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One of the world’s most recognizable domestic animals is the rabbit,
domesticated from the European rabbit. Domestication can drive
morphospace expansion into novel phenotypes not observed in their wild
counterparts; the consequences of feralization are less understood. Through
these processes, we examine how humans have inadvertently driven great
morphological change in this species. Characterizing skull morphological
variation in a global sample of 912 wild, feral and domesticated specimens,
we show that both domestication and feralization of rabbits have resulted
in novel morphologies that leverage evolutionary patterns ubiquitous
in the leporid clade: allometry and facial tilt are the principal axes of
variation in rabbits as seen across species of Leporidae. However, rabbits
diversified into regions of morphospace not explored by other species
of their family. Although feralization of rabbits cannot be regarded as
a ‘reversal’ to the wild form, we found they occupy an intermediate
position, as well as their own allometric trajectory. Such insights from
human-induced and environmentally driven morphological change of
domestics and feral animals, respectively, reveal how novel morphologies
can evolve at the macroevolutionary level. Future studies may elucidate the
evolutionary, functional and developmental drivers and constraints of the
cranial patterns observed in the rabbit.

1. Introduction
Domestication can potentially drive increased phenotypic variation expand-
ing the morphospaces with morphologies as yet unexplored by their wild
counterparts. Therefore, domesticated animals have proven important in
understanding the origins of biological diversity. Darwin recognized this
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potential in volume 1 of his 1868 book The Variation of Animals and Plants under Domestication [1]. In recent years, there has been
a surge of interest in characterizing variation in domestic breeds relative to their wild counterparts to understand the influence
domestication has on disparity (e.g. [2–10]).

Predictable morphological changes associated with domestication are called ‘domestication syndrome’ [1,11] (reviewed in
[12]). Among the commonly observed morphologies, the skull is expected to have a proportionally shorter face and smaller
brain (e.g. [13]). However, these trait transformations are not pervasive [12,14]; only certain, highly derived modern breeds
have been found to comply [12] (but see [15]). Feralization is the process by which domestic animals become established in
absentia of purposeful anthropogenic propagation [16]. Historically viewed as a reversal of domestication, it is usually studied
to understand how permanent domestication traits are for the phenotype (e.g. [17–20]). While one may expect that feral animals
will revert towards wild morphologies with subsequent generations, the limited evidence is mixed, and so it may be argued that
these are not opposite processes [16,21,22].

One of the world’s most recognizable domestic animals is the rabbit, which is domesticated from the European rabbit
(Oryctolagus cuniculus)—purportedly by French monks during the Middle Ages [23,24]. Today, rabbits are distributed across
the world, in free-ranging populations resulting from human introductions, as pets and laboratory research models, and they
are also farmed for consumption and fur [25]. Notably, they have been ecologically disastrous as invasive species in Australia
[26], Chile [27] and Argentina [28], as well as numerous Pacific islands [29,30]. Yet they are a ‘conservation paradox’, being
endangered in their native range of the Iberian Peninsula in western Europe [31]. Through domestication, and subsequent
feralization of domesticated rabbits moving into wild ecosystems, humans have inadvertently driven great morphological
change in this species. This allows researchers to address one of the fundamental questions of evolutionary biology: how does
morphological diversity arise? Digital imaging in the form of laser surface scans and X-ray computed tomography (CT), and
data sharing, have presented the first opportunity to quantify the amount of skeletal variation encompassed by rabbits from
wild, domestic and feral populations around the world, describe the primary ways they have changed and thus infer the
biological processes underlying this diversity.

