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ABSTRACT

1. Understanding the biogeography of species in space and time is essential for 
the development of evidence- based conservation and management plans. In 
this paper we propose a biogeographical spatial modelling approach based 
on the favourability function, and developed under a fuzzy logic framework, 
to unravel the historical biogeography of the two European wild rabbit sub-
species, Oryctolagus cuniculus algirus (Oca) and Oryctolagus cuniculus cuniculus 
(Occ), in the Iberian Peninsula (IP).

2. We first reviewed published and unpublished information (PhD theses, sci-
entific papers, technical reports, etc.) on the occurrence of each rabbit 
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subspecies throughout the IP. We compiled data from 201 Iberian rabbit 
populations and from genetic information of 4348 rabbits that was used to 
identify subspecies. Only populations in which all rabbits surveyed belonged 
to one subspecies were considered in the modelling procedure.

3. We modelled rabbit subspecies’ distribution separately for populations in which 
nuclear and mitochondrial DNA sequences were available. We employed a 
trend surface analysis developed by logistic regressions, which applied the 
favourability function and fuzzy logic operations.

4. Using our approach we indentify the expansion cores from which both rabbit 
subspecies would have expanded after isolation during the last glaciations. 
Furthermore, we reveal the possible existence of a competitive exclusion zone 
between both rabbit subspecies that may have prevented their further expan-
sion. Finally, our study shows that the Oca subspecies is distributed in north- 
western areas previously attributed to Occ.

5. This assessment of the actual and historical distribution of each rabbit sub-
species may allow more specific conservation interventions, as the two sub-
species are not just genetically distinct but also ecologically and behaviourally 
different. Our methodological approach could be useful in unravelling the 
historical biogeography of other lesser- known species.

RESUMEN EN ESPAÑOL

1. Entender la biogeografía de las especies en el tiempo y el espacio es funda-
mental para el desarrollo de planes de gestión y conservación basados en la 
evidencia científica. En este artículo proponemos una aproximación de mod-
elación biogeográfica espacial basada en la función de favorabilidad, desarrollada 
bajo un marco teórico de lógica difusa para desentrañar la biogeografía histórica 
de las dos subespecies de conejo de monte, Oryctolagus cuniculus algirus (Oca) 
y Oryctolagus cuniculus cuniculus (Occ), en la Península Ibérica (PI).

2. En primer lugar revisamos información publicada y no publicada (Tesis doc-
torales, artículos científicos, informes técnicos, etc.) sobre la presencia de cada 
subespecie en la PI. Recopilamos información para 201 poblaciones ibéricas 
de conejo de monte y de la información genética de 4348 conejos que fue 
utilizada para identificar la subespecie. Para el proceso de modelación, sola-
mente se utilizaron aquellas poblaciones en las que todos los individuos 
analizados pertenecieron a una subespecie.

3. Modelamos la distribución de ambas subespecies por separado para aquellas 
poblaciones analizadas con ADN mitocondrial y nuclear. Utilizamos análisis 
de superficies de tendencias mediante regresiones logísticas, aplicando la fun-
ción de favorabilidad y diferentes operaciones de lógica difusa.

4. Mediante nuestra aproximación identificamos los núcleos de expansión desde 
los que ambas subespecies podrían haberse expandido después de haber estado 
aisladas en las últimas glaciaciones. Además, revelamos la posible existencia 
de una zona de exclusión competitiva entre ambas subespecies que podría 
haber impedido un mayor rango de expansión. Finalmente, nuestro estudio 
indica que la subespecie Oca se distribuiría en áreas del noroeste, anterior-
mente atribuidas a la subespecie Occ.

5. Esta evaluación de la distribución real e histórica de cada subespecie de conejo 
puede permitir intervenciones de conservación más específicas, ya que las dos 
subespecies no sólo son genéticamente distintas, sino también ecológica y com-
portamentalmente diferentes. Nuestro enfoque metodológico podría ser útil para 
desentrañar la biogeografía histórica de otras especies menos conocidas.
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INTRODUCTION

The combination of phylogenetic and spatial data, or 
phylogeography, can be used to assess how species have 
evolved in space and time (Avise 2000). Phylogeography 
is considered a part of historical biogeography, which aims 
to explain the geographic distribution of organisms ac-
cording to their evolutionary history (Sanmartín 2012). 
Although different approaches have been used to infer 
the historical biogeography of species, these approaches 
can have distinct limitations (Sanmartín 2012, Quintero 
et al. 2015). For example, the identification of genetic 
lineages through the analysis of genomic compartments 
can generate different geographical distributions 
(Ferrand 2008). Also, there may be limitations associated 
with the difficulty of attributing a geographic location to 
a particular taxonomic category (Quintero et al. 2015). 
Sometimes historical biogeography is inferred without ex-
plicit reference to an underlying statistical process model 
(Sanmartín 2012). In this sense, species’ distribution models 
based exclusively on spatial variables may reflect pure 
spatial structures derived from historical biogeographical 
processes that are functionally independent of environ-
mental factors (Rapoport 1975, Legendre 1993, Real 
et al. 2003). These models may be developed using the 
favourability function defined by Real et al. (2006). This 
function allows the integration of biogeographical analytical 
procedures into a fuzzy logic framework (Zadeh 1965, 
Bojadziev & Bojadziev 1995), which provides great potential 
to address different ecological and biogeographical issues 
(Acevedo & Real 2012). This approach has been success-
fully used in species’ distribution and macroecology studies 
(e.g. Cheung et al. 2005, Acevedo et al. 2012, Chamorro 
et al. 2021).

