This is a repository copy of Cranial shape variation in mink: separating two highly similar
species.
White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/178557/
Version: Published Version
Article:
Gálvez-López, Eloy orcid.org/0000-0002-6211-966X, Kilbourne, Brandon and Cox, Philip
Graham orcid.org/0000-0001-9782-2358 (2022) Cranial shape variation in mink:
separating two highly similar species. Journal of Anatomy. pp. 210-225. ISSN 1469-7580
https://doi.org/10.1111/joa.13554

Reuse
This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/
Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Received: 18 May 2021

|

Revised: 8 September 2021

|

Accepted: 9 September 2021

DOI: 10.1111/joa.13554

ORIG INAL PAPER

Cranial shape variation in mink: Separating two highly similar
species
Eloy Gálvez-López1

| Brandon Kilbourne2 | Philip G. Cox1

1
PalaeoHub, Department of Archaeology,
University of York, York, United Kingdom

Museum für Naturkunde, Leibniz
Institute for Evolution and Biodiversity
Science, Berlin, Germany
2

Correspondence
Eloy Gálvez-López, PalaeoHub,
Department of Archaeology, University
of York, Wentworth Way, YO10 5DD
Heslington, York, United Kingdom.
Email: eloy.galvezlopez@york.ac.uk
Funding information
European Union’s Horizon 2020 research
and innovation program, Grant/Award
Number: 835736

Abstract
European and American minks (Mustela lutreola and Neovison vison, respectively) are
very similar in their ecology, behavior, and morphology. However, the American mink
is a generalist predator and seems to adapt better to anthropized environments, allowing it to outcompete the European mink in areas where it has been introduced,
threatening the survival of the native species. To assess whether morphological differences may be contributing to the success of the American mink relative to the
European mink, we analyzed shape variation in the cranium of both species using 3D
geometric morphometrics. A set of 38 landmarks and 107 semilandmarks was used
to study shape variation between and within species, and to assess how differences
in size factored into that variation. Sexual dimorphism in both size and shape was
also studied. Significant differences between species were found in cranial shape,
but not in size. Relative to American mink, European mink have a shorter facial region
with a rounder forehead and wider orbits, a longer neurocranium with less developed crests and processes, and an antero-medially placed tympanic bullae with an
anteriorly expanded cranial border. Within species, size-related sexual dimorphism
is highly significant, but sexual dimorphism in shape is only significant in American
mink, not in European mink. Additionally, two trends common to both species were
discovered, one related to allometric changes and another to sexual size dimorphism.
Shape changes related to increasing size can be subdivided into two, probably related,
groups: increased muscle force and growth. The first group somewhat parallels the
differences between both mink species, while the second group of traits includes an
anterodorsal expansion of the face, and the neurocranium shifting from a globous
shape in small individuals to a dorsoventrally flattened ellipse in the largest ones.
Finally, the sexual dimorphism trend, while also accounting for differences in muscle
force, seems to be related to the observed dietary differences between males and
females. Overall, differences between species and sexes, and shape changes with increasing size, seem to mainly relate to differences in masticatory-muscle volume and
therefore muscle force and bite force, which, in turn, relate to a wider range of potential prey (bigger prey, tougher shells). Thus, muscle force (and dietary range) would be
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larger in American mink than in European mink, in males than in females, and in larger
individuals than in smaller ones.
KEYWORDS

American mink, cranium, European mink, geometric morphometrics, sexual dimorphism, shape
variation

analysis of cranial shape variation between both species, which will
serve as a basis for future studies on feeding biomechanics in minks.
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I NTRO D U C TI O N

The form of a structure is closely related to its function, and
many studies have demonstrated how bone size and shape variations can impact functional capabilities and behavior (Dickson &

The European mink (Mustela lutreola Linnaeus, 1761) is a small mus-

Pierce, 2019; Hautier et al., 2012; Pigot et al., 2020). This is particu-

telid (weasels, badgers, martens, and otters) that originally popu-

larly true of the skull in relation to feeding performance, especially

lated almost all of Europe. Its range has severely declined by over

so in predators that use their jaws to kill prey, like most mustelids

90% since the mid-19th century and nowadays it can only be found

(Ewer, 1973; Wilson & Mittermeier, 2009). Any change to the mor-

in northern Spain and southern France, the Danube Delta, and in

phology of the skull will alter the lever mechanics of the masticatory

some areas of Ukraine and Russia (Amstislavsky et al., 2008; Maran

system (Cox et al., 2012; McIntosh & Cox, 2016; Radinsky, 1981; Van

et al., 2016). It has been classified as Critically Endangered on the

Valkenburgh, 2007), thus affecting a number of important biome-

IUCN Red List since 2011, and it is currently considered the second

chanical parameters, namely: bite force, and hence the ability to de-

most threatened mammal in Europe (Palazón & Melero, 2014). The

liver the kill bite and/or crush food items; maximum gape, which can

main cause of this decline is thought to be the invasive American

alter the range of accessible prey; and stresses (i.e., internal distri-

mink (Neovison vison Schreber, 1777; Maran et al., 2016; Palazón &

butions of applied forces) and strains (i.e., deformations) across the

Melero, 2014), a closely related mustelid species native to North

skull generated by biting or by prey struggling to escape. Skull form,

America but now widespread in Europe (Bonesi & Palazón, 2007).

therefore, has a major influence on the range of prey that can be

This alien pest species is in direct competition with the European

exploited by a species, and therefore the ability of a species to thrive

mink for habitat and food resources, and their interaction usually

in a particular habitat, adopt new niches, and withstand environ-

ends in the displacement of the native species. Furthermore, the

mental change. Several studies have been carried out in Carnivora

American mink is a transmitter of the Aleutian mink disease parvovi-

to describe morphological adaptations to different diets in this order

rus (AMDV; fatal for the European mink) and it has been reported to

(e.g., Dumont et al., 2016; Gittleman & Van Valkenburgh, 1997;

prey on European mink (Maran, MacDonald, et al., 1998; Põdra et al.,

Goswami et al., 2011; Holliday & Steppan, 2004; Michaud et al.,

2013; Sidorovich et al., 1999).