In modern-day Europe, two subspecies of O. cuniculus are recognized in their native range in the Iberian Peninsula: O. c.
cuniculus and O. c. algirus. Palaeontological studies have documented the morphological and species diversity of the genus
Oryctolagus across Europe during the Pleistocene [32,33]. Modern population variation in wild O. cuniculus morphology has
been studied in several restricted geographical areas, such as the Maltese archipelago [34], Sicily/Italy [35], Las Lomas/Spain
[36], and in broader areas such as Australia [37–40], western Europe and North Africa [24,41,42]. Variation among the approxi-
mately 200 modern breeds of domestic rabbits is extensive [43] and was described in detail by Darwin [1]. Rabbit breeds and
their phenotypic diversity have also been quantified more recently [3,44,45]. Body size variation is an important finding in
many of these studies, with wild rabbits in Europe generally following Bergmann’s rule [24,42], and domesticated rabbit breeds
showing great allometric diversity [3,44]. Size variation is also reported to underlie morphological diversity patterns observed
across different ecological regions of Australia [38–40].

The European rabbit is just one member of an overlooked ecologically diverse radiation, the family Leporidae [25]. The
leporid skull has proved to exhibit great adaptive scope informing on behavioural, sensory and even locomotive evolution
of the family [46–49] and can be used as a proxy for body size [50]. This study aims to characterize the morphological
disparity of the European rabbit skull in wild, feral and domestic animals sampled globally, and contrast this disparity
with the Leporidae radiation. We sampled 912 rabbit specimens, using natural history museum collections and invasive
species control programs. We included specimens representing the wild form of the species from its contemporary native
range in Spain, Portugal and southwestern France, independent wild/feral populations and domestic animals from 20
different worldwide locations (countries, territories, islands). Applying geometric morphometric methods to quantify shape
and size variation in the skull, we assessed size-related (allometric) shape diversity that this species has acquired through
several hundred years of domestication and feralization. We examined whether domestic rabbits have predictable skull
proportions—relatively shorter face length and smaller braincase size—as hypothesized under ‘domestication syndrome’,
and if feralization has resulted in a reversion to the wild form. Finally, we used an existing dataset of 24 leporid species
encompassing all 11 modern genera [47,51] to provide an evolutionary baseline of morphological disparity with which to
compare the wild, feral and domesticated rabbit.

2. Material and methods
(a) Samples
We considered three broad categories of rabbits: ‘domesticated’, which included pets, farmed and laboratory animals; ‘wild’,
being free-ranging rabbits exclusively from the native range of O. cuniculus in the Iberian Peninsula; and ‘feral’, being free-
ranging rabbits outside of this native region, including those introduced from domesticated (usually farmed) stock as well
as likely natural migration events. Natural migration events were included in the feral group because such migrations are
usually human-aided and incorporate populations that represent stages on the domestication continuum (see [3], and references
therein).

A total of 912 specimens of O. cuniculus were sourced from natural history museum collections, mostly stored as dry
skeletons or as alcohol-preserved specimens (electronic supplementary material, table S1). The wild-type Oryctolagus from
Portugal, Spain and Southwestern France cover both subspecies, although the exact taxonomic assignment is not available for
all specimens. In Australia, whole carcasses resulting from pest control activities were also obtained (details of permits and
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collection in electronic supplementary material, table S1). Only adults were included in this study, identified by eruption of the
third molar (M3), fusion of the occiput bones and, where available, fusion of epiphyses in post-cranial skeletons.

Three-dimensional models of the skulls were obtained by structured light surface scanning or X-ray CT using several
different systems as different authors obtained these (details in electronic supplementary material, table S1). Scan data are
stored and publicly available on the online repository Morphosource (project ID: 000344715).

To compare the rabbit cranial diversity with that of the family Leporidae, morphometric data from 301 specimens from 24
species representing all 11 modern genera was taken from existing datasets [47,51]. This sample includes the speciose genera
cotton-tail rabbits (Sylvilagus), hares or jack-rabbits (Lepus), African red-rock hares (Pronolagus) and the rare, endangered species
such as southeast Asian striped rabbits (Nesolagus), southeast Asian hispid hare (Caprolagus) and South African riverine rabbit
(Bunolagus) [25].

(b) Morphometrics
All analyses were performed in the R Statistical Environment v.4.3.3 [52] using the geomorph package v.4.0.7 [53], stats package
v.4.3.3 [52] and maps v.3.4.2 [54].