A detailed knowledge of the geographical and historical 
distribution of a species can be useful to determine its 
current spatial range and to predict its possible future 
distribution (Acevedo et al. 2012). Historical biogeography 
can also be used to assist in the development of evidence- 
based conservation and management plans for species in 
need of protection, particularly those facing significant 
conservation and management challenges (Elith et al. 2006, 
Muñoz & Real 2006). One such species is the European 
wild rabbit Oryctolagus cuniculus, a native to the Iberian 
Peninsula (IP), and a multifunctional keystone species in 
the Iberian Mediterranean ecosystem (Delibes- Mateos 
et al. 2007). Although the rabbit was historically abundant 
in the IP, populations declined sharply during the last 
decades due to habitat loss and the impact of viral dis-
eases. This decline has been so pronounced that the 
International Union for Conservation of Nature (IUCN) 
recently classified the European rabbit in its native range 
as Endangered (Villafuerte & Delibes- Mateos 2019).

In the IP, there are two distinct rabbit genetic lineages 
that have been linked to two rabbit subspecies: Oryctolagus 
cuniculus algirus (Oca) and Oryctolagus cuniculus cuniculus 
(Occ; Branco et al. 2000, 2002). These lineages differ ac-
cording to multiple genetic markers (Branco et al. 2000, 
Ferrand 2008, Geraldes et al. 2008). Although Occ has 
been introduced throughout the world by humans 
(Corbet 1994, Ferrand 2008), both rabbit subspecies coexist 
naturally only in the IP. Molecular studies conducted in 
the 1990s and 2000s showed that the two rabbit subspe-
cies occur in distinct areas in the IP: Oca can be found 
in the south and west of the peninsula, Occ in the north- 
east; and both subspecies’ geographic ranges overlap in 
the central region that intersects the IP from north- west 
to south- east, regarded as a natural contact zone (Branco 
et al. 2000, Geraldes et al. 2008, Fig. 1).

According to some authors, the differences in the dis-
tribution of the rabbit subspecies in the IP may have 
emerged because of isolation during the late Pleistocene 
glacial and interglacial periods, approximately two million 
years ago (Branco et al. 2000, 2002). Branco et al. (2002) 
hypothesised that Oca populations expanded from the 
south of the IP through two main routes: one occurring 
northward and a second north- eastward. According to 
these authors, Occ became isolated in the east and north- 
east of the IP from where it spread westward (Branco 
et al. 2002; Fig. 1).

Although Branco et al. (2002) hypotheses of geographi-
cal expansion and competitive interactions are plausible, 
they have not been tested using robust biogeographical 
spatial modelling. Moreover, the actual distribution of the 
two wild rabbit subspecies in the IP has not been mapped 
accurately. In this paper, we propose a more robust spatial 
biogeographical modelling approach based on the favour-
ability function and fuzzy logic, to: 1) map the distribution 
of the two rabbit subspecies in the IP, using a larger 
sample size and greater spatial coverage than in previous 
studies; 2) explicitly delimit the transition zone between 
both historical rabbit subspecies’ distributions; 3) identify 
the historical population core (HPCs) areas from which 
each rabbit subspecies would have expanded after isolation 
during the last glacial period; and 4) evaluate the subspe-
cies’ potential spatial interactions during the expansion 
process.

METHODS

Compilation of rabbit subspecies data

We compiled data from a total of 201 rabbit populations 
throughout the species’ native geographic range in the IP 
(see Appendix S1). Most of these populations (n = 185) 
have been sampled by our research team (1989– 2011) as 
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a part of several ecological and behavioural studies. The 
rabbit subspecies in each study was identified by the au-
thors of the published scientific articles, unpublished PhD 
theses, and scientific- technical reports (see Appendix S1). 
The mean number of animals sampled in each population 
was 22 (range: 4– 102), totalling 4348 individuals 
(Appendix S1). In each of the afore- mentioned popula-
tions, all individuals were assigned to one of the subspecies 
by means of genetic analyses using at least one of the 
three diagnostic loci located on cytochrome b (mitochon-
drial DNA; mtDNA) and/or on the X and Y chromosomes 
(nuclear DNA; nucDNA). Full descriptions of molecular 
analyses can be found in Branco et al. (2000) and Geraldes 
et al. (2006, 2008).

