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Abstract
Islands provide powerful systems for studying morphological evolution, and although body size evolution in insular mam-
mals is well documented, less is known about how integrated cranio-mandibular traits respond to the combined effects of 
environmental variation and geographic isolation. Here, we examine cranial and mandibular variation in house mice (Mus 
musculus domesticus) from the Canary Islands, a system characterised by repeated colonisation events and marked eco-
logical heterogeneity. Using geometric morphometrics, we assess cranio-mandibular shape across the archipelago within 
an integrated morphological framework. Cranio-mandibular integration is evaluated using partial least squares, while the 
relative contributions of environmental and geographic factors are quantified using variation partitioning analyses. Body 
size varied significantly among islands but showed no clear geographic pattern. In contrast, cranial and mandibular shape 
exhibited strong population differentiation largely independent of size, with pronounced geographic structuring. Despite 
a strong signal of integration, localised shape changes were also evident, most notably affecting the coronoid process. 
Variation partitioning analyses revealed that both geographic structure and environmental heterogeneity contributed sig-
nificantly to cranial and mandibular shape variation, although geographic factors consistently accounted for a larger pro-
portion of morphological differentiation. These findings indicate that cranio-mandibular evolution in insular mice reflects 
responses to environmental variation and geographic structure, with morphological integration modulating these effects, 
and suggest a potential role for localised functional adaptation, phenotypic plasticity, and colonisation history. Overall, our 
results highlight the importance of jointly considering spatial and environmental drivers within an integrated framework 
to understand morphological evolution in island systems.
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Skull evolution in Canary Island mice reflects responses to geography 
and environment shaped by morphological integration
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Introduction

The house mouse (Linnaeus 1758) is a well-established 
model organism in evolutionary, ecological, genetic, and 
biomedical research, and one of the most widely distrib-
uted mammal species. It is thought to have originated in the 
northern part of the Indian subcontinent, where it diverged 
into three widely recognised subspecies (Mus musculus 
musculus, Mus musculus domesticus, and Mus muscu-
lus castaneus) approximately 226,000-187,000 years ago 
(Guénet and Bonhomme 2003; Fujiwara et al. 2022). Owing 
to its ancient commensal relationship with humans, the 
house mouse dispersed from its ancestral range and estab-
lished populations across nearly all continents and many 
island systems worldwide (Guénet and Bonhomme 2003; 
Fujiwara et al. 2022). Specifically, M. musculus domesticus 
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dispersed westward through the Near East into Western 
Europe and North Africa, later reaching the Americas and 
Australia (Guénet and Bonhomme 2003; Li et al. 2021; 
Fujiwara et al. 2022). The colonisation of distant continents 
and remote archipelagos was largely mediated by human 
maritime transport, with mice travelling as stowaways on 
ships (Gabriel et al. 2024).

Among the numerous island systems colonised by M. 
musculus domesticus are the Canary Islands, a volcanic 
archipelago located approximately 95  km off the north-
western coast of Africa. This archipelago comprises seven 
major islands and several islets, which have remained 
isolated from the continent since their sequential forma-
tion between 20.6 and 1.12 million years ago (Pagès et al. 
2012). Archaeological evidence indicates that M. muscu-
lus was already present in the Canary Islands between at 
least 756 BCE (Before Common Era) and 313 CE (Com-
mon Era), coinciding with the earliest known human 
settlement in the archipelago. This temporal overlap 
supports the hypothesis that mice arrived on the islands 
accompanying humans, rather than via natural oceanic 
dispersal (Alcover et al. 2009). Phylogeographic stud-
ies, however, have identified three distinct mitochondrial 
D-loop clades in the Canary Islands to date, each originat-
ing from a different geographic region, thus supporting 
the hypothesis of a complex colonisation history charac-
terised by multiple independent introduction events over 
time (Bonhomme et al. 2011; Gabriel et al. 2015, 2024). 
Following their introduction, populations of house mice 
became established across all the main islands and associ-
ated islets of the Canary archipelago, except for Montaña 
Clara (Nogales et al. 2006), and adapted to a wide range 
of ecological conditions, from arid coastal zones to humid 
high-altitude habitats. These environmental differences 
are largely structured along strong altitudinal gradients, 
resulting in well-defined vegetation belts ranging from 
xeric coastal scrub and thermophilus woodlands to lau-
rel forests and high-elevation pine forests in the wetter 
islands (Fig. 1).

Islands are typically characterised by ecological sim-
plification, including reduced species richness, relaxed 
interspecific competition, and lower predation pressure 
relative to mainland systems (Adler and Levins 1994). 
Such conditions can foster distinctive evolutionary tra-
jectories, often resulting in recurrent and predictable 
changes in morphology, behaviour, and life-history traits 
across diverse taxa, a pattern collectively referred to as 
the “island syndrome” (Adler and Levins 1994; Lomo-
lino 2005). Among the traits that commonly diverge in 
insular mammals, body size is one of the most consis-
tent and well documented. This variation often conforms 
to the “island rule”, a general pattern whereby insular 

populations exhibit shifts in body size relative to their 
mainland counterparts (Foster 1964; Lomolino 2005; 
Benítez-López et al. 2021). According to this rule, small 
species tend to evolve larger sizes, whereas large species 
typically become smaller. Increases in body size consis-
tent with the “island rule” have been reported for several 
insular populations of small mammals (Adler and Levins 
1994; Michaux et al. 2002; Sánchez-Chardi et al. 2018), 
including the house mouse, Mus musculus (Rowe-Rowe 
and Crafford 1992; Renaud and Auffray 2010; Wilches 
et al. 2021). Mice populations of the Canary Islands 
therefore provide an exceptional natural framework for 
investigating how isolation and contrasting ecological 
conditions shape morphological variation.

Because the function of biological structures depends on 
their form (Gans 1988), the study of morphological varia-
tion is fundamental to elucidating the mechanisms under-
lying adaptation and diversification in natural populations. 
Although some studies have previously examined morpho-
logical variation in Canarian mice (Carrascosa and López-
Martínez 1988; Michaux et al. 2007), to our knowledge, 
a detailed analysis of skull shape variation has not been 
conducted to date. Cranial and mandibular structures are 
closely associated with feeding ecology, bite performance, 
and functional efficiency (Ginot et al. 2018, 2019) and can 
therefore provide valuable insights into how populations 
respond to ecological pressures (Anderson et al. 2014; Ren-
aud et al. 2017). Therefore, examining cranial and mandibu-
lar variation in M. musculus not only sheds light on patterns 
of adaptive evolution but also provides a framework for 
understanding how insularity drives morphological diver-
gence through the combined effects of ecological and evo-
lutionary mechanisms.

In this context, we analyse cranial and mandibular 
form variation in house mouse populations from several 
islands of the Canary archipelago to uncover patterns of 
morphological differentiation and determine potential 
signals of adaptation or evolutionary divergence. In addi-
tion, we compare the skull morphology of insular popu-
lations with that of samples from the Iberian Peninsula 
to assess the degree and pattern of insular differentiation 
and to explore whether these patterns are consistent with 
the expectations of an island syndrome. We also examine 
the covariation between cranial and mandibular shape to 
assess the degree of morphological integration of these 
structures and to evaluate whether coordinated changes 
in both structures are consistent with the observed geo-
graphical pattern. Finally, we explore the influence 
of geographical and environmental factors on shape 
divergence, providing insight into the microevolution-
ary processes shaping introduced populations in insular 
environments.
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Materials and methods

Sample composition

The sample consisted of skulls from 226 adult individuals 
of wild Mus musculus domesticus, preserved in zoologi-
cal collections at the Universitat de Barcelona and Uni-
versitat Autònoma de Barcelona. Of these, 204 were from 
the seven main islands of the Canary archipelago (Lan-
zarote, Fuerteventura, Gran Canaria, Tenerife, La Palma, 
La Gomera, and El Hierro) as well as from the nearby 
islet of Alegranza. The remaining 22 specimens origi-
nated from various locations in the northeastern Iberian 
Peninsula (Fig.  1, Online Resource 1: Table S1). Indi-
viduals included in this study originated from previous 

research projects in which specimens were sexed and 
weighed to the nearest 0.1  g after removal of the vis-
ceral organs. Eviscerated body mass was used as a proxy 
for body size in all analyses because it reduces variation 
unrelated to structural body size, such as differences in 
gut contents or pregnancy status.