To characterize the shape of the cranium, we used landmark-based geometric morphometrics. Landmarks were placed
on digital models representing the bone in Checkpoint (Stratovan). They were manually placed on the cranium using the
‘landmark’ function: 52 landmarks, including 8 semilandmarks (landmarks with no fixed position along a homologous curve),
on the cranium following [47] by different individuals (electronic supplementary material, figure S1, details in table S1).
Preliminary analysis of the same specimens digitized by different authors allowed us to ensure the procedures were the same
and therefore no variation was due to intraobserver error. Missing landmarks due to bone breakage were estimated using the
thin-plate spline method [55] implemented with the ‘estimate.missing’ function in geomorph.

The x,y,z coordinates were subjected to Procrustes superimposition [56, p. 376], which removes the effects of translation,
rotation and scale. We also considered object symmetry by computing the symmetric component of shape [57], allowing
semilandmarks of the cranial roof to slide along their tangent directions in order to minimize bending energy [58], implemented
with the ‘bilateral.symmetry’ function in geomorph. Centroid size, derived from the landmark coordinates as a measure of size,
was computed for each cranium during superimposition.

Principal components analysis of the Procrustes coordinates was used to visualize the morphospace of all 912 specimens,
using ‘gm.prcomp’ function in geomorph. Multivariate regression was used to assess the amount of cranial shape variation
attributed to allometry across all sampled specimens, where the allometric variation here is static allometry, within an age-class.
The regression score approach [59] was used to visualize the allometric relationships with natural log-transformed centroid size
for all specimens. The predicted line approach [60] was used to visualize an ANCOVA model with an interaction of cranial
size and type (wild, domesticated, feral), which allows the identification of different intercepts and slopes among groups. This
was implemented with the ‘procD.lm’ function in geomorph. To characterize the amount of morphospace occupied by each type,
the morphological disparity was calculated as Procrustes variance using the function ‘morphol.disparity’ in geomorph. Statistical
significance between wild, feral and domesticated groups was assessed through a permutation approach (999 iterations).

Braincase size, as a proxy for brain size, was calculated as the centroid size of landmarks associated with the basicranium
and cranial vault (electronic supplementary material, figure S1). Face length was measured as the interlandmark distance
between the chiasmatic sulcus (landmark 22) and nasospinale (12) (electronic supplementary material, figure S1). Linear models
using ‘lm’ function in the stats package were used to evaluate the relationship with log-centroid size.

Linear models were also used to assess the relationship between cranial size and decimal latitude for Northern hemisphere
and Southern hemisphere wild and feral rabbits. The samples were plotted on a world map using ‘map’ function of maps.

The raw landmark coordinate data of the Oryctolagus dataset were combined with the raw landmark data of the 301 leporid
specimens, and a Procrustes superimposition and PCA were performed as above to visualize the morphospace. Previously
identified principal axes of leporid morphospace [47,51] were manually overlaid onto the combined morphospace to provide
an approximate comparison for visualization only. Morphological disparity was calculated for each genus to be numerically
compared with Oryctolagus as a whole, and only the wild Oryctolagus.

3. Results
Domesticated rabbits (n = 121) occupy a much larger region of morphospace than that occupied by wild and feral rabbits
with substantial shape differences (figure 1A,B; electronic supplementary material, figure S2), which is attributed in part to
their greater size diversity (figure 1C). Overall, they have significantly higher morphological disparity than either feral or wild
rabbits (Procrustes variance, PV = 2.8 × 10–3, both p < 0.001). Feral rabbits (n = 732) also occupy a greater amount of the cranial
morphospace and are larger in size than wild rabbits (figure 1A,C), but to a lesser extent than domesticated rabbits, while being
significantly more varied than wild rabbits (PV = 1.96 × 10–3, p = 0.009). Some feral rabbits occupy a place in morphospace
intermediate to the wild and the domestic rabbits (figure 1A). Wild rabbits (n = 59) occupy a narrow region of morphospace
(figure 1A), owing in part to a narrow size range (figure 1C). They have significantly less disparity than feral or domesticated
rabbits (PV = 1.51 × 10–3, p = 0.009, p < 0.001, respectively). Permutation tests (999 iterations) for morphological disparity allow
for assessing statistical significance despite the uneven sample sizes of the three groups.

