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Abstract

Sexual dimorphism is a very common strategy in polygamous mammals. In mustelids, sexual size
dimorphism (SSD) is present in several species, while sexual shape dimorphism (SShD) is not as
common. The Eurasian otter is a semiaquatic mustelid, exclusively feeding on aquatic prey, mainly
fish, amphibians, and crustaceans. It is well-known that male otters tend to be larger, whereas in-
formation on SShD is contrasting. We used a 3D geometric morphometric approach to investigate
SSD and SShD in three genetically distinct populations of otters located in Northern, Central and
Southern Sweden. We analyzed 71 otter skulls (M=41, F=30), using photogrammetric techniques
to produce 3D models of each skull, placing 30 3D landmarks on each model. We found that sexual
dimorphism varies among populations. Neither SSD nor SShD occurred in the North, only SSD
occurred in the Centre, and both SSD and SShD are present in the South of Sweden. Allometric
trajectories of males and females from the North population differed from those of the other two
populations. Our results highlighted a great variability in sexual dimorphism in Swedish Eurasian
otters, that probably derives from different responses to prey availability and historical contingen-
cies.

Introduction
The Eurasian otter (Lutra lutra) is a semi-aquatic mustelid, inhabiting
a variety of habitats, from inland freshwater to coastal environments
(Loy et al., 2022). It is the most widespread species among Lutrinae,
occurring over Eurasia and Northern Africa (Hung and Law, 2016; Loy
et al., 2022).

The Eurasian otter is a mouth-oriented predator, meaning it cap-
tures prey by using the mouth (Carss, 1995; Timm-Davis et al., 2015).
The otter diet typically includes fish, crustaceans, amphibians, and to
a lower extent birds and small mammals (Russo et al., 2023; Clavero
et al., 2003; Hung and Law, 2016; Lanszki et al., 2016; Remonti et
al., 2010). Yet, diet greatly varies depending on the season and prey
availability (Clavero et al., 2003; Moorhouse-Gann et al., 2020). The
Eurasian otter has a polygynous mating system (Loy et al., 2022) with
males larger than females and owing territories overlapping with those
of several females (Kruuk, 2006). Male-oriented sexual size dimorph-
ism (SSD) is typical of mustelids and may promote intersexual niche
differentiation (Law and Mehta, 2018; Loy et al., 2004). Beyond SSD,
a number of studies also reported Sexual Shape Dimorphisms (SShD)
in mustelids (Gálvez-López et al., 2022; Loy et al., 2004), even among
individual populations (Galatius et al., 2021; Russo et al., 2022).

Herein, we focused on cranial shape and size variability in the
Swedish populations of Lutra lutra. The genetic variation of Swedish
otters was explored by Arrendal et al. (2004), who found sizeable gen-
omic differences occurring among populations living in different geo-
graphic areas. Yom-Tov et al. (2010) further reported a significant dif-
ference in cranial size associated with latitude. Moreover, otters in
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Sweden suffered a strong population decline during the last century
due to hunting, water pollution, and habitat degradation (Roos et al.,
2001). In the late ‘80s, otters still occurred in Northern Sweden, al-
though scattered in fragmented groups, whereas the species was vir-
tually absent from the Southern portion of the country (Roos et al.,
2001). Following legal protection, habitat restoration, and the ban on
harmful pollutants, the species is now recovering throughout Sweden
(Björklund and Arrendal, 2008). Hence, by using geometric morpho-
metrics (GMMs) on 3D models of otter skulls we investigated whether:
i) both SSD and SShD could be detected in the Swedish otter popula-
tions and ii) if any geographic shape and size variation of the skull
was detectable according to genetic differences found by Arrendal et
al. (2004) in Swedish otters.