Morphological data acquisition

Cranial morphology was studied using 3D models 
obtained through photogrammetric techniques accord-
ing to the protocol established by Durão et al. (2018). 
Each 3D model was built from a set of 36 photos obtained 
using a Canon EOS 750D DSLR camera mounted on a 
tripod and equipped with a Tamron 60  mm f/2.0 Di II 

Fig. 1  Geographic origin of the sampled mice. Vegetation belts accord-
ing to altitude are displayed in each island; variations are chiefly due to 
thermal gradient (adapted from the open educational resource “Pisos 

de vegetación” by the TSP project (IECI-EFC) of the Government of 
the Canary Islands; ​h​t​t​​​​p​s​​:​/​/​w​w​w​3​​.​g​​o​​​b​i​e​​​r​n​o​​d​e​​​c​a​n​​a​r​i​​a​s​.​​​o​r​​​g​​/​​m​e​​d​u​s​​a​​/​e​c​o​
e​s​c​u​e​l​a​/​r​e​c​u​r​s​o​s​d​i​g​i​t​a​l​e​s​/​2​0​1​5​/​0​6​/​1​0​/​h​t​m​l​5​-​p​i​s​o​s​-​d​e​-​v​e​g​e​t​a​c​i​o​n​/​​​​​)​​​​

 

https://www3.gobiernodecanarias.org/medusa/ecoescuela/recursosdigitales/2015/06/10/html5-pisos-de-vegetacion/
https://www3.gobiernodecanarias.org/medusa/ecoescuela/recursosdigitales/2015/06/10/html5-pisos-de-vegetacion/
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LD macro lens and a polarising filter. A complete photo 
set was captured for each cranium using the ‘turntable 
method’, where the camera remained fixed while the 
specimen was rotated in 10º increments. All images were 
taken inside a light box to homogenise the light and avoid 
shadows and flares. Each photo was taken using a remote 
trigger to reduce camera vibration and obtain photos that 
were as focused and sharp as possible. Model quality was 
assessed using internal software parameters, including 
total error, residuals, and precision values. The 3D form 
of the cranium was characterised by a set of 40 landmarks 
(Fig. 2, Online Resource 1: Table S2) digitised using the 
PhotoModeler software v.2015.1.1 (EOS Systems Inc., 
2015). All the models were scaled using the linear dis-
tance between the rhinion (landmark 1) and opisthion 
(landmark 30) (Fig.  2, Online Resource 1: Table S2), 
measured directly on each cranium, to assign a metric 
scale to the photogrammetric models.

Given the relatively flat structure of the mouse man-
dible, its form was studied by means of 2D landmarks. 
To this end, the two hemimandibles of each individual 
were photographed in a mesial view along with a scale 
bar using the same camera, lens and filter as for the cra-
nium, mounted on a copy stand. Afterwards, a set of 12 
landmarks were digitised (Fig.  2, Online Resource 1: 
Table S3) on each scaled hemimandible using tpsDig2 v. 
2.26 (Rohlf 2010).

Geometric morphometric analyses

All geometric morphometric analyses were performed 
using the packages geomorph version 4.0.6 (Baken et al. 
2021; Adams et al. 2023) and RRPP version 1.4.0 (Collyer 
and Adams 2018, 2023) within the R software environ-
ment, version 4.3.1 (R Core Team 2023). The morphology 
defined by each set of landmarks was decomposed into 
size and shape, which were analysed separately. Size was 
quantified as centroid size (CS), calculated as the square 
root of the sum of squared distances from each landmark 
to the centroid of the landmark configuration (Bookstein 
1991). Therefore, CS was calculated separately for each 
cranium and each hemimandible. Shape information was 
extracted from landmark configurations by performing, 
separately for each structure, a generalised Procrustes 
analysis (GPA) and a projection onto the tangent space 
(Rohlf and Slice 1990). In the cranium, given that it is a 
symmetric structure (object symmetry), the GPA was con-
ducted using both original and reflected configurations of 
landmarks (Klingenberg et al. 2002). Since the two hemi-
mandibles were photographed separately (matching sym-
metry), prior to the GPA reflected configurations of the 
left hemimandibles were generated by multiplying their 
x coordinates by -1 (Adams et al. 2023). This approach 
enabled the partitioning of shape variation of both struc-
tures into the symmetric and asymmetric components 

Fig. 2  Location of the forty 3D landmarks digitised on the cranium and 
the twelve 2D landmarks digitised on the mesial side of the mandible. 
In the lateral view of the cranium (upper right), pairs of landmarks 

refer to the left and right sides, respectively. Illustrations are of Mus 
musculus domesticus UZUAB_99063006. Scale bar equals 5 mm

 



1 3

Page 5 of 16     39 Journal of Mammalian Evolution           (2026) 33:39 

(Klingenberg et al. 2002). The symmetric component of 
shape of each structure was used in subsequent analyses.

Size variation

Before testing for differences in mandibular and cranial 
size, variation in body size (estimated as eviscerated body 
mass) was first assessed using the lm.rrpp function in the 
RRPP package (Collyer and Adams 2023). An initial model 
was fitted including population, sex, and their interaction 
as predictors, and eviscerated body mass as the dependent 
variable. As sex and the interaction term were not signif-
icant (see Results), the model was simplified to include 
only population as a predictor. Post-hoc differences among 
populations were then evaluated using the pairwise func-
tion, with significance determined via permutation tests 
(1,000 iterations).

Prior to evaluating variation among populations in man-
dible and cranium size, bilateral symmetry in mandible size 
was examined using the bilat.symmetry function from the 
geomorph package (Adams et al. 2023). Since the cranium 
exhibits object symmetry, and a single CS was calculated 
for it, bilateral symmetry in cranial size was not tested. 
Differences in cranium and mandible size were assessed 
using analyses of variance (ANOVAs) based on a residual 
randomisation procedure, implemented via the procD.lm 
function (Adams et al. 2023). For each structure, an initial 
model was fitted including eviscerated body mass, sex, pop-
ulation, and all pairwise interactions as predictors. Type III 
sum of squares was used to account for unbalanced group 
sizes. Models were subsequently simplified by removing 
non-significant predictors. When interaction terms were 
not supported by the data or lost significance during model 
simplification, reduced models excluding interactions were 
fitted using Type II sum of squares to obtain more robust 
estimates of main effects. As only eviscerated body mass 
and population showed significant effects for both struc-
tures (see Results), post-hoc pairwise comparisons were 
conducted following Type II ANOVAs with eviscerated 
body mass and population as factors, in order to assess size 
differences among islands while statistically controlling for 
body size. Post-hoc tests were performed using the pairwise 
function implemented in the RRPP package, and signifi-
cance was evaluated via permutation tests with 1,000 itera-
tions. Given that the tests rely on permutation procedures 
and were guided by a priori biological hypotheses, p-values 
were not further adjusted for multiple comparisons.

Shape variation

Bilateral symmetry in mandibular and cranial shape was 
assessed separately ahead of shape variation analyses, 

using the bilat.symmetry function from the geomorph 
package (Adams et al. 2023). Differences in cranium 
and mandible shape were also examined separately using 
analyses of variance with residual randomisation, imple-
mented via the procD.lm function (Adams et al. 2023). 
Significance was determined via permutation tests with 
1,000 iterations. Prior to testing for shape differences 
among populations, simple allometry was evaluated for 
each structure by fitting a linear model with CS as the 
predictor and the symmetric component of shape as the 
dependent variable. Afterwards, for each structure, a 
model including CS, sex, population, and their pairwise 
interactions was fitted using Type III sum of squares to 
account for unbalanced group sizes. Since sex showed 
no significant effect on shape in either the cranium or the 
mandible (see Results), males and females were pooled in 
all subsequent analyses. In contrast, a significant effect of 
size was detected in both structures (see Results). There-
fore, to evaluate the role of allometry in morphological 
differentiation at the population level, two sets of analy-
ses were conducted for each structure: one based on raw 
shape data (total shape variation) and another based on 
size-corrected data (non-allometric shape variation). Size 
correction was performed by extracting residuals from a 
simple allometric model. For both datasets, linear models 
were fitted, with population as the predictor and shape as 
the response variable. Post-hoc tests were then conducted 
to examine pairwise differences among populations. 
Because the tests rely on permutation procedures and 
were driven by a priori biological hypotheses, p-values 
were not further adjusted for multiple comparisons.

Additionally, to further explore patterns of shape varia-
tion, a principal component analysis (PCA) was performed 
on both datasets (Klingenberg et al. 2002).