Allometry is a significant predictor of the observed cranial variation among all sampled specimens, where 16% of the shape
variance is attributed to cranial size (R2 = 0.16235, F = 185.8562, p < 0.001; figure 1C). An analysis of covariance (ANCOVA)
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modelled with the interaction of cranial size and rabbit type revealed that 2.9% of the variance is attributed to rabbit type (wild,
feral or domestic; R2 = 0.02913, F = 16.6759, p < 0.001) and there is a significant interaction (R2 = 0.01711, F = 9.7922, p < 0.001),
indicating that wild, domesticated, and feral rabbits all have different allometric trajectories describing different shape changes
with size (figure 1D; electronic supplementary material, figure S3).

The main axis of cranial shape variation (PC1, 24.6%) is strongly correlated with cranial size (Pearson’s correlation, r =
−0.78), and reveals smaller crania with relatively large braincases and short faces (PC1 max), and its inverse pattern for large
crania (PC1 min; figure 2B). PC2 (12.5%) is associated with facial tilt (the angle of the face relative to the basicranium), where
domesticated individuals demonstrate more variation and in many cases less facial tilt than wild (figure 2B). PC3 (8.1%) has no
discernible patterns relating to the three types of rabbit and is not considered further.

Braincase size and face length relative to the whole cranial size differ among wild, domesticated and feral rabbits (figure 2).
Domesticated rabbits have relatively longer faces (figure 2A) and proportionally smaller braincase than wild rabbits (figure 2B).
In both cases, feral rabbits occupy an intermediate position between wild and domestic.

Much of the morphological diversity among feral rabbits is partitioned by geographical locality (figure 3; electronic
supplementary material, figure S4). Feral rabbits from European and North African populations (figure 3B; electronic supple-
mentary material, figure S4B) occupy some of the same region of the morphospace as the wild rabbits native to the Iberian
Peninsula (figure 3A; electronic supplementary material, figure S4A), but occupy more of the morphospace through being
larger, especially in Ireland, Germany and Britain (electronic supplementary material, figure S4B). Feral populations of areas
further away from the native range occupy a larger proportion of the morphospace, particularly an area unoccupied by wild
specimens (figure 3C,D; electronic supplementary material, figure S4C and S4D). Some of the largest rabbits in this dataset are
found in Enderby Island (600 km southwest of Dunedin, New Zealand, electronic supplementary material, figure S4C), Phillip
Island (near Norfolk Island, ~1470 km east of Brisbane, Australia, electronic supplementary material, figure S4C), and Argentina
and USA (Maine and Hawaii Laysan Island; electronic supplementary material, figure S4D).

Given that feral rabbits are generally much larger than wild rabbits (figure 1C), it is necessary to consider Bergmann’s rule,
which states that populations of larger body sizes should be found in colder environments. Concomitantly, populations of
smaller body sizes will be found in warmer regions. Latitude is a commonly used variable when testing this rule, and our
sample covers a range of latitudes in both hemispheres (electronic supplementary material, figure S5A). We found that size
variation in the feral and wild rabbits varies among geographical locations but is not strictly correlated with latitude (electronic
supplementary material, figure S5B): in the Northern Hemisphere, there is no correlation between rabbit size and latitude (R2

= 0.00824, p = 0.167, slope = 0.0686); in Southern Hemisphere locations, there is a weak negative correlation (R2 = 0.0317, p <
0.001, slope = −0.247). Furthermore, Foster’s rule, where islands are expected to promote gigantism in small animals, is also not
supported by these data as many mainland localities have equally large specimens (electronic supplementary material, figure
S5C).