Materials and Methods

Data collection

We analysed 71 otter skulls (M= 41, F= 30) stored in the Swedish Mu-
seum of Natural History. We included only adult specimens for which
information on sex and sample locality were available from the museum
labels. Skulls were aged according to the degree of obliteration of the
following cranial joints: nasal, frontoparietal, zygomatic, squamous-
parietal, and pre-basisphenoid-basioccipital (Lynch.ea.1996). Sample
localities were pooled into three geographic regions based on ecore-
gions (Olson et al., 2001) and genetic clusters found by (Arrendal et al.,
2004). In particular: 11 individuals from Northern (M=7 and F=4),
30 from Central (M=18 and F=10), and 30 from Southern (M=16 and
F=16 ) population (Fig. 1).

Each skull was placed on a turntable and photographed at regular
10◦ intervals from the dorsal, ventral, and vertical views, summing to
108 pictures (36 pictures per view ∗ 3 different views). Pictures were
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Figure 1 – Distribution of sample localities overlapped to ecoregions according to WWF
(Olson et al., 2001). Coloured squares represent geographic regions North (blue), Centre
(pink), South (green) .

shot with a Canon 30EOS camera with a 50 mm lens placed on a tri-
pod at a fixed distance from the turntable. 3D models of the skull
were then produced using photogrammetry (Giacomini et al., 2019;
Loy et al., 2021; Sansalone et al., 2020), a method which is virtu-
ally as accurate as digital reconstructions performed with laser scan-
ners (Evin et al., 2016; Giacomini et al., 2019). The 3D models re-
constructions were implemented using the Agisoft software (Agisoft
PhotoScan, www.agisoft.com). The scale factor was derived from 2D
images according to the following procedure: on each image we re-
corded the total length of the skull in cm through TpsDig; the length
was used to set the scale of the 3D model of the same skull in Meshlab
(Cignoni et al., 2008), prior to landmarks recording. Thirty unique 3D
landmarks were placed on 3D models using Meshlab (Fig. 2).

Morphometric analyses

Landmarks configurations were imported in the R environment (R
Core Team, 2022) and the original landmark coordinates transformed
through Generalized Procrustes Analysis (GPA, Rohlf et al., 1990) im-
plemented in the function gpagen() of ‘geomorph’ package (Adams et
al., 2021). GPA removes the effect of orientation, position, and size on
shape variability. The centroid size, i.e. the square root of the sum of
squared distances among landmarks (Bookstein, 1992), was extracted
and log transformed (LnCS) to ensure normality. LnCS was used as a
proxy of skull size (Rohlf et al., 1990).

To evaluate the presence of static allometry (sensu Klingenberg,
2016) we examined the allometric trajectories of each population us-
ing the function procD.lm() in ‘geomorph’ package. To investigate on
sexual dimorphism we computed the size-adjusted shape by extract-
ing the residuals from the Procrustes ANOVA output. We then run
Procrustes ANOVA on adjusted shape coordinates to detect any sexual
shape dimorphism (SShD), and ANOVA on LnCS to evaluate sexual
size dimorphism (SSD) in the whole sample and among populations.

Figure 2 – Selected landmarks. 1 = Superior premaxilla; 2= nasal suture; 3-10 = lacrimal;
4-9 = postorbital process 5-11; = zygomatic arch;6-8 = mastoid process; 7 = intersection
of temporal line and sagittal crest; 12 = prosthion;13-30 = premaxilla and nasal bone
suture;14-29 = canine alveoli; 15-28 = carnassial alveoli; 16-27 = carnassial alveoli; 17-26
= toothrow; 18-25 = palatine; 19-24 = pterygoid; 20-23 = glenoid cavity; 21-22 = occipital
condyle.