Covariation between cranial and mandibular shape

Morphological integration refers to the degree of covari-
ation between anatomical structures (Olson and Miller 
1958). To quantify integration between mandible and 
cranium shape, a two-block partial least squares (2B-
PLS) analysis was performed using the two.b.pls func-
tion implemented in the geomorph package (Adams et 
al. 2023). This method identifies pairs of linear combi-
nations of variables that maximise covariance between 
datasets and is widely used to assess morphological 
integration in geometric morphometrics. To evaluate 
the effect of allometry on covariation patterns, analyses 
were conducted on both total shape variation and non-
allometric shape variation. The statistical significance 
of these covariations was tested using permutation tests 
with 1,000 iterations.
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Variation factors

To evaluate the relative contributions of environmental and 
geographic factors to morphological differentiation, varia-
tion partitioning analyses were conducted separately for cra-
nial and mandibular shape following Viacava et al. (2020). 
Analyses were performed using the varpart function in the 
vegan package (Oksanen et al. 2018), which allowed parti-
tioning shape variation into pure and shared fractions attrib-
utable to environmental and spatial predictors. Because our 
goal was to disentangle the effect of geographic structure 
and environmental factors on morphological differentia-
tion of insular populations, mice from the Iberian Peninsula 
were excluded from these analyses.

Environmental predictors were selected a priori to rep-
resent the main climatic and topographic gradients across 
the archipelago. Four variables were initially considered: 
elevation, annual mean temperature (BIO1), annual tem-
perature range (BIO7), and annual precipitation (BIO12), 
with climatic data extracted from WorldClim v2.1 at 30 
arc-second resolution for the period 1970–2000 (Fick and 
Hijmans 2017). To reduce collinearity among predictors 
and summarise major environmental gradients, a PCA was 
performed on standardised variables. The first two principal 
components were retained as composite environmental pre-
dictors for subsequent analyses.

Spatial structure was modelled using principal coor-
dinates of neighbour matrices (PCNM) derived from the 
geographic coordinates of sampling localities (Borcard and 
Legendre 2002), providing orthogonal spatial variables that 
capture spatial patterns across multiple scales and help to 
account for spatial autocorrelation. Positive eigenvectors 
were retained and subjected to forward selection to identify 
significant spatial predictors while limiting model overfit-
ting; selection was based on adjusted R² criteria. The signifi-
cance of full and partial models in the variation partitioning 
framework was assessed using redundancy analyses (RDA) 
with 1,000 permutations.

All variables were standardised to zero mean and unit 
variance using the scale function in R (R Core Team 2023). 

Analyses were performed on both total shape variation and 
non-allometric shape variation to evaluate the potential 
influence of allometry.

Results

Size variation

In the full model assessing eviscerated body mass differ-
ences, only the population factor had a significant effect (R² 
= 0.157, F = 5.65, p = 0.001), whereas neither sex nor the 
interaction term were significant. In the simplified model, 
population remained highly significant, explaining almost 
25% of the variance (R2 = 0.249, F = 8.97, p = 0.001). Sig-
nificant differences in eviscerated body mass were detected 
among mice populations from the Canary Islands and the 
mainland (Table 1 and Online Resource 1: Table S4). Indi-
viduals from Lanzarote, the Iberian Peninsula, and Ale-
granza showed the highest body masses, whereas mice from 
Fuerteventura, La Gomera, and El Hierro were the lightest 
(Fig.  3). Populations from La Palma, Gran Canaria, and 
Tenerife exhibited intermediate body mass values. Pairwise 
comparisons confirmed these patterns, revealing significant 
contrasts among the specimens from several island pairs, 
particularly within the eastern group (Alegranza, Fuerteven-
tura, Lanzarote) and between these islands and the mainland 
(Table 1 and Online Resource 1: Table S4). In contrast, most 
comparisons among the western islands were nonsignifi-
cant, indicating relatively homogeneous body sizes within 
that region.

The ANOVA assessing bilateral symmetry in mandible 
size revealed a significant effect of individual, but not of 
side. However, the p-value for the side effect was close to 
0.05, suggesting a potential trend toward directional asym-
metry of mandible size (Online Resource 1: Table S5).

The linear model testing the effects of body size, sex, and 
population on cranial and mandibular size revealed signifi-
cant effects of body size and population on both structures, 
while sex had no significant influence (Online Resource 1: 

Table 1  Significance values for post-hoc comparisons of population differences in eviscerated body mass
Populations El Hierro La Palma La Gomera Tenerife Gran Canaria Fuerteventura Lanzarote Alegranza Peninsula
El Hierro – 0.067 0.711 0.102 0.970 0.218 0.001 0.002 0.001
La Palma – 0.242 0.739 0.329 0.004 0.026 0.224 0.030
La Gomera – 0.271 0.743 0.862 0.022 0.084 0.027
Tenerife – 0.455 0.011 0.002 0.101 0.008
Gran Canaria – 0.523 0.023 0.075 0.030
Fuerteventura – 0.001 0.001 0.001
Lanzarote – 0.318 0.958
Alegranza – 0.370
Peninsula –
p-values less than 0.05 are shown in bold
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Table S6). A significant interaction between body size and 
population was detected for the mandible but not for the 
cranium. In simplified models excluding non-significant 
terms, both body size and population remained significant 
predictors of size in both structures, jointly explaining a 
substantial proportion of the observed variation (Table 2). 
Post-hoc comparisons identified 12 and 15 significant pair-
wise differences among populations for the cranium and 
mandible size, respectively (Table 3 and Online Resource 1: 
Table S7). For both structures, individuals from Lanzarote 
consistently exhibited the smallest size values after correct-
ing for eviscerated body mass, differing significantly from 
all other localities. In contrast, individuals from La Palma 
displayed the largest sizes and differed significantly from 

several populations, including Alegranza, Fuerteventura, 
the Iberian Peninsula, and in the case of the mandible, 
El Hierro and Tenerife. Additional significant contrasts 
involved La Gomera, El Hierro, and Tenerife, though with 
less consistency across structures. Overall, cranial and 
mandibular size variation showed broadly similar patterns 
across populations, particularly with respect to the marked 
divergence between the populations from Lanzarote and La 
Palma (Fig. 3).

Shape variation

The ANOVAs assessing bilateral symmetry in man-
dibular and cranial shape revealed significant effects of 

Fig. 3  Size differences between sampled populations of Mus muscu-
lus. Islands are ordered and coloured following a red-to-blue gradient 
according to a west-east longitudinal order. Boxplots show the distri-
bution of CS values and eviscerated body mass across the sampled 
populations. Left-hand graphs show raw values, while right-hand 

graphs show residuals from the regression of CS on eviscerated body 
mass. Each box represents the interquartile range (IQR), with the cen-
tral line indicating the median. Whiskers extend up to 1.5 times the 
IQR, and black dots denote outliers
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both individual and side (Online Resource 1: Table S5), 
thereby indicating the presence of directional asymmetry. 
However, the magnitude of this effect was negligible, as 
evidenced by the low R² values. Linear models further 
detected a significant association between shape and size 
in both the cranium and mandible, consistent with simple 
allometry (cranium: R² = 0.063, p < 0.001; mandible: R² = 
0.052, p < 0.001). Nonetheless, the low R² values suggest 
that size explains only a small fraction of the observed 
shape variation. Models including sex and population as 
additional predictors also identified a significant effect 
of size on cranial shape, though a marginally significant 
effect on mandibular shape, and significant effects of pop-
ulation as well as of the interaction between population 
and size in both structures (Online Resource 1: Table S8). 
Given the significant allometric effects, shape differences 
among populations were assessed using total and non-
allometric shape variation. In both analyses, population 
had a significant and substantial effect on cranial and man-
dibular shape, revealing that shape variation among popu-
lations cannot be explained solely by allometry (Table 4). 
Post-hoc comparisons revealed widespread differences in 
cranial and mandibular shape among populations, with 
most pairwise comparisons being significant for both total 
and non-allometric shape variation (Tables 5 and 6, and 
Online Resource 1: Tables S9 and S10). Cranial shape 

diverged most strongly between Alegranza and the Iberian 
Peninsula populations, although notable differences were 
also detected between the population from this islet and 
those from some of the western islands (La Gomera, La 
Palma and Tenerife). Mandibular shape differences were 
most pronounced between El Hierro and Lanzarote, Lan-
zarote and Tenerife, and several pairs involving Alegranza 
and the Iberian Peninsula populations. Non-significant 
comparisons were largely restricted to pairs including La 
Gomera and Gran Canaria, the two samples with lower 
sample sizes, suggesting limited statistical power. These 
patterns were further supported by the PCA results. The 
cranial PCA placed Alegranza and the Iberian Peninsula 
populations at opposite ends of the PC1 axis, with the 
remaining populations positioned between them in a pat-
tern broadly consistent with their geographic distribution 
(Fig.  4a). A geographic pattern was also evident in the 
mandibular PCA, with Alegranza and Lanzarote at one 
end of the PC1 axis and El Hierro at the other (Fig. 4a). 
However, the mandibular pattern differed in its configura-
tion from that observed for the cranium, notably due to the 
more central position of Iberian mice within the mandibu-
lar morphospace.