2018; Radinsky, 1981; Sicuro & Oliveira, 2010; Van Valkenburgh,

Several traits of the American mink might give it the advantage

2007). However, most of these studies focus on medium to large

over the European mink in any competition scenario, causing the de-

carnivorans, so it remains unclear whether the adaptations they de-

cline of the latter. For instance, American mink are larger, both in

scribe also apply to small carnivorans, such as minks.

length and weight (Sidorovich et al., 1999; Wilson & Mittermeier,

Nevertheless, feeding biomechanics is only one of the many

2009), and thus can overcome the native species in physical con-

factors related to skull shape. For instance, size and phylogenetic

frontation. Furthermore, although the American mink has been

history tend to be the main factors influencing the shape of a struc-

described as a strictly carnivorous, generalist, and opportunistic

ture (Gálvez-López, 2021; Goswami, 2006; Machado et al., 2018). Of

predator, there is potential dietary overlap or prey competition be-

those, size is particularly important in small mustelids, since these

tween the two species (García Bustos, 2018; Maran, Kruuk, et al.,

species usually present a high degree of sexual dimorphism, not only

1998; Sidorovich et al., 2010).

in size (e.g., Moors, 1980; but specifically for minks see Abramov

So far, conservation plans focus on enhancing the survivability

& Tumanov, 2003; Palazón et al., 2006; Tamlin et al., 2009; Wiig,

of European mink populations and managing American mink pop-

1982a) but also in body proportions (Lawes & Andrews, 1987; Loy

ulations (Amstislavsky et al., 2008; Bonesi & Palazón, 2007; Maran

et al., 2004; Wiig, 1986). Additionally, other functions of the skull,

et al., 2016; Martin & Lea, 2020; Palazón & Melero, 2014). Feeding

such as protecting the brain and sensory organs, are also related to

ecology provides a control checkpoint for both strategies. However,

its shape (e.g., Dumont et al., 2016). Thus, in order to understand

although dietary differences have been studied, knowledge of the

how skull shape differences between minks could be related to

biomechanics of feeding in both species is lacking. The present

differences in feeding biomechanics, we also need to understand

study represents a first step in that direction, providing a thorough

whether those differences are also related to other factors.
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Unfortunately, although plenty of studies have analyzed in-

cuja; Migliorini et al., 2020) or American martens (Martes ameri-

traspecific variation in skull size and proportions in minks (e.g.,

cana; Law, 2020). Finally, some of these intraspecific studies also

Abramov & Tumanov, 2003; Lynch & Hayden, 1995; Palazón et al.,

found significant differences in cranial shape among populations

2006; Tamlin et al., 2009; Wiig, 1982a, 1985, 1986; Wiig & Lie,

(Hernández-Romero et al., 2015; Loy et al., 2004), and between

1979), the only comparison between both species is a qualitative

age classes (Law, 2020; Law et al., 2017).

description in Heptner et al. (2002). In that translation of an ear-

The aim of this study is to analyze and compare cranial shape

lier work, originally from 1967, the authors described the European

variation in both mink species in order to understand how factors

mink as carrying “infantile features” compared to the American

such as size, sexual dimorphism, and function (particularly feed-

mink. Additionally, all quantitative studies have been carried out

ing) can be related to shape differences between European and

with traditional morphometrics (i.e., comparing direct measure-

American minks. This broad objective can be subdivided into the

ments and ratios using univariate or multivariate approaches),

following research questions (RQ):

so no analysis of overall shape or form has been carried out.
Geometric morphometric methods (GMM) allow the separation of

RQ1

Are European mink more similar to American mink or

form into size and shape (i.e., all the geometric features except for

European polecat? Since both mink species have a very similar

its size, position, and orientation), which, in turn, enables a deeper

phenotype and ecology, we expect to observe similar functional

study on the relationship between shape and a multitude of fac-

adaptations in cranial shape (i.e., morphological convergence).

tors. Recently, there has been an increase in interspecific studies

However, since both species last shared a common ancestor

on mustelids (Dumont et al., 2016; Law, Duran, et al., 2018; Law

about 8.6 Mya, and the European mink split from their sister

& Mehta, 2018), but we still have much to learn about shape vari-

group just 1.24 Mya (Law, Slater, et al., 2018), such similar

ation within mustelid species. As with traditional morphometrics

cranial morphology could be a common feature to musteline

studies, GMM studies on intraspecific variation in cranial shape

species more generally. Previous studies indicate a wide diversity

in mustelids found significant differences in cranial size both be-

in cranial shape in mustelids (Dumont et al., 2016; Michaud

tween sexes and among populations. However, results for cranial

et al., 2018), so ecomorphological convergence would be the

shape are varied with significant differences in shape between
sexes being reported in fishers (Pekania pennanti; Law, 2020) and

expected cause for these similarities.
RQ2

Can differences in cranial shape be identified between

two marten species (Martes martes, M. foina; Loy et al., 2004), but

European and American mink? The crania of both species are so

no such differences being found in Neotropical otters (Lontra lon-

similar visually, that one must rely on anatomical traits such as the

gicaudis; Hernández-Romero et al., 2015), lesser grisons (Galictis

appearance of the tympanic bullae (S. Palazón, pers. comm.) or the
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F I G U R E 1 Cranial anatomy in minks. European mink MNHN 1986-459 in dorsal (a), ventral (b), and lateral views (c). American mink
MNHN 2005-647 in dorsal (d), ventral (e), and lateral views (f). See Table S2 for additional information on both specimens. Scale bar is 3 cm
long. Red lines represent the outline of the auditory bulla, while the small boxes provide a closer look at the pterygoid processes, both traits
can be used to identify each species. Some of the anatomical features mentioned throughout the text are illustrated here using the following
abbreviations: C, canine; fm, foramen magnum; Ir, incisor row; itf, infratemporal fossa; M1, molar 1; mp, mastoid process; nc, nuchal crest; orb,
orbit; P2–P4, premolars 2–4; pal, palate; poc, postorbital constriction (marked by arrows); pop, postorbital process; ptp, pterygoid process; sc,
sagittal crest; tym, tympanic bulla; zyg, zygomatic arch

4

|

GÁLVEZ-LÓPEZ Et aL.

pterygoid processes (E. Gálvez-López, pers. obs.) to differentiate

individuals escaped from different farms might present slightly dif-

them (Figure 1). Thus, we would expect a high overlap in shape

ferent morphologies; Lynch & Hayden, 1995). Finally, the sample

variation between both species, which, according to Heptner et

was completed with the crania of three juvenile American minks:

al. (2002), would occur between American mink juveniles and

if Heptner et al. (2002) description was accurate, we would expect

European mink adults.

those juveniles to cluster with European mink adults. Unfortunately,

RQ3

Are shape differences between both mink species caused by

we were unable to find any juvenile European mink specimens.

differences in size? Given the size differences between both spe-

Additionally, in order to test whether cranial shape in the

cies and between sexes within each species, any shape differ-

European mink was more similar to the American mink or to its sis-

ences found between the species could be the result of common

ter lineage, we sampled 11 specimens of European polecat (Mustela

allometric shape changes.

putorius; Mpu). Since we are not interested in the shape variation of

RQ4

Is there significant sexual dimorphism in cranial shape and size

in either mink species? While sexual dimorphism in size is expected

this species, we only sampled enough individuals so that statistical
comparisons could be performed.

in both mink species as it is common in mustelids, previous studies

The specimens studied were housed in the collections of the

have reported different findings regarding sexual dimorphism in

Naturhistorisches Museum Basel (Switzerland), the Museum für

cranial shape, with no clear pattern arising from them. It is hoped

Naturkunde (Berlin, Germany), the Bristol City Museum and Art

that the results from this study will shed light on the underlying

Gallery (Bristol, United Kingdom), the Hungarian Natural History

reasons.