Although the range of the European rabbit within the 
IP, without the influence of humans, is affected by eco-
logical and historical factors, human- induced translocations 
of rabbits have resulted in the movement of thousands 
of rabbits over the past few decades (Carro et al. 2019). 
The translocations were attempts to recover stocks heavily 
depleted by viral diseases and habitat loss, and were con-
ducted either to increase hunting opportunities or to feed 
predators of conservation concern (Delibes- Mateos 
et al. 2008, Carro et al. 2019). Rabbits of one subspecies 
have been released often in the distribution area of the 
other without considering their origin, likely contributing 
to obscuring the original distribution of both rabbit sub-
species in some areas of the IP (Delibes- Mateos et al. 2008). 
To avoid this effect of translocations on rabbit subspecies’ 
distributions, our modelling procedure was based exclu-
sively on rabbit populations in which all the individuals 

that were sampled belonged to a single subspecies accord-
ing to their mtDNA or nucDNA, i.e. ‘pure populations’ 
(n = 123; see Appendices S1 and S2). In our modelling 
exercise we thus assumed that these populations best reflect 
the original geographic distributions of the two rabbit 
subspecies, as suggested in previous studies (Branco 
et al. 2000, Geraldes et al. 2006, 2008). Populations con-
taining concurrent presence of Occ and Oca rabbits, and 
that hence may also contain Occ*Oca hybrids, (hereafter 
‘mixed populations’; Appendices S1 and S3), were subse-
quently used to validate the predictions of the spatial 
distribution models (see below). For our analyses, we used 
Universal Transverse Mercator (UTM) 10 × 10 km grid 
squares as operational geographic units (OGU, n = 6041 
squares in the IP). Each rabbit population (pure or mixed) 
was assigned to its corresponding UTM square.

Trend surface analysis

Based on purely spatial variables (i.e. latitude and lon-
gitude), and their polynomial combinations, the trend 
surface analysis (TSA) delimits the geographical universe, 
which reflects the history of ecological interactions af-
fecting a species or, in our case, a subspecies 
(Legendre 1993, Real et al. 2003). Thus, this spatial 
pattern can be associated with historical events and 
population dynamics, reflecting the historical distribution 
of a subspecies once any ecological- environmental factor 
has been excluded from analyses. We followed a third- 
degree TSA approach, a flexible approximation recom-
mended for exploring ecological phenomena occurring 

Fig. 1. Natural contact zone between rabbit subspecies between the white dashed lines that delimit the overlapping geographic ranges of Oryctolagus 
cuniculus algirus (Oca) and Oryctolagus cuniculus cuniculus (Occ) in the Iberian Peninsula, as proposed by Geraldes et al. (2008). Pale shaded areas 
represent putative glacial refugia and arrows represent dispersal routes hypothesised by Branco et al. (2002). The location of the Iberian Peninsula in 
Europe is highlighted in the bottom- right corner. Satellite image was obtained from ‘Google Base Map Satellite’ in QGIS.
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at the scale of the study area (Legendre & Legendre 1998). 
The TSA was based on X and Y average UTM coordi-
nates and their third- order polynomial combinations for 
each 10 × 10 km square, and was applied independently 
for each rabbit subspecies. Relationships between rabbit 
subspecies’ presence/absence data and the set of spatial 
variables were examined through backward stepwise lo-
gistic regression models, a commonly used supervised 
machine learning algorithm; a 0.05 significance threshold 
was used for the inclusion of the variables and 0.10 for 
their exclusion (Acevedo et al. 2012).

The geography of the IP overlaps with three UTM 
zones (29, 30 and 31), which implies different coordinate 
values and therefore potential biases in TSA results if 
coordinates from only one UTM zone were used. 
Accordingly, we fitted a logistic regression model for 
each UTM zone (i.e. for each population, we obtained 
the corresponding coordinates values of each UTM zone 
to develop TSA), DNA type and rabbit subspecies. In 
other words, we fitted a total of six logistic regression 
models for each subspecies: three mtDNA models (for 
UTM zones 29, 30 and 31) and three nucDNA models 
(for UTM zones 29, 30 and 31). Each of these models 
provided a value of occurrence probability (P) in each 
10 × 10 km square. Finally, for each subspecies- DNA 
combination, we assembled a single model by choosing, 
for the squares of a given UTM zone, the P values 
provided by the model based on coordinates of that 
UTM zone (Appendix S2).

Spatial favourability

We applied the Favourability Function to turn probabilities 
into favourability values (F, ranging from 0 to 1), which 
are independent of sample prevalence (Real et al. 2006, 
Acevedo & Real 2012):

where n1 and n0 are, respectively, the number of presences 
and absences with regard to populations of the modelled 
rabbit subspecies, and P is the probability of 
occurrence.

Favourability values can be regarded as the degree of 
membership of the localities to the fuzzy set of sites with 
conditions that are spatially favourable for the species (sub-
species in our case). Unlike other biogeographical methods 
based on probability or suitability values, favourability values 
are not affected by the prevalence of the subspecies in the 
study area, and allow direct comparisons and/or combina-
tions between models using fuzzy logic operations (Acevedo 
& Real 2012). We applied the fuzzy union (i.e. the maxi-
mum value between favourabilities; Zadeh 1965) to combine, 

in a single map for each subspecies (FOca and FOcc), the 
spatial favourability models obtained independently for 
mtDNA and nucDNA (Appendix S3). Final maps for each 
subspecies (FOca and FOcc) were used to identify the his-
torical boundaries of their geographic ranges and their cores, 
utilising different fuzzy logic concepts applied to biogeog-
raphy, which are detailed below.