In the cranium, shape variation along PC1 was primarily 
expressed in the skull vault, nasal region, zygomatic arch and 
foramen magnum. Insular mice exhibited a dorsocaudally 

Table 2  Results of the reduced lineal models assessing the effect of eviscerated body mass and population on cranial and mandibular size. Abbre-
viations: df, degrees of freedom; MS, mean square; SS, sum of squares
Cranium df SS MS R2 F Z p-value
Body mass 1 231.660 231.661 0.320 138.976 6.749 0.001
Population 8 165.300 20.663 0.229 12.396 6.745 0.001
Residuals 216 360.060 1.667 0.498
Total 225 722.980
Mandible df SS MS R2 F Z p-value
Body mass 1 34.688 34.688 0.327 138.011 6.568 0.001
Population 8 23.840 2.980 0.225 11.857 7.040 0.001
Residuals 216 54.290 0.251 0.512
Total 225 106.008
p-values less than 0.05 are shown in bold

Table 3  Significance values for post-hoc tests assessing differences in cranial (above the diagonal) and mandibular (below the diagonal) size 
between populations
Populations El Hierro La Palma La Gomera Tenerife Gran Canaria Fuerteventura Lanzarote Alegranza Peninsula
El Hierro – 0.207 0.341 0.440 0.708 0.073 0.001 0.212 0.195
La Palma 0.045 – 0.734 0.614 0.713 0.009 0.001 0.025 0.028
La Gomera 0.136 0.656 – 0.555 0.614 0.105 0.001 0.140 0.142
Tenerife 0.099 0.001 0.032 – 0.960 0.023 0.001 0.078 0.063
Gran Canaria 0.776 0.190 0.193 0.605 – 0.237 0.002 0.336 0.304
Fuerteventura 0.655 0.031 0.093 0.264 0.943 – 0.001 0.798 0.868
Lanzarote 0.001 0.001 0.001 0.001 0.005 0.001 – 0.001 0.001
Alegranza 0.201 0.002 0.044 0.851 0.676 0.405 0.001 – 0.937
Peninsula 0.353 0.013 0.069 0.635 0.836 0.612 0.001 0.755 –
p-values less than 0.05 are shown in bold
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expanded neurocranium, a dorsoventrally flattened nasal 
region, an anterodorsal expansion of the jugal and a fora-
men magnum shifted to a more ventral and anterior position 
(Fig.  4b). In the mandible, variation associated with PC1 
was concentrated in the processes, particularly the coro-
noid, which in mice from Lanzarote, Alegranza, and Gran 
Canaria showed a marked anterior displacement (Fig. 4c).

Covariation between cranial and mandibular shape

As expected, 2B-PLS analyses revealed significant covaria-
tion between cranial and mandibular shape when consider-
ing total shape variation (r-PLS = 0.661, Z = 6.876, p < 0.001) 
and non-allometric shape variation (r-PLS = 0.486, Z = 3.793, 
p < 0.001). Distribution of populations in the integrated 

Table 4  Results of the lineal models assessing the effect of population on cranial and mandibular shape. Abbreviations: df, degrees of freedom; 
MS, mean square; SS, sum of squares
Craniumtotal df SS MS R2 F Z p-value
Population 8 0.076 0.010 0.180 5.958 10.601 0.001
Residuals 217 0.347 0.002 0.820
Total 225 0.423
Mandibletotal df SS MS R2 F Z p-value
Population 8 0.070 0.009 0.197 6.654 10.619 0.001
Residuals 217 0.285 0.001 0.803
Total 225 0.355
Craniumnon-allometric df SS MS R2 F Z p-value
Population 8 0.073 0.009 0.183 6.085 11.814 0.001
Residuals 217 0.324 0.001 0.817
Total 225 0.396
Mandiblenon-allometric df SS MS R2 F Z p-value
Population 8 0.068 0.009 0.202 6.887 11.775 0.001
Residuals 217 0.269 0.001 0.798
Total 225 0.337
p-values less than 0.05 are shown in bold

Table 5  Significance values for post-hoc comparisons of population differences in total cranial (above the diagonal) and mandibular (below the 
diagonal) shape
Populations El Hierro La Palma La Gomera Tenerife Gran Canaria Fuerteventura Lanzarote Alegranza Peninsula
El Hierro – 0.002 0.100 0.001 0.049 0.001 0.001 0.001 0.001
La Palma 0.001 – 0.389 0.001 0.138 0.001 0.001 0.001 0.001
La Gomera 0.361 0.495 – 0.012 0.426 0.082 0.116 0.001 0.019
Tenerife 0.001 0.001 0.132 – 0.037 0.001 0.001 0.001 0.001
Gran Canaria 0.002 0.060 0.028 0.024 – 0.086 0.279 0.003 0.001
Fuerteventura 0.001 0.001 0.369 0.001 0.011 – 0.001 0.001 0.001
Lanzarote 0.001 0.001 0.005 0.001 0.182 0.001 – 0.001 0.001
Alegranza 0.001 0.001 0.008 0.001 0.493 0.001 0.002 – 0.001
Peninsula 0.001 0.001 0.140 0.001 0.032 0.001 0.001 0.001 –
p-values less than 0.05 are shown in bold

Table 6  Significance values for post-hoc comparisons of population differences in non-allometric shape of the cranium (above the diagonal) and 
mandible (below the diagonal)
Populations El Hierro La Palma La Gomera Tenerife Gran Canaria Fuerteventura Lanzarote Alegranza Peninsula
El Hierro – 0.001 0.084 0.001 0.027 0.001 0.001 0.001 0.001
La Palma 0.001 – 0.315 0.001 0.131 0.001 0.001 0.001 0.001
La Gomera 0.196 0.413 – 0.008 0.373 0.147 0.152 0.001 0.013
Tenerife 0.001 0.001 0.087 – 0.013 0.001 0.001 0.001 0.001
Gran Canaria 0.002 0.040 0.025 0.011 – 0.074 0.196 0.003 0.001
Fuerteventura 0.001 0.001 0.482 0.001 0.007 – 0.001 0.001 0.001
Lanzarote 0.001 0.001 0.010 0.001 0.160 0.001 – 0.001 0.001
Alegranza 0.001 0.001 0.005 0.001 0.446 0.001 0.002 – 0.001
Peninsula 0.001 0.001 0.113 0.001 0.046 0.001 0.001 0.001 –
p-values less than 0.05 are shown in bold
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shape space closely mirrored the patterns observed in the 
cranial PCA, also revealing a clear geographic structure 
(Fig. 5a). Alegranza and the Iberian Peninsula consistently 
occupied opposite extremes of the variation, whereas Tener-
ife displayed a marked positional shift when comparing 
total and non-allometric shape variation (even surpassing 
the Iberian Peninsula in non-allometric data). The remain-
ing populations (El Hierro, La Palma, La Gomera, Gran 

Canaria, Lanzarote, and Fuerteventura) occupied intermedi-
ate positions, still displaying a defined geographic structure 
(Fig.  5a). Integrated shape differences closely paralleled 
those displayed by the PCA results, with island mice char-
acterised by a dorsocaudally elongated neurocranium, 
dorsoventrally compressed nasal region, anteroventrally 
displaced foramen magnum, elongated molar row, and ante-
riorly shifted condylar and angular processes (Fig. 5b).

Fig. 4  Shape differences between sampled populations of Mus mus-
culus domesticus. a. PC1 versus PC2 scores from PCAs of the cra-
nium (top) and the mandible (bottom). Left panels show total shape 
variation; right panels show non-allometric shape variation. Coloured 
points represent population means and bars indicate standard devia-

tions. Island colours follow a red-to-blue gradient from the western to 
the eastern islands; b. cranium shape changes (magnitude = 1) along 
PC1 (left) and PC2 (right); c. mandible shape changes (magnitude = 1) 
along PC1 (left) and PC2 (right)
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Variation factors

The PCA revealed strong covariation among environmental 
variables and summarised environmental variation into two 
main axes. The first principal component primarily reflected 
an altitudinal and climatic gradient, contrasting high-
elevation sites characterised by higher precipitation and 
lower temperatures with low-elevation sites with warmer 
and drier conditions. The second principal component was 
mainly associated with annual temperature range, capturing 
an independent gradient of thermal variability. Together, the 
first two PCs accounted for 95.3% of the total environmen-
tal variation and were retained as synthetic predictors for 
subsequent analyses.