Museum (Budapest, Hungary), the National Museum of Scotland
(Edinburgh, United Kingdom), the Muséum d’Histoire Naturelle de

We also wondered whether any observed shape differences be-

Genève (Switzerland), the Natural History Museum at the University

tween both mink species would translate into potential differences

of Oslo (Norway), the Muséum National d’Histoire Naturelle (Paris,

in feeding biomechanics, and, if they did, whether these differences

France), the Estonian Museum of Natural History (Tallinn, Estonia),

would allow the American mink to outcompete the European mink.

the Department of Archaeology at the University of York (United

We expect to find some morphofunctional differences in cranial

Kingdom), and the private collection of Dr Santiago Palazón (Flora

shape between both species that can be attributed to the reported

and Fauna Service, Generalitat de Catalunya, Barcelona, Spain).

differences in diet between the two species. Particularly, American

Catalogue numbers and additional information (sex, locality, etc.)

mink should present larger gapes and produce higher bite forces,

for each specimen are available in Table S1. While browsing those

which would allow them to exploit a wider range of prey than

collections, visual inspection revealed an unusually high number

European mink. We believe that this, coupled with the aggressive

of specimens that had probably been assigned to the wrong spe-

behavior of American mink towards the native species, could result

cies. We sampled 44 of those to test whether cranial shape varia-

in European mink being displaced towards food sources that they

tion could be used to classify specimens of unknown species. The

cannot process optimally.

methods and results for that test can be found as supplementary

Finally, we hope that the results of the present study would pro-

information (Appendix S1). Finally, we also found two juvenile pole-

vide a basis of comparison for future intraspecific studies on cranial

cat × European mink hybrids (one male, one female). Since European

shape variation in minks, allowing the identification of shape fea-

minks and polecats hybridize in the wild, we decided to scan and plot

tures common to the mink ecotype and others exclusive to each

those rare specimens in the shape morphospace as a curiosity, but

species.

they were not included in the analyses.
All specimens were imaged using micro-computed tomography.

2
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M ATE R I A L & M E TH O DS

2.1 | Sample

Imaging was carried out at the Museum für Naturkunde (Berlin,
Germany), the Natural History Museum at the University of Oslo
(Norway), the Biomaterials Science Center at the University of Basel
(Switzerland), the X-ray tomography facilities at the University of
Bristol (United Kingdom), and ScanoMed Debrecen (Hungary).

The sample consisted of 144 adult mink crania, of which 62 belonged

Voxels were isometric and the voxel resolution usually ranged from

to European minks (Mlu) and 82 to American minks (Nvi). The number

0.039 to 0.050 mm, with the total number of slices per scan rang-

of specimens of each sex and species were similar except for female

ing between 1270 and 1762 (Table S2). The scans were segmented

European minks (Table 1), which are uncommon in museum collec-

using the Dragonfly software (Version 3.7.3 for Windows; Object

tions. In order to capture the widest possible range of shape varia-

Research Systems Inc). The automated “split at Otsu” function was

tion in each species, we sampled both male and female individuals

used to isolate bone material, then the selection was manually re-

from the three extant populations of European mink, and from wild

vised to verify that no scanning artefacts were included, nor bone

and feral American mink populations (North America and Europe,

excluded. The resulting meshes were decimated to 2 million faces

respectively). Additionally, the American mink sample included indi-

in Avizo Standard Edition (Version 7.1.0 for Windows; Visualization

viduals from different regions of their native distribution, and from

Sciences Group). Finally, to avoid issues with semilandmark place-

different European countries (since feral populations deriving from

ment (see below), the decimated meshes were imported to Geomagic

|
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Studio (Version 2013.0.1 for Windows; Geomagic Inc) to remove

of semilandmarks. After the sliding, the landmark configurations of

small spikes, holes, and tunnels using the “Mesh Doctor” function.

all specimens can be compared with standard GMM. All subsequent
analyses were carried out using both R (Version 4.0.3 for Windows;
R Core Team, 2020) and the MorphoJ software (Klingenberg, 2011).

2.2 | Landmark configuration

All calculations in R were carried out within the RStudio environment (Version 1.3.1093 for Windows; RStudio Team, 2020), and the

In order to quantify the morphology of the skull, the 3D coordi-

following R packages were used: Arothron (Profico et al., 2021), geo-

nates of 38 homologous landmarks and 107 semilandmarks were

morph (Adams et al., 2020), Morpho (Schlager, 2017), magick (Ooms,

digitized on the left side of each specimen (Figure 2). The repeat-

2020), rgl (Adler et al., 2020), RRPP (Collyer & Adams, 2018, 2020),

ability of homologous landmarks was analyzed using the intraclass

and stringr (Wickham, 2019). R code for all the analyses is available

correlation coefficient (Fisher, 1958; Fruciano, 2016), with detailed

at https://git.io/JCq5M.

information on methods and results available as supplementary information (Appendix S1). Avizo was used to capture the homologous
landmarks (Table 2) and five surface paths along curves. Equidistant

2.3 | Shape variation

semilandmarks were placed along each surface path (five on the
orbit, 10 on the dorsal midline, eight on the nuchal crest, six on the

The different landmark configurations were standardized in size, po-

dorsal border of the zygomatic arch, eight on its ventral border), and

sition, and rotation by performing a Generalized Procrustes Analysis

to create a patch of semilandmarks on the surface of the face (20

(GPA; Rohlf & Slice, 1990). Before standardization, the centroid size

semilandmarks) and vault (50) regions of each specimen (Figure 2).

of each specimen was calculated (i.e., the square root of the sum

Finally, based on the homologous landmarks, the semilandmarks

of the squared distances of all points of the configuration to their

were slid on the surfaces in order to minimize the bending energy

centroid), and this was used to represent size in all size comparisons.

of the thin-plate spline (Gunz et al., 2005). In other words, this pro-

Then, a principal component analysis (PCA) was carried out on the

cess minimizes the shape variation due only to the arbitrary spacing

Procrustes coordinates to summarize cranial shape variation in the
main axes of the morphospace. This set of analyses was carried out

TA B L E 1 Sampled specimens
Species

Females

Males

Unsexed

European mink (Mlu)

16

24

22

62

American mink (Nvi)

23

24

38a

85a

6

5

—

11

European polecat (Mpu)
a

separately for the whole sample, an adult subsample (no juveniles),
and a mink subsample (adult European and American minks), with

Total

each subsample addressing different RQ.
The whole sample provided an exploratory framework of interspecific and ontogenetic shape variation. If interspecific differences
were substantially larger than intraspecific differences (RQ1), all

Includes three juvenile specimens of unknown sex.

three species would occupy different regions of the morphospace.

