand N, Hackl€ander K, eds.

Lagomorph biology: evolution, ecology, and conservation.

Berlin: Springer, 47–63.

Ferreira C, Touza J, Rouco C, D�ıaz-Ruiz F, Fernandez-

de-Simon J, R�ıos-Salda~na CA, Ferreras P, Villafuerte

R, Delibes-Mateos M. 2014. Habitat management as a

generalized tool to boost European rabbit Oryctolagus cuni-

culus populations in the Iberian Peninsula: a cost-effective-

ness analysis. Mammal Review 44: 30–43.

Ferrer M, Negro JJ. 2004. The near extinction of two large

European predators: super specialists pay a price. Conser-

vation Biology 18: 344–349.

Geraldes A, Ferrand N, Nachman MW. 2006. Contrasting

patterns of introgression at X-linked loci across the hybrid

zone between subspecies of the European rabbit (Oryctola-

gus cuniculus). Genetics 173: 919–933.

Geraldes A, Carneiro M, Delibes-Mateos M, Villafuerte

R, Nachman MW, Ferrand N. 2008. Reduced introgres-

sion of the Y chromosome between subspecies of the Euro-

pean rabbit (Oryctolagus cuniculus) in the Iberian

Peninsula. Molecular Ecology 17: 4489–4499.

Gibb JA. 1990. The European rabbit, Oryctolagus cuniculus.

In: Chapeman JA, Flux JEC, eds. Rabbits, hares and pikas.

Gland, Switzerland: IUCN, 116–120.

Gonc�alves H, Alves PC, Rocha A. 2002. Seasonal variation

in the reproductive activity of the wild rabbits (Oryctolagus

cuniculus algirus) in a Mediterranean ecosystem. Wildlife

Research 29: 165–173.

Graham MH. 2003. Confronting multicollinearity in ecologi-

cal multiple regression. Ecology 84: 2809–2815.

Hewitt GM. 2000. The genetic legacy of the Quaternary ice

ages. Nature 405: 907–913.

Hey J, Waples RS, Arnold ML, Bultin RK, Harrison RG.

2003. Understanding and confronting species uncertainty

in biology and conservation. Trends in Ecology and Evolu-

tion 18: 597–603.

Launay H, Beaucournu JC. 1982. Crit�eres taxinomiques

et essai de pal�eobiog�eographie de deux esp�eces jumelles,

Xenopsylla ramesis (Rothschild, 1904) et Xenopsylla cunicu-

laris SMIT, 1957 (Siphonaptera, Pulicidae): approche

biom�etrique. Annales de la Soci�et�e Entomologique de

France (N.S.) 18:43–54.

Lindstedt SL, Boyce MS. 1985. Seasonality, fasting endur-

ance, and body size in mammals. American Naturalist 125:

873–878.

Lopes Ribeiro O. 1981. Quelques donn�ees sur la biologie du

lapin de garenne (Oryctolagus cuniculus, L.) au Portugal

(Contenda Sudest de Portugal). Trujillo, Spain: XV Con-

gresso International de Fauna Cinegetica y Silvestre.

Mart�ı R, Del Moral JC. 2003. Atlas de las Aves Reproducto-

ras de Espa~na. Madrid: Direcci�on General de Conservaci�on

de la Naturaleza-Sociedad Espa~nola de Ornitolog�ıa.

Mathias ML, Santos-Reis M, Palmeirim J, Ramalhinho

M. 1998. Mam�ıferos de Portugal, Edic�~oes. Lisbon: INAPA.

Merton D. 1987. Eradication of rabbits from Round Island,

Mauritius: a conservation success story. Dodo 24: 19–44.

Moritz C. 1999. Conservation units and translocations:

strategies for conserving evolutionary processes. Hereditas

130: 217–228.

Ninyerola M, Pons X, Roure JM. 2005. Atlas Clim�atico

Digital de la Pen�ınsula Ib�erica. Metodolog�ıa y aplicaciones

en bioclimatolog�ıa y geobot�anica. Bellaterra: Universidad

Aut�onoma de Barcelona.

O’Brien SJ, Mayr E. 1991. Bureaucratic mischief: recogniz-

ing endangered species and subspecies. Science 251: 1187–

1188.

Palomo LJ, Gisbert J, Blanco JC. 2007. Atlas y Libro Rojo

de los Mam�ıferos terrestres de Espa~na. Madrid, Spain:

Direcci�on General para la Biodiversidad-SECEM-SECEMU

Parer I, Libke JA. 1985. Distribution of rabbit, Oryctolagus

cuniculus, warrens in relation to soil type. Australian Wild-

life Research 12: 387–405.