European rabbit (Oryctolagus) cranial diversity occupies a substantial proportion of the morphospace compared to genera
of the family Leporidae (figure 4). They appear to have diversified along a trajectory that aligns with the direction of the two
principal shape axes previously described for all species of Leporidae, marked as LPC1 and LPCA2 in figure 4A [47,51]. The

Figure 1. (A) Cranial morphospace represented by the first two principal components (PC) accounting for 37.1% of the variance, showing wild rabbits from the native
range, feral and domesticated rabbits. (B) Warped crania representing the shapes of the minima (negative PC scores) and maxima (positive PC scores) of PC1 and 2.
See electronic supplementary material, figure S2 for shape change vector graphs of each group. (C) Allometric cranial shape variation is represented by a multivariate
regression, where cranial size is the centroid size of the landmarks (here natural log-transformed). Inset: (D) allometric trajectories are different among wild, feral and
domesticated species (see electronic supplementary material, figure S3).
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breadth of variation in Oryctolagus (PC2, figure 2A) aligns with LPC1 axis (figure 4A), while the main axis of variation in
Oryctolagus (PC1, figure 1A) aligns with LPC2, which is an axis describing allometry, where the minimal extent is occupied by
the pygmy rabbit Sylvilagus (formerly Brachylagus) idahoensis [61] (figure 4A). However, European rabbits have also expanded
into unoccupied regions of the morphospace compared to the Leporidae species shown. Overall, wild, feral and domesticated

Figure 2. Face and braincase size proportions according to cranial size among wild, feral and domesticated rabbits. (A) Face length (red distance in cranial
reconstruction) versus cranial centroid size (natural log-transformed), (B) Braincase size (blue volume in cranial reconstruction) versus cranial centroid size (natural
log-transformed), with lines of best fit from separate linear models for each group.

Figure 3. Cranial morphospace represented by the first two principal components (PC) showing wild/feral rabbits (circles) and domesticated (squares), where each
panel highlights a different geographical population. (A) Wild rabbits of the Iberian Peninsula, represented by Spain, Portugal, and southwestern France. (B) Feral
rabbits from Europe and North Africa. (C) Feral rabbits from Australasian localities. (D) Feral rabbits from other world localities.
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rabbits—which are members of a single species—occupy almost as much of the morphospace as the two most specious genera
(Lepus and Sylvilagus, comprising six and five species, respectively), and more than the Pronolagus genus here comprising four
species and all other genera (figure 4B). The wild form of Oryctolagus, on the other hand, occupies a portion of the morphospace
similar in extent as the other single-species genera (figure 4B).

4. Discussion
In the relatively short time that European rabbits have been domesticated and introduced by humans far outside of their natural
geographical range of the Iberian Peninsula, they have acquired a large amount of variation in cranial shape and size (figure
1). The magnitude of morphological disparity displayed by our Oryctolagus sample is comparable to that found within speciose
genera of leporids, which is a consequence of feral and domesticated rabbits diverging into unexplored regions of leporid
morphospace (figure 4). However, the main axes of shape diversity within rabbits align with those observed among all leporids
[47], endorsing the findings that there are shared patterns of morphological integration in leporids, which facilitate and direct
morphological diversity among species and during domestication and feralization [62].

A previous study with a limited sample size of wild and domesticated rabbit specimens presented allometry as a hypothe-
sized pathway to morphological diversity [3]. Our study with a large sampling of feral specimens substantiates the conclusion
that rabbit cranial shape variation is driven at least in part by body size diversity (figure 1C,D). Among domesticates, size
variation is particularly pronounced, with rabbits typically spanning 1−9 kg (see [3], and references therein). Evolutionary
allometry, the correlation of shape with size along branches of the phylogeny, is not statistically significant in Leporidae [51]
even though allometric shape changes are a principal axis of leporid cranial shape variation (a result of the distinct shape of the
pygmy rabbit, Sylvilagus [Brachylagus] idahoensis) (LPC2, figure 4). In other mammals, on the other hand, allometric scaling is a
common pattern observed across different clades (e.g. [63]). In particular, body size scales negatively allometrically with brain
(case) size, leading to relatively large brain cases in small mammals (‘Rule of Haller’), and relatively longer faces in many larger
mammalian taxa, which is likely a consequence of functional requirements for mastication [reviewed in [64]. Diversifying along
an allometric axis in Oryctolagus conforms to the hypothesis that size constitutes an ‘evolutionary line of least resistance’ (e.g.
[65]).