Favourability model assessments were based on classi-
fication and discrimination capacities. Classification capac-
ity was evaluated by the correct classification rate, sensitivity, 
specificity (Fielding & Bell 1997), under- prediction rate, 
overprediction rate (Barbosa et al. 2013) and Cohen’s 
kappa (Cohen 1960), using the favourability value of 
F = 0.5 as classification threshold. Discrimination capacity 
was evaluated using the area under the curve of the re-
ceiver operating characteristic (Lobo et al. 2008), which 
takes into account all possible favourability thresholds.

To validate the predictions of spatial favourability 
models conduced for each rabbit subspecies, we used 
the mixed rabbit populations. We used simple linear 
regression models to assess whether the percentage of 
individuals belonging to each subspecies at the popula-
tion level (hybrid individuals were excluded from these 
analyses) can be predicted by the spatial favourability 
value (FOca and FOcc) estimated for its corresponding 
UTM square. These relationships were tested at the DNA 
level for each subspecies.

Transition zone between rabbit subspecies’ 
distributions

We used the concept of fuzzy difference between fuzzy 
distributions to identify the transition zone between the 
distributions of both rabbit subspecies (Olivero 
et al. 2013). In particular, we used an adaptation of 
the concept ‘symmetric difference’ (see Alsina & 
Trillas 2005) to create fuzzy biotic boundaries. This 
adaptation was developed by Olivero et al. (2013) to 
identify the biogeographic transition zone (BTZ) between 
two neighbouring regions. We then calculated the BTZ 
as follows:

where BTZ is the degree of membership of each OGUi 
(each 10 × 10 UTM km square in our study) to this tran-
sition zone, and FOca(OGUi) and FOcc(OGUi) refer to the 
values of FOca and FOcc, respectively, at this OGUi. We 
set a threshold value of BTZ ≥0.8 as a high degree of 
membership of the OGUs to the BTZ. This threshold is 
analogous to the one frequently established to define areas 
of high favourability (F ≥ 0.8, whereas F < 0.2 defines low- 
favourability areas; e.g. Muñoz & Real 2006, Chamorro 
et al. 2021).

F =
P

1 − P
∕

(

n1

n0

+
P

1 − P

)

BTZ = 1 − ∣ FOca
(

OGUi

)

− FOcc

(

OGUi

)

∣
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Historical population cores

We defined the HPCs as regions without any interfer-
ence from the distribution of one subspecies over the 
other. Therefore, we would expect that in these HPCs 
there was no gene flow between the two rabbit subspe-
cies, which certainly was the case during the Pleistocene 
isolation in glacial refugia (Branco et al. 2000, 2002). 
Consequently, our approach could be used as an inde-
pendent line of evidence to delineate these ancestral 
distribution areas. Such areas represent the isolation 
cores from which the expansion of both rabbit subspe-
cies took place once the environmental conditions became 
favourable for them. To assess HPCs, we defined the 
spatial favourability difference as the absolute values of 
the symmetric difference between FOca and FOcc estimated 
by the expression:

which measures the degree to which a certain OGUi is a 
member in the spatially favourable area for one subspecies 
more than in the intersection between both spatially fa-
vourable areas (Olivero et al. 2013). Accordingly, higher 
values for this expression identify regions that are free 
from interferences from the other subspecies, i.e. this sym-
metric difference matches our definition of HPCs. We 
used a threshold value of 0.75 for considering that the 
|SFD| indicates the existence of an HPC. Above this thresh-
old, the favourability for one subspecies is maximum (at 
least 0.75), and also at least four times higher than the 
favourability for the other subspecies. This is mathemati-
cally analogous to the 4:1 odds resulting from the threshold 
value of 0.8 commonly used to define high- favourability 
areas (see above).

Competitive exclusion between rabbit 
subspecies

We calculated the fuzzy intersection (FOca∩FOcc) between 
rabbit subspecies’ spatial favourability (Appendix S3; i.e. 
the minimum favourability value for the two subspecies at 
any given location; Zadeh 1965), to identify the fuzzy set 
of areas simultaneously favourable for them (Acevedo 
et al. 2010). In particular, fuzzy intersection values were 
grouped into three categories of shared favourability: low 
shared favourability, i.e. areas that are unfavourable for at 
least one subspecies (FOca∩FOcc < 0.2); intermediate shared 
favourability, i.e. areas with favourability values higher than 
0.2 for both species but with intermediate favourability for 
at least one subspecies (0.2 ≥ FOca∩FOcc < 0.8); and high 
shared favourability, i.e. areas that have high favourability 
for both subspecies (FOca∩FOcc ≥ 0.8). We established the 
following theoretical assumptions so as to identify areas 