(a)

(b)

(d)

(e)

(c)

F I G U R E 2 Landmark configuration. (a) lateral view; (b) caudal view; (c) cranial view; (d) ventral view; (e) dorsal view. Red dots represent
landmarks (as defined in Table 2), blue dots represent semilandmarks along curves, and green dots illustrate semilandmark patches on
surfaces
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TA B L E 2 Landmark definitions

TA B L E 2 (Continued)

Landmark

Definition

Landmark

Definition

1

Left I1–right I1 cranial contact point

35

2

Cranialmost point between nasal bones

Most mediocaudal point of anterior
carotid foramen

3

Mediodorsal tip of nuchal crest

36

4

Midpoint of dorsal margin of foramen
magnum

Most mediocranial point of posterior
carotid foramen

37

Cranialmost point of auditory bulla

5

Midpoint of ventral margin of foramen
magnum

38

Intersection between dorsal lip of
glenoid fossa and braincase

6

Midpoint of posterior edge of palatine
torus

7

Lateralmost point of nasal opening on
premaxilla

Additionally, if American mink juveniles and adult European mink

8

Most laterodorsal point of I3 alveolus

domorphic features in European mink by Heptner et al. (2002) could

9

Cranialmost point of C alveolus

be considered accurate.

10

Lateralmost point of C alveolus

The adult subsample aimed to address whether cranial shape in
European mink was more similar to that of American mink (shared

11

C–P2 lateral contact point

12

P2–P3 lateral contact point

13

P3–P4 lateral contact point

14

P4–M1 lateral contact point

15

Most laterocaudal point of M1

16

Most mediocaudal point of M1

17

Most mediocranial point of M1

18

Point of flexus between M1 paracone
and protocone

19

P4–M1 medial contact point

20

Most mediocranial point of P4
protocone

phenotype) or European polecat (closest relative) (RQ1). To distinguish between these potential scenarios, a Procrustes ANOVA by
species was performed on the Procrustes coordinates of the adult

21

Point of maximum curvature at
palatine-pterygoid suture

22

Tip of pterygoid process

23

Cranialmost point of optical foramen

24

Tip of postorbital process on frontal
bone

25

Tip of postorbital process on jugal bone

26

Point of insertion of zygomatic arch on
braincase

27

Cranialmost point of external auditory
meatus

28

Caudalmost point of external auditory
meatus

29

Lateralmost point of mastoid process

30

Ventralmost point of mastoid process

31

Ventralmost point of jugular process

32

Most laterodorsal point of occipital
condyle

33

Intersection between occipital condyle
and cranial border of foramen
magnum

34

shared placement in the morphospace (RQ2), the description of pae-

Most caudoventral point of occipital
condyle

subsample, and pairwise differences in mean Procrustes distances
between species were calculated (Goodall, 1991). The significance
was determined through randomization of residuals using permutation procedures (RRPP; Anderson, 2001; Collyer et al., 2015). The
number of permutations was set to 10,000 for all analyses.
Finally, the mink subsample was the main focus of this manuscript. It was used to provide a detailed description of cranial shape
variation in European and American mink (RQ2), and to relate potential shape differences to factors, such as size and sex (RQ3–4).
Procrustes ANOVA was used to investigate the relationship between shape and size and sex, while non-parametric ANOVAs were
used to analyze the effect of those factors on individual principal
components (PCs) and to test for size differences between species
and sexes. Non-parametric ANOVA is more robust than traditional
ANOVA in unbalanced, heteroscedastic designs such as the present study (Cohen, 2001; Gálvez-López, 2021). Post hoc tests were
carried out to assess pairwise differences between subgroups, and
the Holm–Bonferroni method was used to adjust p-values to account for multiple comparisons (Holm, 1979). Again, significance in
all tests was determined with RRPP (10,000 permutations). Once
the effect of the different factors (species, sex, size) was analyzed
individually, whenever more than one factor played a significant
role in the variation of a particular variable (shape, centroid size,
PCs) their interaction was further explored using Procrustes or
non-parametric ANOVAs, as required. Finally, the effect of any
significant interaction was quantified using phenotypic trajectory
analysis (PTA), a technique that allows us to identify differences
in patterns of shape change between groups in multivariate data
(Collyer & Adams, 2013). When studying shape changes along twolevel factors (such as sex), each pattern (or trajectory) can be defined by three parameters: location, magnitude, and orientation.
Comparing the first parameter is equivalent to testing for shape

(Continues)

differences between groups, as we just did with Procrustes ANOVA
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and pairwise comparisons. The magnitude of the trajectory indi-

convex zygomatic arches; and antero-medially placed tympanic bullae,

cates how far apart in the morphospace are the means of the two

with a anteriorly expanded cranial border. On the other hand, both PC2

groups, while its orientation informs us of whether both groups

and PC3 represented trends in shape variation common to both species

follow a similar (parallel) pattern of shape change, or whether they

(Figure 4A,B), as no significant differences between species were found

diverge, by comparing the angle between both trajectories. When

in either axis (PC2: F = 0.117, p = 0.728; PC3: F = 0.758, p = 0.385).

one of the factors is continuous (such as size), trajectory analysis
is equivalent to comparing regression slopes (magnitude) and the
angle between them (orientation).

3.3 | Cranial size variation and its effect on cranial
shape (RQ3)

3

The Procrustes ANOVA of size on shape was significant (F = 12.568:

|

R E S U LT S

3.1 | Morphological convergence or family-wide
morphotype? (RQ1)

p < 0.001), but indicated that only 8.13% of shape variation was related to allometric changes. As for the individual PCs, PC1 was not
significantly related to size (F = 0.409; p = 0.526), suggesting that the
shape differences between both species are not a product of their

The first three PCs for the whole sample (adults and juveniles of

different sizes. Conversely, both PC2 and PC3 were significantly re-

all three species) explained 51.45% of total shape variation, with

lated to size (p < 0.001 in both cases; F = 54.918 and 60.309, respec-

each species clustering in a different region of the morphospace de-

tively), with 27.89% and 29.81% of the shape variation along those

fined by these three axes and the European polecat cluster clearly

axes, respectively, being associated with size variation between

separated from the minks (Figure 3A,B and Figure S1), suggesting

specimens. Finally, mean centroid size was not significantly different

that cranial shape in European mink, American mink, and European

between both species (F = 1.401; p = 0.240).

polecat, is indeed different and that cranial shape is more similar
between mink species than between the European mink and the
European polecat (RQ1). All juveniles (hybrid or otherwise) clus-

3.4 | Sexual dimorphism (RQ4)

tered together in the same region of the morphospace, away from
the adults (RQ2).