Domestication and breed formation may result in increased phenotypic diversity in various species, including dogs [2], pigs
[5], cattle [6], goats [66], South American camelids [67], horses [7], chickens [8], goldfish [9] and pigeons [4]. While the disparity
in domestic rabbits is not at the magnitude seen in domestic dogs, many breeds of dog have also contributed to an expansion in
morphospace along macroevolutionary axes of cranial shape variation into regions unexplored by wild canid species [2]. More
specifically, the occupation of dogs in the morphospace of Carnivora follows—at least in part—a strong allometric gradient for
the craniofacial complex [2], a resulting major component for cranial phenotypic variation also discovered in domestic rabbits.
Besides these allometric patterns, other factors might play a role in cranial shape variation in domestics such as breed-specific
selection processes and genetic drift (e.g. [6]).

Domesticated rabbits do not fully conform to predicted cranial changes associated with the ‘domestication syndrome’ [11];
they exhibit proportionally longer faces instead of the predicted shorter faces, but they have—as predicted—proportionally
smaller braincases (figure 2). This pattern is more in line with a pervasive craniofacial allometry already well-studied in
mammals [reviewed in [64]. Brain size decrease in domesticates relative to their wild counterparts—including in rabbits—is
among the most consistent patterns in domestication [68]. Indeed, Darwin observed ‘This elongation of the skull relatively to

Figure 4. (A) Cranial morphospace of all 11 modern genera of Leporidae (24 species), showing the position of wild/feral (circles) and domesticated (squares) rabbits,
and convex hull polygons of genera (colours explained in (B)). Dotted line arrows overlaid demarcate the direction of two principal axes of Leporidae cranial variation
(LPC1 and LPC2) as described previously by Kraatz & Sherratt [47]. (B) Morphological disparity (Procrustes variance) of each genus, with the number of species in
parentheses when more than one. For Oryctolagus, disparity is calculated from all specimens, with disparity for only the wild specimens given as small inset bar.
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its breadth, I find a universal character, not only with the large lop-eared rabbits, but in all the artificial breeds; as is well
seen in the skull of the Angora … As the brain has not increased, the bony case enclosing it has not increased, and this has
evidently affected through correlation the breadth of the entire skull from end to end’ [1, pp. 116–117]. Rabbits, thus, seem to
be exceptions to the short-faced domestication expectation. As argued by Mitchell et al. [64, p. 17] the observed ‘hyperallometric
gracilisation’ of the rabbit skull is largely a product of three main factors: (i) moderation of bone resources; (ii) a range
of other, well-documented selective advantages arising from an elongate viscerocranium; and (iii) some possible secondary
developmental influences of negative braincase and orbit allometry. Further research into the biomechanics of the rabbit skull is
needed to address these aspects.

Feral rabbits occupy a size range and portion of the morphospace both intermediate between wild and domestic rabbits, but
also in large parts overlapping with them (figure 1). Despite allometric patterns describing some of the disparity, feralization in
rabbits is not morphologically predictable if extrapolated from the wild or the domestic stock (figure 1D; electronic supplemen-
tary material, figure S3). That feralization in rabbits does not simply lead to a morphological reversal to the wild form has been
described previously for an island population [69] but is a novel observation for rabbits more broadly.