where competitive exclusion would be more likely to occur 
(Acevedo et al. 2010, Chamorro et al. 2021, Real et al. 
2022). We expected no interaction between rabbit subspe-
cies in unfavourable areas for at least one subspecies, where 
spatial exclusion would occur. Coexistence was expected in 
areas of high shared favourability. Therefore, competitive 
exclusion would only occur in areas with intermediate shared 
favourability values, and the direction of spatial exclusion 
would be determined by the most favoured subspecies 
(Acevedo et al. 2010, Chamorro et al. 2021, Real et al. 
2022). In those areas, we defined two ranges of exclusion 
intensity based on the absolute value of spatial favourability 
difference (|SFD|) between both rabbit subspecies. This 
means that the competitive exclusion intensity would be 
higher in intermediate shared favourability areas where 
|SFD| > 0.2 (i.e. both subspecies have spatial favourability 
values >0.2, and the dominant subspecies has spatial fa-
vourability values at least 0.2 higher than the other subspe-
cies), and lower where |SFD| < 0.2 (i.e. both subspecies have 
spatial favourability values ≥0.2, and one of the subspecies 
has slightly higher favourability values than the other).

We used the statistical software SPSS 23 (SPSS Inc., 
Chicago, IL, USA) to calculate the logistic regression 
models of the TSA, to conduct simple regressions, and 
to convert logistic probabilities into spatial favourability. 
Maps were generated using the open- access software Qgis 
3.4.8 (QGIS Development Team 2019; https://www.qgis.
org).

RESULTS

Close to 60% of the sampled rabbit populations included 
individuals belonging to both rabbit subspecies together 
and, therefore, were not used to build the models but 
to validate them. This figure was similar for popula-
tions in which mtDNA was analysed (56%), and those 
in which nucDNA was considered (60%; more details 
in Appendices S1 and S3). Analysis of mtDNA revealed 
23 populations with only Oca rabbits and 52 popula-
tions with only Occ rabbits, while nucDNA analysis 
showed 22 pure populations of Oca and 26 of Occ 
(Appendix S1; Fig. 2). Oca populations were located in 
south- western Iberia, while Occ occurred in north- eastern 
areas (Fig. 2).

According to Hosmer and Lemeshow (2000), spatial 
favourability models for both rabbit subspecies had ‘ex-
cellent’ discrimination values (area under the curve ≥0.8). 
The classification power of the models was acceptable, 
as Cohen’s kappa values were positive, correct classifica-
tion rate values were >0.5 and under- prediction rate 
values were <0.002. Appendix S4 shows the evaluation 
criteria for the spatial favourability model of each rabbit 
subspecies. Simple linear regressions showed a significant 

∣ SFD ∣ = ∣ FOca
(

OGUi

)

−FOcc
(

OGUi

)

∣

 13652907, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

am
.12306 by C

bua-C
onsorcio D

e B
ibliotecas, W

iley O
nline L

ibrary on [19/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.qgis.org
https://www.qgis.org


7

European rabbit subspecies biogeography in IberiaF. Díaz- Ruiz et al.

Mammal Review 53 (2023) 1–14 © 2022 The Authors. Mammal Review published by Mammal Society and John Wiley & Sons Ltd. 

positive relationship between the percentage of individu-
als belonging to each rabbit subspecies and the spatial 
favourability for the corresponding subspecies, indepen-
dently of the type of DNA molecule considered (Oca: 
mtDNA: R2 = 0.69, P < 0.001, nucDNA: R2 = 0.59, 
P < 0.001; Occ: mtDNA: R2 = 0.67, P < 0.001, nucDNA: 
R2 = 0.61, P < 0.001; Fig. 3). This validates the spatial 
favourability models.

The width of the BTZ ranged between 67 and 144 km 
and it had a sigmoid shape. It ran obliquely across the 
IP, from the northernmost central region to the south-
ernmost eastern region (Fig. 4). The BTZ delimits the 
spatially favourable areas for each rabbit subspecies, which 
correspond to the potential historical distribution of both 
subspecies (Fig. 4).

The HPC of each rabbit subspecies was associated with 
the current lower sections of a great Iberian river and its 
estuaries, bordering coastal areas (Fig. 4). In particular, 
the HPC of Oca was located at the bottom of the 
Guadalquivir River valley, southern IP, whereas the HPC 
of Occ was linked to the lower section of the Ebro River 
valley in northern Spain.

Intermediate shared favourability areas (i.e. 
0.2 ≥ FOca∩FOcc ≤ 0.8) delimited a large area in central- 
southern IP where gradual competitive exclusion between 

both rabbit subspecies could have occurred (Fig. 5). The 
competitive exclusion area included most of the BTZ (only 
the northernmost region of BTZ was excluded, because 
it was spatially unfavourable for both subspecies; Fig. 5) 
where the exclusion intensity would have been lower 
(|SFD| < 0.2), and two bordering bands where the intensity 
of exclusion of one subspecies over the other would have 
been higher (|SFD| ≥ 0.2; Fig. 5). The area where Oca 
would have excluded Occ was larger than the area where 
Occ would have excluded Oca (Fig. 5).