The Procrustes ANOVA by sex was significant (F = 3.634; p < 0.001),

The morphospace for the adult-only subsample further con-

denoting that there were shape differences between sexes when

firmed these findings. The first three PCs still explained about 50%

pooling individuals from both species. As for the individual PCs,

of total shape variation, and the three species were clearly separated

again PC1 was not related to sex (F = 0.766; p = 0.385), and PC2 was

(Figure 3C,D). Additionally, males of each species clustered at the top of

only slightly significantly related to sex (F = 6.463; p = 0.013). On

each cloud and females at the bottom. The Procrustes ANOVA by spe-

the other hand, the shape changes described by PC3 were highly re-

cies was highly significant (F = 31.854; p < 0.001), and pairwise distance

lated to sex (F = 20.972; p < 0.001). Finally, significant differences in

comparisons between species revealed that both minks were closer to-

mean centroid size were found between pooled sexes (F = 134.784,

gether in the morphospace (i.e., more similar) than either of them was

p = 0.001).

to the European polecat (Mlu–Nvi distance: 0.034; Mlu–Mpu distance:
0.061; Nvi–Mpu distance: 0.056; p < 0.001 for all comparisons) (RQ1).

As expected for mustelids, sexual dimorphism in size was significant within species (species–sex interaction: F = 8.696; p = 0.003),
and all pairwise comparisons were also significant except between

3.2 | Cranial shape differences in adult minks (RQ2)

females of both species (Table 3). However, sexual dimorphism
in shape was only supported for the American mink. A two-way
Procrustes ANOVA by species and sex failed to recover a signifi-

When analyzing the subsample containing only adult minks (i.e., excluding

cant interaction between sex and species (F = 1.607; p = 0.060), but

polecats), the first three PCs explained about 50% of total shape variation

pairwise comparisons were significant between all groups except

(48.02%; Figure 4, Figures S2–S4), as in previous analyses. PC1 clearly

male and female European minks (Table 3). Since the interaction's

separated both species, with positive values representing American mink

p-value was almost significant and most species–sex categories

and negative values for European mink (Figure 4A). Accordingly, PC1

were significantly different from each other, we decided to analyze

scores were significantly different between both species (F = 1113.749;

it further using trajectory analysis. PTA revealed that shape differ-

p < 0.001). The shape changes along this axis indicated that, relative

ences between males and females in American mink were larger

to American mink, European mink presented the following morphol-

than in European mink (i.e., larger trajectory magnitude in the for-

ogy (PC1 in Figure 4, also Figure S2): a smaller face with more rounded

mer: Mlu = 0.013, Nvi = 0.020; Z = 2.486, p = 0.020) (Figure 5A).

forehead; a shorter and wider palate; smaller P2 and M1; a longer neu-

Additionally, cranial shape differences between sexes were differ-

rocranium; less developed sagittal and nuchal crests, particularly at the

ent in both species, as their trajectories had different orientations

mastoid processes; deeper and wider orbits; broader, shorter, and less

(angle = 59.61º; Z = 6.021, p < 0.001).
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F I G U R E 3 Principal component (PC) analyses of the whole sample (a, b) and the adult subsample (c, d). The percentage of total variance
explained by each PC is given in parentheses. European mink are represented in blue circles, American mink in pink squares, European
polecats in green diamonds, and hybrids in orange triangles. In panels (a, b) adults are represented by full symbols, and juveniles with open
symbols. In panels (c, d) adult specimens of known sex are represented by large symbols (females: open; male: full), while small symbols
are used for those with unknown sex. Minimum convex polygons for males (darker shades) and females (lighter shades) of each species are
drawn on panel (c)

3.5 | Common trends in cranial shape (RQ2-4)

hand, no significant interaction was recovered between centroid size
and sex (Table 4), which can be interpreted as pooled sexes of both

Since all studied factors (species, sex, and size) had a significant effect

species following parallel allometric trajectories (i.e., no differences in

on cranial shape, a more thorough exploration of the potential inter-

magnitude or orientation between the shape allometries of each sex;

actions between these factors and cranial shape was carried out. A

Table 4). Finally, the triple interaction among species, sex, and centroid

Procrustes ANOVA revealed a significant interaction between species

size was also significant (F = 1.682; p = 0.048), but PTA did not re-

and centroid size, indicating that shape allometry is different between

veal significant differences between trajectories in either magnitude

mink species in both magnitude and orientation (Table 4). On the other

(Z = 0.097, p = 0.427) or direction (Z = −1.012, p = 0.837).
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0.00

0.02

0.04

-0.06
-0.06
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F I G U R E 4 Principal component (PC) analysis of the adult mink subsample. The percentage of total variance explained by each PC is given
in parentheses. European mink are represented in blue circles, American mink in pink squares, while large open symbols represent females,
large full symbols males, and small full symbols unsexed specimens. The wireframes illustrate the shape of the specimen with lowest and
highest score for each PC in lateral and dorsal view. The arrow in panel (a) signals that specimen size increases along PC2 (orange for small,
red for large). Minimum convex polygons for males (darker shades) and females (lighter shades) are drawn for each species (b), and pooling
both species (c)
Similarly, both PC2 and PC3 were significantly related to sex

changes along that axis describe an allometric pattern common to

and centroid size. However, non-parametric ANOVAs did not re-

both species. That would also explain the slightly significant rela-

veal a significant interaction between species and sex for either PC

tionship with sex, as males had significantly higher centroid size val-

(F = 0.691, p = 0.404, and F = 0.947, p = 0.337, for PC2 and PC3,

ues than females in each species. With increasing values of PC2 (i.e.,

respectively). Thus, we examined shape variation along those axes

as size increased), we observed an antero-dorsal expansion of the

based on centroid size and sex alone. The significant relationship

face (shifting the palate anteriorly relative to the orbit) and a rela-

between PC2 and size, together with the wide overlap of male and

tive contraction of the braincase, which went from globous with a

female specimens along PC2 (Figure 4A), suggests that the shape

slightly sunken dorsal midline, to a dorsoventrally flattened ellipse
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TA B L E 3 Sexual dimorphism in size and shape

changes correspond to a common trend between both species. As

Factor

Shape

Size

low PC3 scores correspond to female shapes, male shapes (i.e., high

Spp

13.751 (<0.001)

0.089 (0.768)

PC3 scores) are characterized by the following morphology (PC3 in

Sex

1.680 (0.048)

45.789 (<0.001)

Figure 4, also Figure S4): a well-developed sagittal crest; larger ca-

Spp × Sex

1.607 (0.060)

8.696 (0.003)

Mlu.F–Mlu.M

0.210

0.001

Mlu.F–Nvi.F

0.001

0.869

Mlu.F–Nvi.M

0.001

0.001

Mlu.M–Nvi.F

As a final note on these trends in shape variation common to both

0.001

0.001

mink species, since the trends observed along PC2 and PC3 seemed

Mlu.M–Nvi.M

0.001

0.011

to combine to create a gradient of female–male cranial shape vari-

Nvi.F–Nvi.M

0.002

0.001

ation while separating individuals by size (i.e., common intraspecific

nines; wider, more convex and laterally projected zygomatic arches;
narrower, deeper, and more forwardly oriented orbits; more later-

Pairwise

ally projected postorbital and mastoid processes; laterally displaced
tympanic bullae; a narrower postorbital constriction; and a ventrally
projected palate relative to the basicranium.