Variation partitioning analyses revealed significant effects 
of both geographic structure and environmental variation on 
cranial and mandibular shape, regardless of whether allome-
tric effects were included or removed. In all cases, the pure 
geographic component explained the largest proportion of 
shape variation. A substantial fraction of variation was also 
shared between geographic and environmental predictors, 
whereas the pure environmental component accounted for a 
comparatively smaller proportion of variation (Table 7). For 
cranial shape, the relative contributions of geographic and 
environmental factors remained virtually unchanged after 
correcting for allometry, with the pure geographic fraction 
accounting for approximately twice as much variation as the 
pure environmental fraction. In contrast, mandibular shape 

showed a stronger spatial signal, with the pure geographic 
component explaining substantially more variation than the 
environmental component, particularly after size correction. 
The shared spatial-environmental fraction was consistently 
moderate in magnitude, indicating that part of the environ-
mental variation across the archipelago was geographically 
structured. Partial redundancy analyses further showed that 
the pure geographic and pure environmental fractions were 
significant in all cases, and that the full models combining 
both predictor sets were also significant for both cranial 
and mandibular shape, irrespective of allometric correction 
(Table 7).

Discussion

A specific manifestation of the “island syndrome” is the 
“island rule”, which predicts that small mammals living 
on islands often tend to become larger than their mainland 
conspecifics (Adler and Levins 1994; Lomolino 2005; 
Benítez-López et al. 2021). In Canarian mice, we observed 
significant variation in cranial, mandibular, and overall 
body size among populations; however, size differences 
did not follow the general predictions of the island rule. 
None of the studied island populations showed an increase 
in overall body size relative to continental mice, as opposed 
to what was previously reported for several insular rodent 
populations (Adler and Levins 1994; Michaux et al. 2002), 

Fig. 5  Covariation between mandible and cranium shapes in sampled 
populations of Mus musculus domesticus. a. scatterplots of PLS1 
scores obtained from 2B-PLSs analyses using total shape (left) and 
non-allometric shape (right). Coloured points represent population 

means and bars indicate standard deviations. Island colours follow a 
red-to-blue gradient from the western to the eastern islands; b. inte-
grated shape changes of the cranium (left) and mandible (right) along 
PLS1 (magnitude = 1)
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including some populations of Mus musculus (Rowe-Rowe 
and Crafford 1992; Renaud and Auffray 2010; Wilches 
et al. 2021). Instead, most Canarian populations showed 
significantly smaller body sizes than Iberian mice, except 
for individuals from Lanzarote and Alegranza, which did 
not differ significantly from the continental population. 
Body size evolution in insular mammals reflects the com-
bined influence of factors such as island area, isolation, 
resource availability, and the presence of competitors and 
predators (Michaux et al. 2002; Lister and Hall 2014; Berg 
and Nietlisbach 2025). These effects are interrelated and 
strongly context-dependent. For example, Mus musculus 
from Scottish and Faroese islands display a positive rela-
tionship between island area and body size, likely reflect-
ing resource scarcity on very small islands (Lister and 
Hall 2014), whereas Apodemus sylvaticus from Mediter-
ranean islands and Peromyscus maniculatus from the Gulf 
Islands show the opposite trend, linked to increased preda-
tor richness (Michaux et al. 2002; Berg and Nietlisbach 
2025). Although neither Michaux et al. (2002) nor Berg 
and Nietlisbach (2025) explicitly tested a parabolic model, 
their data suggest a parabolic relationship between island 
area and body size, consistent with Lister and Hall’s (2014) 
model, in which islands of intermediate size favour body 
size expansion. The Canary Islands, with areas ranging 
from ~ 10 to ~ 2,000 km², fall within this range; however, 
no comparable pattern was detected, suggesting that other 
ecological or historical factors may influence body size 
evolution in these populations. Interestingly, when control-
ling for overall body size, most insular populations tended 
to have relatively larger skulls, particularly mandibles, 
than continental mice, although only those from La Palma 

exhibited significantly larger cranial and mandibular sizes. 
In this sense, it is important to note that studies addressing 
insular size evolution differ in the traits they measure: some 
focus on overall body size (Michaux et al. 2002), while 
others consider correlated traits such as cranial, dental or 
appendicular dimensions as proxies of size (Lister and Hall 
2014). Analysing different traits may therefore influence 
observed patterns, since traits under distinct selective pres-
sures can display divergent trends even when correlated 
with body size.

Beyond size variation, cranial and mandibular shape 
showed pronounced differentiation between populations 
from the Canary Islands and the Iberian Peninsula, as well 
as among island populations. Most pairwise comparisons 
remained significant after accounting for allometric effects, 
and patterns of differentiation were largely consistent 
between total and non-allometric data. Together with the 
low proportion of shape variation attributable to size, these 
results suggest that differentiation reflects factors acting 
directly on shape rather than being merely a by-product of 
size variation, in line with observations from other insular 
rodent populations (Pergams and Ashley 2001; Ledevin 
et al. 2016). Overall, both cranial and mandibular shape 
showed patterns of variation consistent with geographic 
structuring. However, the degree of differentiation between 
Iberian and Canarian populations varied markedly between 
the two skeletal structures. Cranial shape clearly separated 
Iberian mice from all Canarian populations, consistent 
with previous observations for molar shape (Michaux et al. 
2007). In contrast, this distinction was far less pronounced 
for the mandible. Indeed, in the morphospace defined by 
the first two principal components of mandibular shape, 

Table 7  Results of variation partitioning analyses for cranial and mandibular shape. Adjusted R2 values indicate the proportion of variation 
explained by each component. F and p-values correspond to significance tests of the geographic, environmental, and full models. The shared frac-
tion cannot be tested directly. Abbreviations: Adj. R2, adjusted R2

Dataset Fraction Adj. R2 F p-value
Craniumtotal Geographic 0.058 2.900 0.001

Environmental 0.027 3.585 0.001
Shared 0.031 - -
Full Model 0.116 3.897 0.001

Craniumnon-allometric Geographic 0.055 3.727 0.001
Environmental 0.031 4.057 0.001
Shared 0.025 - -
Full Model 0.112 4.718 0.001

Mandibletotal Geographic 0.113 4.451 0.001
Environmental 0.015 2.603 0.005
Shared 0.054 - -
Full Model 0.182 5.389 0.001

Mandiblenon-allometric Geographic 0.122 4.706 0.001
Environmental 0.015 2.540 0.001
Shared 0.041 - -
Full Model 0.178 5.249 0.001

p-values less than 0.05 are shown in bold
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Iberian mice occupied a central position and overlapped 
with several Canary populations.

If morphological differentiation were driven primarily 
by neutral genetic drift under isolation, broadly concor-
dant patterns of divergence between cranial and mandibular 
shape would be expected, particularly given their significant 
morphological integration. Covariation analyses, indeed, 
revealed an intermediate degree of integration, indicat-
ing that despite sharing common axes of variation, the two 
structures retain sufficient capacity to vary independently. 
The higher r-PLS value obtained for total shape variation 
relative to non-allometric shape variation confirms the role 
of size as a major contributor to cranio-mandibular integra-
tion (Klingenberg 2008, 2009; Martínez-Vargas et al. 2014), 
even when allometric effects on shape are modest. Integrated 
shape changes mainly involved the neurocranium, as well as 
the articular condyle and angular process of the mandible, 
underscoring the role of the masticatory musculature as an 
important integrating factor (Cornette et al. 2013). Notably, 
the distribution of populations along the PLS axes exhib-
ited a clear geographic structure, suggesting that integrated 
shape variation captures a spatial signal consistent with pro-
cesses such as isolation and shared evolutionary history.

Beyond the integrated component of shape variation, 
the contrasting differentiation observed between the two 
structures suggests that additional mechanisms, including 
localised functional selection and phenotypic plasticity, 
have contributed to cranio-mandibular variation across the 
archipelago (Renaud and Auffray 2010; Merilä and Hendry 
2014). Indeed, one of the clearest localised shape changes 
not captured by the integrated patterns revealed by PLS 
analyses is the anterior displacement of the coronoid process 
in mice from islands such as Alegranza or Lanzarote. This 
shift reflects a reorganisation of the temporalis lever sys-
tem, potentially altering the trade-off between bite force and 
jaw closing speed (Souquet et al. 2019). This reorganisation 
is particularly relevant because Canary Island populations, 
unlike Iberian mice, are feral and have transitioned from a 
commensal lifestyle to living in natural environments. Pre-
vious studies on feral mice indicate that mandibular shape 
is especially responsive to ecological conditions and dietary 
variation and can change rapidly through postnatal remodel-
ling and phenotypic plasticity (Anderson et al. 2014; Ren-
aud et al. 2017). In contrast, because the cranium is involved 
in multiple functions, it may be more constrained than the 
mandible in its capacity to evolve in response to dietary 
demands (Law et al. 2022).