DISCUSSION

Our study shows that there are distinct core and expansion 
zones for each rabbit subspecies in the IP. These correspond 
to the areas that were accessible for each subspecies via 
dispersal after the last glacial maximum, suggesting that 
the zones must have been ecologically and evolutionarily 
relevant for them (Barve et al. 2011, Acevedo et al. 2012). 
Conservation efforts should be particularly focused on these 
areas, as there should be an emphasis on the preservation 
of ecological- evolutionary processes. This is especially im-
portant for Oca subspecies, which is only found in the IP 
(and on a few islands), where populations are mostly de-
clining (Vaquerizas et al. 2020). Besides this, our results 

Fig. 2. Geographic distribution of rabbit populations reviewed in this manuscript for which all the individuals belonged exclusively to one of the rabbit 
subspecies: Oryctolagus cuniculus algirus (Oca) and Oryctolagus cuniculus cuniculus (Occ). Diamonds and circles represent populations in which 
mitochondrial DNA markers and nuclear DNA markers were analysed, respectively. An identification code is shown for each population (see Appendix S1 
for details of populations). Populations in which both DNA molecules were analysed are highlighted by * and represented by diamonds overlapping 
circles. Satellite image was obtained from ‘Google Base Map Satellite’ in QGIS.
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indicate that the relevant areas for each subspecies can be 
broken down into core areas, expansion areas, and transi-
tion zones. Furthermore, transition zones are made up of 
areas where competitive exclusion keeps each subspecies 
separate, as well as other transition areas that are spatially 
unfavourable for both subspecies.

Branco et al. (2000, 2002), Ferrand (2008) and Geraldes 
et al. (2006, 2008) already pointed out that the two 
rabbit subspecies have different distribution areas, which 
roughly coincide with our spatially favourable areas. 
Those efforts resulted in independent maps for each 
genomic compartment. The framework employed here, 
based on a much larger sample size than previous stud-
ies (in terms of both number of populations and number 
of rabbits sampled), has allowed us to obtain a single 

distribution map for the two rabbit subspecies by com-
bining the results of the spatial distribution of nucDNA 
and mtDNA data. Fuzzy logic has been instrumental 
for this purpose. We have also provided new insights 
into the location of glacial refugia and transition zones, 
and into the role of competitive exclusion in shaping 
the current distributions of the subspecies (see below 
for a detailed discussion).

Our findings show that the rabbit subspecies’ spatial 
favourability predicts the prevalence of each subspecies at 
the population level, regardless of the DNA data consid-
ered. This means that rabbit populations in which one 
of the subspecies predominated over the other were located 
in UTM squares of higher spatial favourability for the 
predominant subspecies.

Fig. 3. Linear regressions between the favourability of each rabbit subspecies (Oryctolagus cuniculus algirus in the upper panel and Oryctolagus 
cuniculus cuniculus in the lower) and the proportion of rabbits that belonged to each subspecies according to the DNA molecule analysed. Populations 
in which all rabbits were exclusively from one subspecies (i.e. pure populations) were not included in this analysis, since they were used to build spatial 
favourability models (see Appendices S1 and S2 for more details about sampled populations).
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Identification of the transition zone to delimit 
the distribution of both rabbit subspecies

Delimiting the transition zone between the rabbit subspe-
cies’ ranges is helpful for explicitly identifying their his-
torical range. Our BTZ roughly coincides with the hybrid 
zone proposed by Geraldes et al. (2008), which was the 
most accepted to date of previous studies on rabbit sub-
species (e.g. Carneiro et al. 2013, Ferreira et al. 2015, 
Rafati et al. 2018). Nevertheless, our results place the 
northernmost extreme of the transition zone between both 
subspecies ~100 km to the east (Fig. 4) of the previous 
hybrid zone. This difference is mainly due to the fact 
that our study included new populations for this area. 
This suggests that the historical range of Oca included a 
larger area in north- western IP than previously described 
(Geraldes et al. 2008).

The postglacial dispersion proposed by Branco 
et al. (2002) for each rabbit subspecies is in agreement 
with our findings. Oca seems to have followed two main 
expansion routes from the southernmost region of the 
IP: northward to central IP, and north- westward to the 
north- western corner of the IP following the western 
coastal region (Branco et al. 2002). This second route 

would have allowed Oca to colonise the most north- 
western region of the IP, as there are no strong geographic 
barriers that would have prevented its expansion. 
Conversely, it would have been difficult for Occ to reach 
the north- western corner of the IP, because of the pres-
ence of Cantabrian Mountains, an inhospitable region 
for rabbits that could have hindered rabbit genetic ex-
change between the north- west and the north- east regions 
(Branco et al. 2002). As mentioned, the location of the 
transition zone in the Cantabrian Mountains is more 
displaced to the east than previously suggested (Geraldes 
et al. 2008). In fact, the northernmost populations identi-
fied by Geraldes et al. (2008) as belonging to Oca sub-
species are on the wrong side of the hybrid zone, but 
on the right side of our BTZ. Our BTZ is also in agree-
ment with that proposed by Ferrand (2008), particularly 
with the results based on the Y- chromosome. Nevertheless, 
the precise location of the contact zone in the north 
requires further molecular work for confirmation or 
refutation of our findings.