Note: Results from two-way Procrustes ANOVA (cranial shape) and nonparametric ANOVA (centroid size) with species and sex as categorical
variables. For each factor, Goodall's F values are provided together with
its associated p-value (in brackets). Results of post-hoc pairwise tests
used to assess differences between each category are also provided,
with non-significant p-values in grey.
Abbreviations: F, female; M, male; Mlu, European mink; Nvi, American
mink; spp, species; Spp × Sex, interaction between species and sex.

with well-developed crests (PC2 in Figure 4, also Figure S3). Along
with those changes, larger specimens were characterized by deeper,

sexual allometry; Figure 4C), we used PTA to further explore these
common pattern of shape change along these two PCs simultaneously (Figure 5B). PTA confirmed that both mink species follow a
common pattern of shape change between males and females along
those axes (i.e., parallel trajectories; Z = −0.694, p = 0.700), but revealed that the magnitude of this shape change is larger in American
mink (Mlu = 0.008, Nvi = 0.017; Z = 2.380, p = 0.025).

4
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DISCUSSION

more forwardly oriented orbits; more laterally projected postorbital processes; wider, broader, longer, and more convex zygomatic

This is the first study comparing cranial shape between mink species

arches; slightly larger I1-3, C and P2; a dorsally projected basicra-

and, as such, it has clarified some issues regarding the degree of mor-

nium relative to the palate; and a narrower postorbital constriction.

phological similarity of these two species. While both mink species could

In contrast to PC2, there is only a slight overlap in PC3 scores be-

be identified based on cranial shape alone, our results clearly suggest

tween males and females (Figure 4B). This, together with increasing

ecomorphological convergence between the two species. Furthermore,

PC3 values with increasing centroid size, suggests that this axis rep-

we were able to identify both divergent patterns of shape variation be-

resents shape changes due to sexual size dimorphism (i.e., common

tween both species (sexual shape dimorphism, intraspecific allometry)

sexual allometry). Additionally, since neither species nor the interac-

and common trends in cranial shape (intraspecific sexual allometry)

tion term significantly affected PC3 scores, it is possible that these

(Figures 4 and 5).

(b)
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(a)
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F I G U R E 5 Phenotypic trajectory analysis for species and sex in adult mink cranial shape (a) and PC2 and PC3 combined (b). To visualize
the trajectories, multivariate data are summarized using a PCA on the fitted values, and the two first PCs are shown for each analysis (with
percentage of total variance explained in parentheses). Symbols as in Figure 4, with mean scores for each group in black
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TA B L E 4 Intraspecific and sexual allometry in cranial shape
Factor

11

central position in the cluster of musteline and ictonychine muste-

Magnitude

Orientation

lids within the musteloid morphospace (figure S2 in Dumont et al.,

Spp

2.634 (0.002)

Mlu

0.0006

Angle:
48.99º

2016), indicating that its cranial shape is shared among many species

CS

2.824 (0.001)

Nvi

0.0008

3.971
(0.001)

than the American mink). Additionally, the more rounded forehead

Spp × CS

2.282 (0.006)

2.102 (0.040)

Sex

1.546 (0.105)

F

0.0007

CS

0.823 (0.592)

M

Sex × CS

1.387 (0.158)

1.471 (0.092)

0.0012

in those clades (some of those even more distant phylogenetically
of the European mink is reminiscent to that of its sister species (PC1
in Figure 4).

Angle:
62.19º
1.664
(0.068)

While this reported morphological convergence between
European and American mink could be an adaptation to life in riparian
habitats, a gradual shift in diet from small mammals to aquatic prey
(fish, amphibians, invertebrates) seems a more likely explanation.
Like the European polecat, most musteline and ictonychine muste-

Note: Results from two-way Procrustes ANOVAs to test the potential
interactions between size and species, and size and sex. For each factor,
Goodall's F values are provided together with its associated p-value
(in brackets). Results of z-tests used to assess differences in trajectory
magnitude and orientation are also provided, with non-significant pvalues in grey.

lids feed on small terrestrial vertebrates (mammals, birds; Wilson &

Abbreviations: CS, centroid size; F, female; M, male; Mlu, European
mink; Nvi, American mink; spp, species; Sex × CS, interaction between
sex and size; spp, species; Spp × CS, interaction between species and
size.

mink, since the latter tends to rely more on rodents and waterfowl

4.1 | Juvenile morphology
Adult European mink were widely separated from the juvenile region of
the morphospace, refuting the claim that they present paedomorphic

Mittermeier, 2009), which agrees with their similar placement in the
morphospace of Dumont et al. (2016). In both mink species, aquatic
prey usually represent the largest percentage of their diet. However,
this percentage is bigger in the European mink than in the American
(e.g., Maran, Kruuk, et al., 1998; Sidorovich et al., 2010). The fact that
the distance between American mink and European polecat in the
morphospace of this study is shorter than the distance between the
European mink and the European polecat supports this hypothesis,
as it suggests a dietary gradient among the three species (Figure 3A).

4.3 | Interspecific differences

features relative to American mink, as proposed by Heptner et al. (2002).
Additionally, the fact that all the juveniles clustered on the same region of

Most of the differences in cranial shape between European and

the morphospace regardless of their species suggests that juvenile cranial

American mink can be related to feeding performance and po-

shape may be similar across Mustelinae (minks, polecats, and weasels).

tential diets. When comparing the cranial shapes characteristic of

Shapes in this juvenile region of the morphospace were characterized

each species (PC1 in Figure 4), several traits suggest that American

by a flatter, almost concave forehead; a more ventrally oriented foramen

mink have relatively larger masticatory and neck muscles (Ewer,

magnum, and a dorsolaterally expanded braincase presenting a convex

1973; Radinsky, 1981): more developed sagittal and nuchal crests,

midline and an anteriorly displaced occipital (i.e., shorter and globous

together with a slightly narrower braincase indicate a larger tem-

relative to adult shapes). Similar shapes were described for sea otter

poralis; a longer and more curved zygomatic arch provides a larger

(Enhydra lutris) pups by Law et al. (2017), who also reported that during

insertion area for the masseter, while a larger infratemporal fossa

growth the occipital expanded postero-dorsally and the dorsal midline

suggests a bigger volume for the masseter–pterygoid complex; and

flattened (i.e., the braincase became longer and less globous). Thus, juve-

finally, an expanded mastoid region coupled with the more devel-

nile cranial shape could potentially be similar, not just across mustelines,

oped nuchal crests relates to stronger neck muscles. Thus, barring

but across the whole Mustelidae. Further analyses including juveniles of

major differences in muscular architecture, shape differences sug-

more species should be carried out to investigate whether this pattern

gest that muscle force production is higher in American mink. One

can be generalized.

exception to these findings would be the relatively broader zygomatic arches of the European mink, which according to Ewer (1973)

4.2 | Morphological convergence

suggest a stronger masseter in this species even though both its attachment surfaces and volume are relatively smaller. This seems to
indicate differences in muscle architecture between both species.