Results
Sexual dimorphism
ANOVAs performed on LnCS considering the effect of sex showed a
significant difference in size between males and females (Rsq=0.256,
p<0.01), confirming SSD as a significant component of sexual di-
morphism of the Eurasian otter. A significant difference between sexes
was equally found for skull shape (Procrustes ANOVA; Rsq=0.033,
p<0.01), indicating that SShD occurs in Swedish otters. SSD and
SShD were then analysed separately in the three populations. Box plots
(Fig. 3) suggest that size difference between males and females is less
marked in the Northern compared to both Central and Southern popu-
lations. ANOVA on LnCS performed separately within the three pop-
ulations revealed that differences in size were significant only for the
latter (Tab. 1).
Shape differences between males and females explored in each popu-
lation showed significant differences only in the Southern population
(Tab. 2). PCA run on shape coordinates of this population evidenced a

Figure 3 – Boxplot of LnCS between sexes and among the three different populations .
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Table 1 – Results for ANOVA on differences in LnCS between sexes in Northern (a), Central
(b), and Southern (c) populations.

Northern Df SS MS Rsq F Z Pr(>F)

Sex 1 0.002 0.002 0.067 0.642 0.139 0.457

Residuals 9 0.022 0.002 0.933

Total 10 0.024

Central Df SS MS Rsq F Z Pr(>F)

Sex 1 0.088 0.088 0.419 18.789 3.177 0.001

Residuals 26 0.121 0.005 0.581

Total 27 0.209

Southern Df SS MS Rsq F Z Pr(>F)

Sex 1 0.071 0.071 0.275 11.379 2.606 0.002

Residuals 30 0.187 0.006 0.725

Total 31 0.258

clear distinction between males and females along the first component,
explaining 15 % cumulative variance (Fig. 4). Wireframes related to
the extreme of PC1 axis revealed that the main morphological changes
between males and females are concentrated in the maxillary area and
the posterior part of the braincase. Specifically, females have a more
elongated basicranium, a narrower zygomatic arch, a narrower space
between the tips of the pterygoid process, and a larger post-orbital con-
striction.

Table 2 – Results for Procrustes ANOVA on adjusted shape. SShD variation in in Northern
(a), Central (b), and Southern (c) populations.

Northern Df SS MS Rsq F Z Pr(>F)

Sex 1 0.002 0.002 0.135 1.400 1.254 0.104

Residuals 9 0.010 0.001 0.865

Total 10 0.011

Central Df SS MS Rsq F Z Pr(>F)

Sex 1 0.001 0.001 0.028 0.762 -0.690 0.761

Residuals 26 0.037 0.001 0.972

Total 27 0.038

Southern Df SS MS Rsq F Z Pr(>F)

Sex 1 0.003 0.003 0.062 1.986 2.811 0.005

Residuals 30 0.041 0.001 0.938

Total 31 0.044

Allometry
Multivariate regression of shape coordinates vs LnCS highlighted
that allometric trajectories differ both among populations and sexes
(Tab. 3), with diverging directions between males and females in the
Southern and Northern populations (Fig. 5). Specifically, males and
females of the Northern population showed convergent trajectories,
whereas in the Southern and Central population they run parallel, either
shifted (South) or overlapped (Centre).

Discussion
Our results highlighted that the skull of the Eurasian otter from Sweden
is characterized by sexual dimorphism of in both size (SSD) and shape
(SShD). Yet, the extent and significance of these patters have a strong
geographic underpinning. The degree of sexual dimorphism, the traits
involved in sex differentiation, as well as allometric trajectories of
males and females differed among North, Centre, and South of Sweden.
Specifically, in the South both SSD and SShD occur. In the Centre

Figure 4 – Principal Component Analysis(PCA) run on aligned coordinates only of the
South population. Blue dots represent males, pink dots females. Wireframes below the x
axis show shape variation at extremes of PC1 axis .