The information reviewed here also confirms that the 
recent occurrence of rabbits of one subspecies in the his-
torical range of the other is common, although each sub-
species still predominates in its respective historical 

Fig. 4. Historical biogeographical distribution of European rabbit subspecies in the Iberian Peninsula obtained by the symmetric difference of their 
spatial favourability models (Appendix S2). Mid- grey squares represent the biogeographical transition zone (BTZ) between the historical distributions 
of Oryctolagus cuniculus algirus (dark grey squares) and Oryctolagus cuniculus cuniculus (light grey squares). HPC are represented for each subspecies 
in their respective historical distributions. The current positions of the Guadalquivir and Ebro Rivers are represented. Sampling units are 10 × 10 km UTM 
squares. Satellite image was obtained from ‘Google Base Map Satellite’ in QGIS. See Fig. 1 for the scale and position of the Peninsula within Europe.
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geographical range as defined in our study (Fig. 3; 
Appendix S3). Natural contacts between both rabbit sub-
species are more likely in localities close to the BTZ, 
especially in the central IP where genetic differentiation 
is lower and follows a genetic cline (Carneiro et al. 2013, 
Rafati et al. 2018).

The drastic decline in rabbit populations since the 
mid- 20th Century has led to rabbit restocking becoming 
a common practice in the IP. Restocking is done to 
increase rabbit numbers, because rabbits are one of the 
main game species in both Spain and Portugal, and 
because they are essential for the conservation of some 
iconic Iberian predators. This common management ac-
tion has been previously proposed as a plausible expla-
nation for the distribution of mixed populations outside 
the natural contact zone (Branco et al. 2000, Moreno 
et al. 2004, Delibes- Mateos et al. 2008, Ferrand 2008). 
Delibes- Mateos et al. (2008) demonstrated the existence 
of uncontrolled rabbit translocations in different locali-
ties of the IP. More recently, Piorno et al. (2015) dem-
onstrated that the presence of both rabbit subspecies in 
the north- western corner of Spain, previously considered 
to be a natural transition zone (Geraldes et al. 2008), 
is due to human translocations of Occ for hunting 

purposes. Thus, most populations we analysed in this 
region included both Oca and Occ rabbits, with a general 
predominance of the former.

Glacial refugia inferred from HPCs

We identified two HPCs where the symmetric difference 
between the favourability for each genetic lineage, and thus 
the genetic isolation between the two rabbit subspecies, 
was maximum. These HPCs could logically correspond to 
their glacial refugia. In fact, our HPCs broadly agree with 
the glacial refugia proposed by Branco et al. (2000, 2002), 
who located them in large areas in the north- east and the 
Mediterranean coast of the IP for Occ, and in the south- 
west for Oca. This agreement suggests that our approach 
may be useful to identify glacial refugia of other species 
for which detailed phylogeographical studies are lacking 
(Gómez & Lunt 2007). The degree of similarity between 
the refugia described in this study and those proposed by 
Branco et al. (2000) is higher for Oca than for Occ (Figs 1 
and 4). Glacial refugia identified in this study share two 
common features. On the one hand, they were located 
near coastal areas and associated with low stretches of 
rivers and estuaries (that is, low- elevation areas), which 

Fig. 5. Competitive exclusion areas between rabbit subspecies obtained using the fuzzy intersection (FOca∩FOcc) between the two rabbit subspecies’ 
spatial favourability models (Appendix S2) and the absolute value of their difference (|SFD|). Competitive exclusion intensity is higher where |SFD| > 0.2 
and lower where |SFD| < 0.2. Sampling units are 10 × 10 km UTM squares. Oca refers to Oryctolagus cuniculus algirus and Occ to Oryctolagus cuniculus 
cuniculus. The northernmost area of the BTZ is spatially unfavourable for both subspecies. Satellite image was obtained from ‘Google Base Map 
Satellite’ in QGIS. See Fig. 1 for the scale and position of the Peninsula within Europe.
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would have been climatically more stable than other areas, 
allowing the persistence of temperate taxa during more 
extreme climatic conditions (O’Regan 2008). On the other 
hand, both glacial refugia show a remarkable continuity 
with the continental shelf of the eastern (Mediterranean) 
and western (Atlantic) coasts (Fig. 4), which emerged dur-
ing the last glacial maximum, contributing to the persistence 
of lagomorphs and allowing suitable conditions for dispersal 
events (Laplana et al. 2015). Known fossils of Oryctolagus 
cuniculus are compatible with our hypothesis, but are not 
conclusive (López- Martínez 2008).