European mink are more similar in cranial shape to American mink

Additionally, it is worth remembering that these shape comparisons

than to European polecats (their sister lineage). This result could

have been made after scaling to unit centroid size, but when look-

be explained either by morphological convergence between mink

ing at actual cranial size, American mink are significantly larger than

species due to similar functional requirements or by the European

European mink (Table 3). Given the positive allometry of muscle

polecat having a highly derived cranial shape and mink retaining a

forces (e.g., Christiansen & Adolfssen, 2005), size alone would also

more basal condition. However, the second hypothesis seems un-

suggest higher muscle force in American mink (but see Law [2020]

likely, since in a previous study the European polecat occupied a

on the relationship between size-corrected bite forces and muscle
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volume). Thus, combining shape and size differences, muscle force

can be linked to a stronger anterior temporalis, which exerts the

in American mink should be substantially higher than in European

main force when the jaws are fully opened (Ewer, 1973; Wiig, 1982b).

mink. As a final note on muscle forces and their relationship with

This means that larger specimens are better equipped to deal with

size, the limitations of estimating bite forces from bone morphology

the more robust skulls of larger prey. Additionally, the alveoli for

should be addressed. Recent studies suggest that muscle volume

the anterior dentition (incisors, canine, and P2) become relatively

(and thus potential muscle force) is better predicted by morpho-

larger as size increases, suggesting that the teeth are reinforced in

logical indicators of muscle cross-section (e.g., area of infratemporal

larger specimens, which could be associated with the higher stresses

fossa, narrower braincase) than of muscle attachment (e.g., crest de-

placed on those teeth by bigger prey struggling to get free during the

velopment, process lengths), as the latter tend to scale with negative

killing bite (Biknevicius & Van Valkenburgh, 1996).

allometry relative to body mass (Dickinson et al., 2021 and refer-

The second group of traits includes an anterodorsal expansion

ences therein). Since in this study both types of indicators were con-

of the face and the neurocranium shifting from a globous shape in

sidered simultaneously, we believe that our estimations of muscle

small individuals to a dorsoventrally flattened ellipse in the largest

force should be a realistic approximation.

ones. Similar shape changes were reported by Law et al. (2017) when

In order to fully discuss interspecific differences in expected

studying the postnatal growth of the sea otter. Since no data on age

bite force and muscle power, more data on differences in mandi-

were available for any mink specimen, we identified adult specimens

ble morphology between both species are needed (i.e., in-levers

based on all the cranial sutures being closed, which in mink happens

and out-levers). However, the relatively longer and narrower face

around 6 months after birth (Wiig, 1985; Wiig & Lie, 1979). However,

of American mink indicates that they have larger out-levers at the

the observed shape changes suggest that we have specimens of dif-

anterior teeth, which suggests a relative reduction of bite force with

ferent ages in our adult sample (i.e., from young adults to more ma-

those teeth (i.e., killing bite). Preliminary results on mandible shape

ture specimens), and that adult growth is still an important factor in

variation in minks highlight differences in the configuration of masti-

the development of cranial shape in minks. In agreement with this,

catory moment arms between both species, which suggest that each

a broadening of the zygomatic arches (described in the first group

species would favor stronger bites at different teeth (Gálvez-López,

above) was one of the main shape changes observed between sub-

pers. obs.). In any case, assuming that larger muscle forces translate

adult and adult fishers (Law, 2020). This finding, together with the

into stronger bite forces, this would allow the American mink to ex-

similar features of juveniles and young adults (Law et al., 2017; this

ploit a wider dietary range: stronger bite forces with the anterior

study, see above), may explain the partial overlap between juveniles

dentition (incisors and canines) would enable the killing of larger

and adults in the morphospace for the whole sample (Figure S1).

prey (with more robust nuchal/cervical regions), while stronger bites
at the carnassials would penetrate thicker hides, and at the molars
would crush harder materials (i.e., harder arthropod shells, thicker

4.5 | Sexual dimorphism

bones). The relatively larger M1 of the American mink would further support a more marked adaptation for crushing in this species

The fact that a significant triple interaction among species, sex, and

(Biknevicius & Van Valkenburgh, 1996).

size was found in cranial shape, but PTA recovered no differences in
magnitude or orientation between trajectories, suggests the exist-

4.4 | Common allometric trend

ence of a common sexual allometry in cranial shape in both species.
This trend seemed to be represented along PC3. As with the common allometric trend discussed above, the larger males presented

Shape changes related to increasing size can be split into two, proba-

several traits indicating higher muscle force than the smaller females:

bly related, groups: increased muscle force and growth. Some of the

more developed sagittal crests and mastoid processes, a narrower

traits in the first group have been described above for the American

postorbital constriction and more acute postorbital processes, wider

mink: more developed sagittal and nuchal crests, longer and more

and more convex zygomatic arches, and larger infratemporal fossae

convex zygomatic arches, and a larger infratemporal fossa. Three ad-

(in this case due to the lateral expansion of the zygomatic arches).

ditional traits further emphasize the relationship between larger size

As both the purely allometric and the sexual allometry trends are

and more powerful masticatory muscles: a narrower postorbital con-

size-related shape changes, it is not surprising that some traits are

striction, which has been related to increased volume of the anterior

common to both (Figure 5B). As discussed above, larger muscles can

part of the temporalis (Sicuro & Oliveira, 2010; Wiig, 1982b); deeper

be related to a wider range of potential prey, in this case in males

zygomatic arches, which as discussed above for the European mink

relative to females.

relate to stronger masseter muscles (Ewer, 1973); and more laterally

Another trait of the sexual dimorphism common trend was an

projected postorbital processes on the frontal bone. According to

increase in canine alveolus length and width. Dayan and Simberloff

Ewer (1973), this last trait is related to both a more powerful tem-

(1994, 1996) undertook extensive studies on the sexual variation

poralis and larger orbits but, since no changes in orbit shape were

of this trait and used it as evidence of character displacement in

observed along PC2 (Figure 4), we could assume that in this case it

mustelids (see below). Canine cross-sectional properties (and alve-

strictly relates to the former. Thus, two size-related shape changes

olus length and width as a proxy) are indicative of the magnitude
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and direction of the loadings it experiences (Biknevicius & Van

hypothesis (Johnson et al., 2000; Lynch & Hayden, 1995). However,

Valkenburgh, 1996). Thus, males having larger canine alveoli sug-

later studies agreed that resource partitioning appears to explain

gests that their teeth are adapted to withstand larger stresses,

most of the morphological differences between sexes (e.g., Abramov

which, as stated above, can be related to them catching larger prey.