Analyses of differentiation factors restricted to the 
Canary Islands further support the view that cranio-man-
dibular variation reflects the combined influence of spatial 
and environmental processes. Variation partitioning analy-
ses revealed significant effects of both geographic structure 

and environmental heterogeneity on shape variation in the 
cranium and mandible, and these relationships remained 
significant after removing allometric effects. A substantial 
fraction of shape variation was jointly explained by geo-
graphic and environmental predictors, indicating that envi-
ronmental gradients are closely linked to spatial structure. 
Nevertheless, after accounting for this shared component, 
the pure geographic fraction consistently explained a larger 
proportion of shape variation than the pure environmental 
fraction in both structures, particularly in the mandible. 
Environmental variables nevertheless retained a signifi-
cant independent association with shape after controlling 
for geography, indicating that environmental heterogene-
ity contributes to morphological differentiation beyond the 
effects of spatial structure alone. Together, these results sug-
gest that morphological differentiation among islands is not 
solely the outcome of neutral divergence under isolation but 
also reflects responses to environmental heterogeneity oper-
ating across the archipelago. The environmental variables 
considered (altitude, temperature means and seasonality, 
and annual precipitation) capture major climatic gradients 
that are closely associated with variation in vegetation and 
resource availability among islands, providing a plausible 
ecological basis for the environmentally structured shape 
variation. Interestingly, the relative contribution of envi-
ronmental factors was consistently greater in the cranium 
than in the mandible, whereas mandibular variation showed 
a stronger geographic component. This pattern suggests 
that, although localised functional responses and pheno-
typic plasticity may contribute to mandibular diversifica-
tion, part of these differences may remain embedded within 
the spatial structure of the archipelago. Moreover, since the 
environmental variables included in the analyses represent 
broad-scale climatic gradients, it may not fully capture the 
local ecological factors most directly related to mandibu-
lar function, such as diet composition or food mechanical 
properties.

A study analysing the factors influencing molar shape in 
insular mice, including some Canarian populations, identi-
fied phylogenetic history as a major determinant of morpho-
logical variation (Ledevin et al. 2016). Colonisation history 
has clearly shaped the genetic background of Canary Island 
mouse populations (Bonhomme et al. 2011; Gabriel et al. 
2015, 2024) and may therefore also have contributed to the 
observed cranio-mandibular differentiation. Notably, the 
marked cranial differentiation of mice from Tenerife coin-
cides with the predominance of a distinct mitochondrial 
haplogroup on this island, in contrast to other islands such 
as La Palma, El Hierro or Gran Canaria (Gabriel et al. 2015). 
However, the role of phylogenetic history in shaping cranio-
mandibular variation could not be explicitly addressed in 
the present study. Although several phylogeographic studies 



1 3

   39   Page 14 of 16 Journal of Mammalian Evolution           (2026) 33:39 

of house mice in Macaronesia have included Canarian sam-
ples (Bonhomme et al. 2011; Gabriel et al. 2015, 2024), 
none has yet provided a detailed molecular characterisation 
of phylogenetic relationships across the entire archipelago. 
Available evidence nonetheless points to a complex coloni-
sation history involving multiple introduction events from 
different source regions, likely linked to successive phases 
of human settlement and maritime connectivity (Alcover et 
al. 2009; Bonhomme et al. 2011; Mitchell 2024). Such a 
scenario implies that founder effects, admixture, and asyn-
chronous colonisation may have contributed to the geo-
graphic structuring of cranio-mandibular shape, potentially 
interacting with environmentally driven differentiation.

Overall, our results suggest that insular cranio-mandib-
ular differentiation in house mice arises from the interplay 
of shared developmental and allometric constraints, local 
adaptive and plastic responses to insular environments, geo-
graphic isolation, and colonisation history. In this context, 
morphological integration modulates the capacity of the 
cranium and mandible to evolve with a degree of indepen-
dence in response to ecological and historical pressures. 
Disentangling the relative contributions of these processes 
will require detailed phylogenetic analyses across the archi-
pelago, together with comparative data on diet and trophic 
ecology among islands, which would provide a more com-
prehensive framework for understanding the evolution of 
cranio-mandibular shape in insular mouse populations.

Supplementary Information  The online version contains supplementary 
material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​1​0​9​1​4​-​0​2​6​-​0​9​8​3​3​-​3​​​​​.​​

Acknowledgements  The authors thank Natalia Martín Carrillo, Katerin 
García Livia and Rainer Brufau Moyano for their technical support.

Author contributions  Francesc Muñoz conceived the study, and con-
tributed to the experimental design, acquisition of 3D models, statisti-
cal analyses, and manuscript writing. Sergi Tulloch was involved in 
landmark digitisation and verification, statistical analyses, and prepa-
ration of an early version of the manuscript. Jessica Martínez contrib-
uted to acquisition of 3D models, statistical analyses, and manuscript 
writing. Carles Feliu participated in providing data and securing fund-
ing. Jacint Ventura conceived the study and contributed to experimen-
tal design, statistical analyses, manuscript revision and securing fund-
ing. All authors read and approved the final manuscript.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This study was supported by the 
Spanish projects CGL2006-04937 and CGL2009-07759 (to CF), fund-
ed by the Ministerio de Ciencia e Innovación, project CGL2010-15243 
(to JV), funded by the Ministerio de Economía y Competitividad, and 
project 2021SGR00689 (to FM), funded by the Comissió Interdepar-
tamental de Recerca i Innovació Tecnològica (CIRIT, Generalitat de 
Catalunya). ST was supported by an AGAUR Beca de Col·laboració 
from Departament de Recerca i Universitats (Generalitat de Catalu-
nya).

Data availability  The data that support the findings of this study are 
available at CORA RDR (https://dataverse.csuc.cat/).

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​

References

Adams D, Collyer M, Kaliontzopoulou A, Baken E (2023) Geomorph: 
Software for geometric morphometric analyses. R package ver-
sion 4.0.6. https:/​/cran.r​-projec​t.org​/package=geomorph

Adler GH, Levins R (1994) The island syndrome in rodent popula-
tions. Q Rev Biol 69:473–490. https:/​/doi.or​g/10.10​86/41​8744

Alcover J, Rando J, García-Talavera F, Hutterer R, Michaux J, Trias 
M, Navarro J (2009) A reappraisal of the stratigraphy of Cueva 
del Llano (Fuerteventura) and the chronology of the introduction 
of the house mouse (Mus musculus) into the Canary Islands. Pal-
aeogeogr Palaeoclimatol Palaeoecol 277:184–190. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​
/​1​0​.​1​0​1​6​/​j​.​p​a​l​a​e​o​.​2​0​0​9​.​0​3​.​0​1​6​​​​​​​

Anderson PS, Renaud S, Rayfield EJ (2014) Adaptive plasticity in the 
mouse mandible. BMC Evol Biol 14:85. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​6​
/​1​4​7​1​-​2​1​4​8​-​1​4​-​8​5​​​​​​​

Baken E, Collyer M, Kaliontzopoulou A, Adams D (2021) geomorph 
v4.0 and gmShiny: enhanced analytics and a new graphical inter-
face for a comprehensive morphometric experience. Methods Ecol 
Evol 12:2355–2363. https:/​/doi.or​g/10.11​11/20​41-210X.13723

Benítez-López A, Santini L, Gallego-Zamorano J, Milá B, Walkden P, 
Huijbregts MAJ, Tobias JA (2021) The island rule explains consis-
tent patterns of body size evolution in terrestrial vertebrates. Nat 
Ecol Evol 5:768–786. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​3​8​/​s​4​1​5​5​9​-​0​2​1​-​0​1​4​2​6​-​y​​​​​​​

Berg RA, Nietlisbach P (2025) Giant mice on small islands: biogeo-
graphic and ecological differences contribute to gigantism in 
island populations. Proc R Soc B 292:20251201. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​
/​1​0​.​1​0​9​8​/​r​s​p​b​.​2​0​2​5​.​1​2​0​1​​​​​​​

Bonhomme F, Orth A, Cucchi T, Rajabi-Maham H, Catalan J, Boursot 
P, Auffray JC, Britton-Davidian J (2011) Genetic differentiation 
of the house mouse around the Mediterranean Basin: matrilineal 
footprints of early and late colonization. Proc R Soc B 278:1034–
1043. https:/​/doi.or​g/10.10​98/rs​pb.2010.1228

Bookstein FL (1991) Morphometric Tools for Landmark Data. Cam-
bridge University Press, Cambridge.

Borcard D, Legendre P (2002). All-scale spatial analysis of eco-
logical data by means of principal coordinates of neighbour 
matrices. Ecol Model 153:51–68. https:/​/doi.or​g/10.10​16/S0​
304-3800(01)00501 

Carrascosa MC, López-Martínez N (1988) The house mouse from 
a prehistoric site in Fuerteventura (Canary Islands). Bonn Zool 
Beitr 39:237–256.