Figure 5 – Multivariate regression LnCS vs shape coordinates. Colours referrers to popu-
lations: North (blue), Centre (pink), South (green), triangles refer to males and circles to
females symbols to sexes .

only SSD is present, whereas neither SSD nor SShD were detected in
the Northern population. Although SSD is common in Mustelidae and
known to occur in the Eurasian otter in relation to their polygynous

Table 3 – Results for Procrustes ANOVA testing allometry.

a) Allometry Df SS MS Rsq F Z Pr(>F)

Size ht1 0.006 0.006 0.055 4.287 4.588 0.001

Sex ht1 0.004 0.004 0.042 3.249 3.489 0.002

Popul. ht 2 0.005 0.002 0.045 1.754 2.825 0.002

Size:Sex ht1 0.001 0.001 0.013 1.045 0.267 0.391

Size:Popul. ht2 0.004 0.002 0.037 1.433 1.661 0.047

Sex:Popul. ht2 0.003 0.001 0.028 1.077 0.430 0.332

Size:Sex:Popul. ht2 0.003 0.001 0.027 1.037 0.311 0.384

Residuals ht59 0.080 0.001 0.755

Total ht70 0.107
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mating system (Law, 2019; Law and Mehta, 2018), SShD was only de-
scribed in a few species within the family (i.e. Gálvez-López et al.,
2022; Loy et al., 2004). Moreover, differences observed in SSD, SShD
among populations suggest that the three populations follow different
strategies of resource partitioning between sexes (McNab, 2010).

In the South, males have larger skulls, wider zygomatic arches and
higher skulls compared to females. These traits allow an increased mas-
seter and temporalis mass, enhancing the bite force (Campbell et al.,
2017; Law et al., 2016). In contrast, the slender, elongate skull of fe-
males allows for faster closure of the jaws (Timm-Davis et al., 2015).
These difference are clearly suggestive of different abilities to catch
prey items between males and females (Campbell et al., 2017; Senawi
et al., 2015; Timm-Davis et al., 2015) that in turn may result in differ-
ences in their trophic niche aimed at reducing intraspecific competition
(Law and Mehta, 2018; Loy et al., 2004). On the other hand, male ot-
ters from Central Sweden only showed larger skulls but no differences
in skull shape, suggesting larger bite force compared to females (Law
and Mehta, 2018). Differences in bite force might be related to differ-
ent abilities in catching the same prey of different size, i.e. larger prey
by males and smaller prey by females. In fact, availability of prey in
Sweden is more stable and diversified at lower latitudes (Tammi et al.,
2003; Yom-Tov et al., 2010), whereas biodiversity decreases at high lat-
itudes, limiting the opportunities for niche differentiation between the
sexes (Erlinge, 1979). On the other extreme, the North population did
not show any evidence of sexual dimorphism, either in size or shape.
As stated before, whereas shape dimorphism is rare in mustelids, lack
of SSD was quite unexpected. However, Yom-Tov et al. (2010) found
an inverse relation between otter body size and latitude in Sweden, and
absence of sexual dimorphism in the small sized northern population
would be in accordance to Rensch’s rule, predicting that size dimorph-
ism within a lineage decreases with decreasing body size when the
male is the larger sex Rensch (1950).

The absence of both SSD and SShD in the northern population can
therefore be attributed to both a lower diversity of prey, which limits
the possibility of diet shifting between males and females, and to the
effects of the Rensch’s rule.

The North population also showed different allometric trajectories of
males and females compared to the populations from central and south-
ern Sweden, suggesting a different origin for this population. In fact,
allometric trajectories are related to developmental processes and het-
erochrony, and have long been recognized as a key evolutionary pat-
tern (Souquet et al., 2022). Yet, to date, little is known empirically
whether static allometry (measured in adult forms only), or ontogen-
etic allometry, may be prevalent in what circumstances (Souquet et al.,
2022). According to Mucci et al. (2010) the post glacial recolonization
of Sweden occurred from two main directions, from Finland, the likely
origin of the Northern population, and from Denmark, giving rise to
the southern and central populations. However, Galatius et al. (2021),
recently suggested that gene flow among populations in Denmark and
Sweden has historically been low, likely promoting the genetic and ad-
aptive divergence of the Southern, Central and Northern populations
in Sweden evidenced by Arrendal et al. (2004) and confirmed by this
study.

Our results evidenced that sexual dimorphism in the Eurasian ot-
ter varies among genetically different population, likely reflecting both
their past history, and the response to resource availability and compet-
itive intraspecific interactions.
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