& Tumanov, 2003; Loy et al., 2004). Additionally, the magnitude of

Even though direct comparisons with previous studies are not

sexual dimorphism in size was linked to diet, with more carnivorous

possible due to the different methodologies employed, some com-

species being the most dimorphic (Gittleman & Van Valkenburgh,

monalities can be seen. First, some of the traits related to sexual

1997), which was attributed to competition for vertebrate prey

shape dimorphism in this study were also highlighted in previous

being probably greater than competition for the relatively more

traditional morphometric studies, e.g., sagittal crest (Abramov &

abundant plant material and non-vertebrate prey. Recent studies on

Tumanov, 2003; He et al., 2002), zygomatic breadth (He et al.,

the evolution of sexual dimorphism in Musteloidea have confirmed

2002; Palazón et al., 2006; Wiig, 1982a, 1986), and mastoid breadth

that trophic segregation plays a stronger role than sexual selection

(Palazón et al., 2006; Wiig, 1982a, 1986). Second, some other traits

(Law & Mehta, 2018; Noonan et al., 2016). The results of the pres-

highlighted by those studies were identified as strictly allometric in

ent study agree with those findings, since most of the differences in

this study: condylobasal length (Palazón et al., 2006; Wiig, 1982a),

cranial shape between males and females can be related to feeding

palatal length (Abramov & Tumanov, 2003; Wiig, 1982a, 1986),

biomechanics. On a similar note, the degree of carnivory could ex-

and maxillary toothrow length (Abramov & Tumanov, 2003; Wiig,

plain, to some extent, the variation in sexual dimorphism in cranial

1982a). Thus, if the comparison between sexes had been carried out

shape within Mustelidae. In both the present study and that of Loy

between the similar-sized smallest males and largest females, no sig-

et al. (2004), the more carnivorous species had a stronger degree of

nificant differences should have been observed. This evidences the

cranial shape dimorphism (American mink and stone marten, respec-

need to use size-corrected values when comparing direct measure-

tively), while it was lower in pine marten (for which plant material,

ments (Gálvez-López, 2021). In this section, the width of the postor-

carrion, and non-vertebrate prey play a major part in the diet), and

bital constriction deserves special attention, as traditional studies

non-existent in European mink (which specializes in aquatic prey).

found that it was widest in males (Suzuki et al., 2011; Wiig, 1982a),

Similarly, no cranial shape dimorphism between sexes was found for

but later “form” studies (PCAs on cranial measurements) showed

the Neotropical otter (Hernández-Romero et al., 2015), which feeds

that, relative to condylobasal length, it was widest in females (Tamlin

almost strictly on aquatic prey. The exception to this trend would be

et al., 2009; Wiig, 1986). In agreement with this, both the present

the American marten, as Law (2020) found significant sexual dimor-

study and Loy et al. (2004) found that female crania had a broader

phism in cranial shape in fishers but not American martens, and both

postorbital constriction. Finally, some dental characteristics (P4

species have a similar diet based mainly on vertebrate prey (Wilson

length, M1 width) highlighted as sexually dimorphic in traditional

& Mittermeier, 2009; Zielinski & Duncan, 2004).

morphometrics studies (Abramov & Tumanov, 2003; Palazón et al.,
2006; Wiig, 1982a) were not recovered in this study, either in the
allometric or sex trends. This might be due to those traits being sexually dimorphic at the intraspecific level instead of following a trend

4.6 | Trophic segregation, displacement, and
conservation

common to both mink species as in the other characters (i.e., part of
the divergent trajectories in intraspecific sexual dimorphism in cra-

Most of the cranial shape differences outlined above suggest

nial shape; Table 4, Figure 5A). The fact that Loy et al. (2004) found

that muscle force (and potential dietary range) would be larger in

shape differences in the P4 and M1 in their intraspecific comparison

American mink than in European mink, in males than in females,

of two marten species seems to support this argument.

and in larger individuals than in smaller ones. Thus, this would cre-

Given the striking size differences between males and females in

ate a gradient from female European mink to male American mink,

most mustelids, sexual dimorphism studies in this group are numer-

with male European mink and female American mink together in an

ous. Most early studies adhered to one of two hypotheses explaining

intermediate position due to their similar size. Dietary studies on

this phenomenon: resource partitioning (e.g., Moors, 1980) or mat-

American mink and on European mink seem to support this gradi-

ing system (e.g., Wiig, 1982a), but see also Wiig (1986). The first hy-

ent: while both species target a similar range of prey types overall,

pothesis is based on the concept of character displacement (Brown

European mink are relatively more stenophagous (preying mostly

& Wilson, 1956; Dayan & Simberloff, 1996) applied to sexes as mor-

on fish and amphibians) and American mink are generalist with pre-

phospecies, and it states that sexual size dimorphism evolved so that

ferred prey varying across localities and seasons (e.g., Abramov &

males and females could feed on different-sized prey, thus reducing

Tumanov, 2003; Arnold & Fritzell, 1987; Bartoszewicz & Zalewski,

intraspecific competition (i.e., trophic segregation). The second hy-

2003; Birks & Dunstone, 1985; Palazón et al., 2004). Also in relation

pothesis states that, since most mustelids are polygynous, sexual se-

to wider prey range, males of both species tend to capture larger

lection would have favored larger males because they would be more

prey than females (Birks & Dunstone, 1985; Palazón et al., 2004).

successful in fighting other males (Moors, 1980). The fact that the

However, when two predators which target a similar range of

magnitude of sexual dimorphism in size would be higher in species

prey coexist, one of them (usually the smaller and/or less aggres-

with more aggressive male–male encounters strongly supports this

sive) is generally displaced by the other towards less energetic or
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abundant prey (Dayan & Simberloff, 1996; Ewer, 1973). This has

and collection managers: Loïc Costeur (Naturhistorisches Museum

been studied both within and between both mink species (Birks &

Basel), Christiane Funk (Museum für Naturkunde), Tamás Görföl

Dunstone, 1985; Palazón et al., 2004; Sidorovich et al., 2010), and

(Hungarian Natural History Museum), Lars Erik Johannessen

complemented with studies on social interaction also within and

(Natural History Museum at the University of Oslo), Andrew

between species (Maran, MacDonald, et al., 1998; Sidorovich et al.,

Kitchener and Jerry Herman (National Museum of Scotland),

1999). As, the smaller sex of the smaller species, female European

Lennart Lennuk (Estonian Museum of Natural History), Rhian

mink could be being displaced to an increasingly narrower, poorer

Rowson (Bristol City Museum and Art Gallery), Manuel Ruedi

diet when both species coexist. If this is indeed the case, it would

(Muséum d’Histoire Naturelle de Genève), and Géraldine Veron

paint a bleak picture for the future of European mink populations

(Muséum National d’Histoire Naturelle). We also thank the techni-

as the American mink extends throughout Europe. It leads to a de-

cians of the following scanning facilities for the astounding quality

crease in the survivability of females and even potentially to higher

of their work: Lars Erik Johannessen (Natural History Museum at

infant deaths due to malnutrition, adding to the compounding list of

the University of Oslo), Kristin Mahlow (Museum für Naturkunde),

adverse effects that makes the American mink the highest threat for

Liz Martin-Silverstone and Tom Davies (X-ray tomography facili-

European mink conservation.
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