Competitive exclusion as a biological barrier 
for expansion

Our study differentiated two areas in the BTZ in which 
the expansion process would have been halted due to 
different reasons. Our results suggest that the level of 
interaction between both rabbit subspecies would have 
been low in the northernmost region of the BTZ, where 
exclusion could have occurred due to the great distance 
to the expansion cores together with the strong geographi-
cal barriers existing in that area (see above). In contrast, 
contact between rabbit subspecies is most likely to have 
occurred in the transition zone towards central and south- 
eastern IP, supporting the idea that the major patterns 
of dispersal were towards central Iberia (Branco et al. 2002). 
This large area partially includes two parallel bands (Fig. 5), 
where the intensity of competitive exclusion between rabbit 
subspecies increases with the distance from the central 
line of the BTZ. Additionally, our results on the spatial 
interaction between both rabbit subspecies show a potential 
distribution broader than observed if competitive exclusion 
had not occurred (Fig. 4), being greater for Occ than for 
Oca (Fig. 5). This is compatible with the previously de-
scribed asymmetric genetic introgression between rabbit 
subspecies: the introgression of Occ on Oca is greater than 
vice versa (Branco et al. 2000, Carneiro et al. 2013, Alda 
& Doadrio 2014). This asymmetric introgression could be 
attributed to multiple episodes of isolation and contact 
tracking the climatic changes throughout the Pleistocene, 
prior to the current contact between the subspecies (Branco 
et al. 2002, Rafati et al. 2018). Accordingly, each rabbit 
subspecies would have acted as a biological barrier that 
hindered the expansion of the other in this area where 
both interacted. Several studies have evidenced a selection 
against hybridisation between both rabbit subspecies 
throughout their evolutionary history (Geraldes et al. 2008, 
Carneiro et al. 2010, 2013, Rafati et al. 2018). The BTZ 
would be maintained by a balance between dispersal and 
natural selection against hybrids (Carneiro et al. 2013), 
and this would mainly occur in the competitive exclusion 
areas identified in our study. Together, these lines of 

evidence explain why one rabbit subspecies did not displace 
the other and why hybrids did not spread throughout 
the IP. Recently, lower viability of hybrid populations has 
been suggested due to a decrease in the reproductive po-
tential and survival probability of hybrid individuals that 
increases over generations (Blanco- Aguiar et al. 2010, Rafati 
et al. 2018). This could be due to a combination of ge-
netic, behavioural and ecological factors acting synergisti-
cally as barriers between both rabbit subspecies that would 
be immersed in an advanced speciation process (Rafati 
et al. 2018).

Conclusions and management implications

Historical biogeography is a field in continuous develop-
ment, in which new methodological approaches are being 
incorporated in order to deal with some limitations 
(Ebach et al. 2017). In this sense, our methodological 
approach allows: 1) the combination of information from 
different genomic compartments typically used to dif-
ferentiate between subspecies; 2) the study of their his-
torical distributions in a uniform and synthetic way; 
and 3) the reconstruction of historical distributions that 
have been artificially altered by human activities. In the 
particular case of European rabbits, our study is highly 
relevant for the management and conservation of rabbit 
subspecies (Delibes- Mateos et al. 2008, Piorno et al. 2020, 
Vaquerizas et al. 2020). The IUCN has recently classed 
the European wild rabbit as Endangered, mostly based 
on the situation within the Oryctolagus cuniculus algirus 
range (Villafuerte & Delibes- Mateos 2019). Indeed, a 
recent study has revealed stronger negative population 
trends in the range of this subspecies than in the Iberian 
range of Oryctolagus cuniculus cuniculus (Vaquerizas 
et al. 2020). Our study contributes to the identification 
of the historical range of Oca, where further efforts 
should be made to conserve this subspecies. More spe-
cifically, a management model that includes stricter 
control of rabbit restocking activities is needed in the 
range of Oca, particularly in its HPC. Effective regula-
tion is clearly dependent on a good understanding of 
the distribution of the two subspecies, and our study 
contributes to that. It is remarkable that endemic Iberian 
predator species of conservation concern, such as the 
Iberian lynx Lynx pardinus and the Spanish imperial 
eagle Aquila adalberti, occur mostly in the range of this 
Oca and feed mostly on this subspecies (Palomo 
et al. 2007). Setting management models separately for 
each subspecies is particularly important because of the 
increasing evidence for their genetic, biometrical, be-
havioural and ecological differences (Ferrand 2008, 
Ferreira et al. 2015, Rafati et al. 2018), which even have 
led some researchers to raise the question of whether 
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they should be considered as two well- separated species 
(e.g. Delibes- Mateos et al. 2018).

More broadly, our study highlights the usefulness of the 
combination of genetic analyses (i.e. subspecies identifica-
tion) and spatial biogeographic models based on fuzzy logic 
for the study of the historical biogeography of subspecies. 
The consistency of our results with previous findings for 
this well- studied species, the European wild rabbit, makes 
us confident that our approach can be applied to other 
case studies. The application of these methods to unravel 
the historical biogeography of other taxa would help to 
increase knowledge of their evolutionary history, which is 
particularly critical for those species and territories that 
face strong conservation and management challenges.
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