R Core Team. 2014. R: a language and environment for sta-

tistical computing. R Foundation for Statistical Computing,

Vienna, Austria. Available at: http://www.R-project.org/

Randi E. 2007. Phylogeography of south European mammals.

In: Weiss S, Ferrand N, eds. Phylogeography of Southern

European Refugia. Amsterdam: Springer, 101–126.

Rensch B. 1950. Die abhangigkeit der relativen sexualdiffer-

enz von der korpergrosse. Bonner Zoologische Beitrage 1:

58–69.

R€odel HG, Starkloff A, Seltmann MW, Prager G, von

Holst D. 2009. Causes and predictors of nest mortality in a

European rabbit population. Mammalian Biology 74: 200–

211.

© 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 116, 106–116

BIOMETRY OF EUROPEAN RABBIT SUBSPECIES IN IBERIA 115



Rogers PM, Arthur CP, Soriguer RC. 1994. The rabbit in

continental Europe. In: Thompson HV, King CM, eds, The

European rabbit: the history and biology of a successful col-

onizer. Oxford: Oxford University Press, 22–63.

Rosell J, de la Fuente LF. 2012. Body weight and body

condition of breeding rabbits in commercial units. Journal

of Animal Science 90: 3252–3258.

San Jos�e C, Fern�andez-Salguero P, Redondo I. 2013.

Conservaci�on y gesti�on cineg�etica del corzo en Andaluc�ıa.

Ecosistemas 22: 20–26.

Serrat MA, King D, Lovejoy CA. 2008. Temperature regu-

lates limb length in homeotherms by directly modulating

cartilage growth. Proceedings of the National Academy of

Sciences USA 105: 19348–19353.

Sharples CM, Fa JE, Bell DJ. 1996. Geographic variation

in size in the European rabbit Oryctolagus cuniculus (Lago-

morpha: LEPORIDAE) in western Europe and north Africa.

Zoological Journal of the Linnean Society 117: 141–158.

Shine R. 1989. Ecological causes for the evolution of sexual

dimorphism, a review of the evidence. The Quarterly

Review of Biology 64: 419–461.

Skira IJ. 1980. Some population parameters and seasonal

changes in the weights of internal organs of rabbits, Oryc-

tolagus cuniculus (L.), at Macquarie. Australian Wildlife

Research 7: 235–245.

Soriguer R. 1980. El conejo Oryctolagus cuniculus en Anda-

luc�ıa occidental: par�ametros corporales y curva de crecimi-

ento. Do~nana Acta Vertebrata 7: 83–90.

Stott P, Jennings N, Harris S. 2010. Is the large size of

the pinna of the ear of the European hare (Lepus europa-

eus) due to its role in thermoregulation or in anterior

capital shock absorption? Journal of Morphology 271:

674–681.

Villafuerte R. 1994. Riesgo de predaci�on y estrategias defen-

sivas del conejo en el Parque Nacional de Do~nana. D. Phil.

Thesis, C�ordoba University, Spain.

Villafuerte R. 2002. Oryctolagus cuniculus. In: Palomo LJ,

Gisbert J, eds. Atlas de los Mam�ıferos Terrestres de Espa~na.

Madrid: Direcci�on General de Conservaci�on de la Natural-

eza-SECEM-SECEMU, 464–466.

Weiss S, Ferrand N. 2007. Phylogeography of southern

European Refugia. Dordrecht: Springer.

Williams CK, Moore RJ. 1989. Phenotypic adaptation and

natural selection in the wild rabbit, Oryctolagus cuniculus,

in Australia. Journal of Animal Ecology 58: 495–507.

Williams CK, Moore RJ. 1990. Environmental and genetic

influences on growth of the wild rabbit, Oryctolagus cuniculus

(L.), in Australia. Australian Journal of Zoology 37: 591–598.

Zunino S. 1989. Origen y distribuci�on de los conejos en

Chile. Bolet�ın del Museo Nacional de Historia Natural

(Chile) 316: 8–10.

Zuur AF, Ieno EN, Walker NJ, Saveliev AA, Smith GM.

2009. Mixed effects models and extensions in Ecology with

R. New York: Springer.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s
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Figure S1. Protocol for biometric measures in the wild rabbit: A, ear length; B, hind foot length. Drawings by
J. L�opez-Rojas.
Table S1. Ear, and hind foot lengths and body mass (mean � SD) of 999 adult male and female rabbits from
27 sites sampled across the Iberian Peninsula. NA represents populations where n = 1 and hence SD could not
be calculated.
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