The data presented here will prove valuable in gaining a deeper understanding of the extrinsic factors responsible for
morphological diversity in widespread feral populations of rabbits. So far, we understand that despite today’s great geographi-
cal spread, latitudinal gradients (Bergmann’s rule) do not appear to play a substantial role in the observed diversity (electronic
supplementary material, figure S4). Rather, human proximity and/or novel environmental conditions [70–72] in the introduced
range might influence this pattern. The greater diversity seen in the cranial characteristics of feral rabbit populations introduced
outside their allochthonous ranges, which is by trend more pronounced with increasing distance from these allochthonous
range, could be related to changes in evolutionary pressures. Exposure to different environments and predators in introduced
ranges may drive rabbit populations to evolve cranial shape traits that help them survive in novel environments as has been
shown in other species (e.g. [71,73]). This might include morphologies similar to the autochthonous population, but also specific
ones. Alternatively, rabbits may be able to express more trait plasticity when exposed to fewer evolutionary pressures in these
new environments (e.g. [74]). In particular, relaxed functional demands in habitats that are free of large predators, such as
Australia and New Zealand, might drive body size variation and thus cranial shape variation in introduced rabbits. In addition,
drift due to small founder populations might play a role in the observed patterns. The presence of rabbits on multiple islands
[29,30] provides an experimental setup to test these predictions.

Among leporids facial tilt has been found to be a prominent axis of cranial shape variation among species (LPC1, figure 4)
and is related to the degree of cursoriality [47]; more cursorial species have a more pronounced tilt of the face relative to the
basicranium. Whether this locomotory factor also explains the facial tilt variation within Oryctolagus (figure 1A) is yet to be
determined. We observe that wild rabbits have by trend greater facial tilt than many feral and domesticated specimens (figure
1A,B), which has been historically observed in some domestic rabbits [69]. Therefore, this axis of disparity requires further
research to understand if changing modes of locomotion in feral and domestic rabbits, as a consequence of varying selection
regimes, results in morphological changes to the skull seen at a macroevolutionary level.

An important caveat to our study is that it is not clear when during their historic, human-induced range expansion
throughout Europe, rabbits were domesticated and which stages on the domestication continuum are represented in the
rabbit populations introduced to Australasia, the Americas and other parts of the world. A recent genomic study on different
populations found that feral rabbits are characterized by a mixture of wild and domestic ancestry [22]. Most rabbits relocated
and introduced were ‘meat rabbits’, domesticated and bred for food [25]. Therefore, a categorical classification (‘wild, ‘domestic’
and ‘feral’) within the continuous domestication process is a statistical compromise rather than a definitive and real discretiza-
tion.

Adding to the difficulty, it is not clear if and to what extent there has been introgression of domestic rabbits into the
native ‘wild’ population in the autochthonous range. Therefore, shape variation among the investigated rabbit populations
should not be considered as directionally aligned categories, leading from ‘wild’ in the native range to ‘domestic’ to ‘feral’ in
the introduced ranges, but rather more fluidly and non-directional, with populations that have been more or less shaped by
artificial selection (intentional or not). However, it is clear from the data presented here that there are distinct morphological
consequences of domestication and feralization that stand these animals apart from rabbits sourced from the original home
range. Further studies could include archaeozoological rabbit remains to further investigate pre-domestication wild morpho-
types.

In conclusion, this study has shown that domestication and feralization of O. cuniculus, in concert with the colonization
of new habitats and environments, has leveraged evolutionary patterns (and probably associated processes) ubiquitous in the
leporid clade. Our study adds evidence to the hypothesis that domestication drives increased phenotypic variation expanding
the morphospaces with morphologies yet unexplored by their wild counterparts or other species of the family. We also provide
new inferences on the consequences of feralization, which in the case of rabbits is not necessarily a return to the wild form.
Feral rabbits might exhibit morphologies as seen in domesticated or wild forms, but may also exhibit intermediate ones. Such
knowledge provides insights into how novel morphologies can evolve at the macroevolutionary level. Future studies may
elucidate the evolutionary, functional and developmental drivers and constraints of the specific cranial shape patterns observed
in the rabbit.

Ethics. Invasive rabbits collected under the following ethics permits. Pat Taggart, NSW DPI Orange NSW 2800 ORA 19/22/020; Peter Elsworth,
DAF, BQ Toowoomba QLD 4350 CA 2019/06/1288; Susan Campbell, WA DPI Albany WA 6330 AEC 18/5/12; Emma Sherratt, Adelaide SA 5000
AECS11/2020.
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