Collyer ML, Adams D (2018) RRPP: an R package for fitting linear mod-
els to high-dimensional data using residual randomization. Methods 
Ecol Evol 9:1772–1179. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​1​/​2​0​4​1​-​2​1​0​X​.​1​3​0​2​9​​​​​​​

https://doi.org/10.1007/s10914-026-09833-3
https://dataverse.csuc.cat/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://cran.r-project.org/package=geomorph
https://doi.org/10.1086/418744
https://doi.org/10.1016/j.palaeo.2009.03.016
https://doi.org/10.1016/j.palaeo.2009.03.016
https://doi.org/10.1186/1471-2148-14-85
https://doi.org/10.1186/1471-2148-14-85
https://doi.org/10.1111/2041-210X.13723
https://doi.org/10.1038/s41559-021-01426-y
https://doi.org/10.1098/rspb.2025.1201
https://doi.org/10.1098/rspb.2025.1201
https://doi.org/10.1098/rspb.2010.1228
https://doi.org/10.1016/S0304-3800(01)00501
https://doi.org/10.1016/S0304-3800(01)00501
https://doi.org/10.1111/2041-210X.13029


1 3

Page 15 of 16     39 Journal of Mammalian Evolution           (2026) 33:39 

Collyer ML, Adams D (2023) RRPP: linear model evaluation with ran-
domized residuals in a permutation procedure, R package version 
1.4.0. https:/​/cran.r​-projec​t.org​/package=RRPP.

Cornette R, Baylac M, Souter T, Herrel A (2013) Does shape co-vari-
ation between the skull and the mandible have functional conse-
quences? A 3D approach for a 3D problem. J Anat 223:329–336. 
https:/​/doi.or​g/10.11​11/jo​a.12086

Durão AF, Muñoz-Muñoz F, Martínez-Vargas J, Ventura J (2018) 
Obtaining three-dimensional models of limb long bones from 
small mammals: a photogrammetric approach. In: Rissech C, 
Lloveras L, Nadal J, Fullola JM (eds) Geometric Morphometrics. 
Trends in Biology, Paleobiology and Archaeology. SERP-Univer-
sitat Barcelona, Barcelona, pp 125–138

EOS Systems Inc. (2015) Photomodeler Scanner (v2015.1.1). Vancou-
ver, Canada: EOS System Inc 

Fick SE, Hijmans RJ (2017) WorldClim 2: new 1km spatial reso-
lution climate surfaces for global land areas. Int J Climatol 
37:4302–4315

Foster J (1964) Evolution of mammals on islands. Nature 202:234–
235. https:/​/doi.or​g/10.10​38/20​2234a0

Fujiwara K, Kawai Y, Takada T, Shiroishi T, Saitou N, Suzuki H, 
Osada N (2022) Insights into Mus musculus population structure 
across Eurasia revealed by whole-genome analysis. Genome Biol 
Evol 14:evac068. https:/​/doi.or​g/10.10​93/gb​e/evac068

Gabriel SI, Mathias ML, Searle JB (2015) Of mice and the ‘Age of 
Discovery’: the complex history of colonization of the Azorean 
archipelago by the house mouse (Mus musculus) as revealed by 
mitochondrial DNA variation. J Evol Biol 28:130–145. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​1​1​1​/​j​e​b​.​1​2​5​5​0​​​​​​​

Gabriel SI, Hughes JJ, Herman JS, Baines JF, Giménez MD, Gray 
MM, Hardouin EA, Payseur BA, Ryan PG, Sánchez-Chardi A, 
Ulrich RG, Mathias ML, Searle JB (2024) House mice in the 
Atlantic region: genetic signals of their human transport. Genes 
15:1645. https:/​/doi.or​g/10.33​90/ge​nes15121645

Gans C (1988) Adaptation and the form-function relation. Am Zool 
28:681–697. https:/​/doi.or​g/10.10​93/ic​b/28.2.681

Ginot S, Herrel A, Claude J, Hautier L (2018) Skull size and biome-
chanics are good estimators of in vivo bite force in Murid rodents. 
Anat Rec 301:256–266. https:/​/doi.or​g/10.10​02/ar​.23711

Ginot S, Herrel A, Claude J, Hautier L (2019) Morphometric models 
for estimating bite force in Mus and Rattus: mandible shape and 
size do better than lever-arm ratios. J Exp Biol 222:jeb204867. 
https:/​/doi.or​g/10.12​42/je​b.204867

Guénet JL, Bonhomme F (2003) Wild mice: an ever-increasing contri-
bution to a popular mammalian model. Trends Genet 19:24–31. 
https:/​/doi.or​g/10.10​16/s0​168-9525(02)00007-0

Klingenberg CP (2008) Morphological integration and developmental 
modularity. Annu Rev Ecol Evol Syst 39:115–132. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​
/​1​0​.​1​1​4​6​/​a​n​n​u​r​e​v​.​e​c​o​l​s​y​s​.​3​7​.​0​9​1​3​0​5​.​1​1​0​0​5​4​​​​​​​

Klingenberg CP (2009) Morphometric integration and modularity in 
configurations of landmarks: tools for evaluating a priori hypoth-
eses. Evol Dev 11:405–421. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​1​/​j​.​1​5​2​5​-​1​4​2​x​.​
2​0​0​9​.​0​0​3​4​7​.​x​​​​​​​

Klingenberg CP, Barluenga M, Meyer A (2002). Shape analysis of 
symmetric structures: quantifying variation among individuals 
and asymmetry. Evolution 56:1909–1920. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​
1​/​j​.​0​0​1​4​-​3​8​2​0​.​2​0​0​2​.​t​b​0​0​1​1​7​.​x​​​​​​​

Law CJ, Blackwell EA, Curtis AA, Dickinson E, Hartstone-Rose A, 
Santana SE (2022) Decoupled evolution of the cranium and man-
dible in carnivoran mammals. Evolution 76:2959–2974. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​1​1​1​/​e​v​o​.​1​4​5​7​8​​​​​​​

Ledevin R, Chevret P, Ganem G, Britton-Davidian J, Hardouin EA, 
Chapuis JL, Pisanu B, Mathias ML, Schlager S, Auffray JC, Ren-
aud S (2016) Phylogeny and adaptation shape the teeth of insular 
mice. Proc R Soc B 283:20152820. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​9​8​/​r​s​p​b​
.​2​0​1​5​.​2​8​2​0​​​​​​​

Li Y, Fujiwara K, Osada N, Kawai Y, Takada T, Kryukov AP, Abe 
K, Yonekawa H, Shiroishi T, Moriwaki K, Saitou N, Suzuki H 
(2021) House mouse Mus musculus dispersal in East Eurasia 
inferred from 98 newly determined complete mitochondrial 
genome sequences. Heredity 126:132–147. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
3​8​/​s​4​1​4​3​7​-​0​2​0​-​0​0​3​6​4​-​y​​​​​​​

Linnaeus C (1758) Systema Naturae per Regna tria Naturæ, Secun-
dum Classes, Ordines, Genera, Species, cum Characteribus, Dif-
ferentiis, Synonymis, Locis. Tomus I. Editio decima, reformata. 
Holmiae. Salvius

Lister AM, Hall C (2014) Variation in body and tooth size with island 
area in small mammals: a study of Scottish and Faroese house 
mice (Mus musculus). Ann Zool Fennici 51:95–110. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​5​7​3​5​/​0​8​6​.​0​5​1​.​0​2​1​1​​​​​​​

Lomolino MV (2005) Body size evolution in insular vertebrates: gen-
erality of the island rule. J Biogeogr 32:1683–1699. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​1​1​1​/​j​.​1​3​6​5​-​2​6​9​9​.​2​0​0​5​.​0​1​3​1​4​.​x​​​​​​​

Martínez-Vargas J, Muñoz-Muñoz F, Medarde N, López-Fuster MJ, 
Ventura J (2014) Effect of chromosomal reorganizations on mor-
phological covariation of the mouse mandible: insights from a 
Robertsonian system of Mus musculus domesticus. Front Zool 
11:51. https:/​/doi.or​g/10.11​86/s1​2983-014-0051-3

Merilä J, Hendry AP (2014). Climate change, adaptation, and pheno-
typic plasticity: the problem and the evidence. Evol Appl 7:1–14. 
https:/​/doi.or​g/10.11​11/ev​a.12137

Michaux J, De Bellocq JG, Sarà M, Morand S (2002). Body size 
increase in insular rodent populations: a role for predators? Glob 
Ecol Biogeogr 11:427–436. http://​www.jst​or.org/​stabl​e/3182652

Michaux J, Cucchi T, Renaud S, Garcia-Talavera F, Hutterer R (2007) 
Evolution of an invasive rodent on an archipelago as revealed by 
molar shape analysis: the house mouse in the Canary Islands. J 
Biogeogr 34:1412–1425. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​1​/​j​.​1​3​6​5​-​2​6​9​9​.​2​0​
0​7​.​0​1​7​0​1​.​x​​​​​​​

Mitchell PJ (2024) Archaeological research in the Canary Islands: 
island archaeology off Africa’s Atlantic Coast. J Archaeol Res 
32:155–208. https:/​/doi.or​g/10.10​07/s1​0814-023-09186-y

Nogales M, Rodríguez-Luengo JL, Marrero P (2006) Ecological 
effects and distribution of invasive non-native mammals on the 
Canary Islands. Mammal Rev 36:49–65. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​1​/​j​
.​1​3​6​5​-​2​9​0​7​.​2​0​0​6​.​0​0​0​7​7​.​x​​​​​​​

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn 
D, … Solymos P (2018). Vegan: community ecology package. R 
package version 2.6–10. ​h​t​t​​p​s​:​/​​/​c​r​​a​n​.​​r​-​p​r​o​j​e​c​t​.​o​r​g​/​w​e​b​/​p​a​c​k​a​g​e​s​/​
v​e​g​a​n​/​i​n​d​e​x​.​h​t​m​l​​​​​​​

Olson EC, Miller RL (1958) Morphological Integration. University of 
Chicago Press, Chicago.

Pagès M, Chevret P, Gros-Balthazard M, Hughes S, Alcover JA, Hut-
terer R, Rando JC, Michaux J, Hänni C (2012) Paleogenetic 
analyses reveal unsuspected phylogenetic affinities between mice 
and the extinct Malpaisomys insularis, an endemic rodent of the 
Canaries. PLoS ONE 7:e31123. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​3​7​1​/​j​o​u​r​n​a​l​.​
p​o​n​e​.​0​0​3​1​1​2​3​​​​​​​

Pergams O, Ashley MV (2001) Microevolution in island rodents. Genet-
ica 112–113:245–256. https:/​/doi.or​g/10.10​23/A:​1013343923155

R Core Team (2023) R: a language and environment for statistical 
computing. Version 4.3.1. R Core Team, Vienna. ​h​t​t​p​:​/​/​w​w​w​.​R​-​p​
r​o​j​e​c​t​.​o​g​​​​​.​​​

Renaud S, Auffray JC (2010) Adaptation and plasticity in insular 
evolution of the house mouse mandible. J Zool Syst Evol Res 
48:138–150. https:/​/doi.or​g/10.11​11/j.​1439-0469.2009.00527.x

Renaud S, Hardouin EA, Quéré JP, Chevret P (2017) Morphometric 
variations at an ecological scale: seasonal and local variations in 
feral and commensal house mice. Mamm Biol 87:1–12. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​m​a​m​b​i​o​.​2​0​1​7​.​0​4​.​0​0​4​​​​​​​

Rohlf FJ (2010) TpsDig2: digitize coordinates of landmarks and 
capture outlines. Department of Ecology and Evolution, State 

https://cran.r-project.org/package=RRPP
https://doi.org/10.1111/joa.12086
https://doi.org/10.1038/202234a0
https://doi.org/10.1093/gbe/evac068
https://doi.org/10.1111/jeb.12550
https://doi.org/10.1111/jeb.12550
https://doi.org/10.3390/genes15121645
https://doi.org/10.1093/icb/28.2.681
https://doi.org/10.1002/ar.23711
https://doi.org/10.1242/jeb.204867
https://doi.org/10.1016/s0168-9525(02)00007-0
https://doi.org/10.1146/annurev.ecolsys.37.091305.110054
https://doi.org/10.1146/annurev.ecolsys.37.091305.110054
https://doi.org/10.1111/j.1525-142x.2009.00347.x
https://doi.org/10.1111/j.1525-142x.2009.00347.x
https://doi.org/10.1111/j.0014-3820.2002.tb00117.x
https://doi.org/10.1111/j.0014-3820.2002.tb00117.x
https://doi.org/10.1111/evo.14578
https://doi.org/10.1111/evo.14578
https://doi.org/10.1098/rspb.2015.2820
https://doi.org/10.1098/rspb.2015.2820
https://doi.org/10.1038/s41437-020-00364-y
https://doi.org/10.1038/s41437-020-00364-y
https://doi.org/10.5735/086.051.0211
https://doi.org/10.5735/086.051.0211
https://doi.org/10.1111/j.1365-2699.2005.01314.x
https://doi.org/10.1111/j.1365-2699.2005.01314.x
https://doi.org/10.1186/s12983-014-0051-3
https://doi.org/10.1111/eva.12137
http://www.jstor.org/stable/3182652
https://doi.org/10.1111/j.1365-2699.2007.01701.x
https://doi.org/10.1111/j.1365-2699.2007.01701.x
https://doi.org/10.1007/s10814-023-09186-y
https://doi.org/10.1111/j.1365-2907.2006.00077.x
https://doi.org/10.1111/j.1365-2907.2006.00077.x
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1371/journal.pone.0031123
https://doi.org/10.1371/journal.pone.0031123
https://doi.org/10.1023/A:1013343923155
http://www.R-project.og
http://www.R-project.og
https://doi.org/10.1111/j.1439-0469.2009.00527.x
https://doi.org/10.1016/j.mambio.2017.04.004
https://doi.org/10.1016/j.mambio.2017.04.004


1 3

   39   Page 16 of 16 Journal of Mammalian Evolution           (2026) 33:39 

University of New York, Stony Brook, New York. ​h​t​t​​p​:​/​/​​l​i​f​​e​.​b​​i​o​.​s​
u​n​y​s​b​.​e​d​u​/​m​o​r​p​h​/​i​n​d​e​x​.​h​t​m​​​​​.​​​

Rohlf FJ, Slice D (1990) Extensions of the Procrustes method for 
the optimal superimposition of landmarks. Syst Biol 39:40–59. 
https:/​/doi.or​g/10.23​07/29​92207

Rowe-Rowe D, Crafford J (1992) Density, body size, and reproduction 
of feral house mice on Gough Island. S Afr J Zool 27:1–5. ​h​t​t​​p​s​:​/​​
/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​8​0​/​0​2​5​4​1​8​5​8​.​1​9​9​2​.​1​1​4​4​8​2​5​2​​​​​​​

Sánchez-Chardi A, García-Pando M, Pujol-Buxó E, Sans-Fuentes MA, 
López-Fuster MJ, Muñoz-Muñoz F (2018) Insularity induces 
changes on body and mandible morphology in a Mediterranean 
population of the greater white-toothed shrew Crocidura russula 
(Hermann, 1780). Contrib Zool 87:275–286. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​
1​6​3​/​1​8​7​5​9​8​6​6​-​0​8​7​0​4​0​0​4​​​​​​​

Souquet L, Chevret P, Ganem G, Auffray JC, Ledevin R, Agret S, 
Hautier L, Renaud S (2019) Back to the wild: does feralization 

affect the mandible of non-commensal house mice (Mus muscu-
lus domesticus)? Biol J Linn Soc 126:471–486. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​
.​1​0​9​3​/​b​i​o​l​i​n​n​e​a​n​/​b​l​y​2​1​8​​​​​​​

Viacava P, Blomberg SP, Sansalone G, Phillips MJ, Guillerme T, Cam-
eron SF, Wilson RS, Weisbecker V (2020) Skull shape of a widely 
distributed, endangered marsupial reveals little evidence of local 
adaptation between fragmented populations. Ecol Evol 10:9707–
9720. https:/​/doi.or​g/10.10​02/ec​e3.6593

Wilches R, Beluch WH, McConnell E, Tautz D, Chan YF (2021) Indepen-
dent evolution toward larger body size in the distinctive Faroe Island 
mice. G3 11:jkaa051. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​9​3​/​g​3​j​o​u​r​n​a​l​/​j​k​a​a​0​5​1​​​​​​​

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.​​​​​​​

http://life.bio.sunysb.edu/morph/index.htm
http://life.bio.sunysb.edu/morph/index.htm
https://doi.org/10.2307/2992207
https://doi.org/10.1080/02541858.1992.11448252
https://doi.org/10.1080/02541858.1992.11448252
https://doi.org/10.1163/18759866-08704004
https://doi.org/10.1163/18759866-08704004
https://doi.org/10.1093/biolinnean/bly218
https://doi.org/10.1093/biolinnean/bly218
https://doi.org/10.1002/ece3.6593
https://doi.org/10.1093/g3journal/jkaa051

	﻿Skull evolution in Canary Island mice reflects responses to geography and environment shaped by morphological integration
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Sample composition
	﻿Morphological data acquisition
	﻿Geometric morphometric analyses
	﻿Size variation
	﻿Shape variation
	﻿Covariation between cranial and mandibular shape
	﻿Variation factors

	﻿Results


