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The shape of long bones is linked to a species’ ecology and is thought to reflect the constraints imposed by locomo-
tion. The evolution of the shape of the long bones in semi-aquatic mustelids has likely been shaped by the divergent 
mechanical properties of both water and land. Adaptation to a semi-aquatic lifestyle occurred independently in otters 
(Lutrinae) and minks (Mustelinae). Here we test the idea that these similar locomotor constraints led to morpho-
logical convergence between minks and otters, and between European and American minks. We use 3D geometric 
morphometrics to quantify shape differences in the humerus, radius, ulna, femur, tibia and fibula of ten species of 
mustelids belonging to the Lutrinae and Mustelinae subfamilies. Our results show convergence in all bones between 
the European and American minks, but this convergence is significant only for the humerus. We suggest that this 
strong convergence in humeral shape between the two minks results from functional demands on the forelimb as it 
produces most of the thrust when swimming in minks. The American minks show a slight but nonsignificant con-
vergence with the Lutrinae for the shape of the ulna, femur and tibia. The sea otter (Enhydra lutris) shows an ulnar 
and radial shape that diverges from that observed in the other Lutrinae, possibly due to the strong manipulative 
abilities and unique locomotor mode of this species. In contrast to our initial hypothesis, bone shape in minks does 
not converge significantly with that of otters. Otters show a large variety of shapes suggesting that a semi-aquatic 
lifestyle can comprise a wide array of locomotor behaviours.

ADDITIONAL KEYWORDS: Convergence – geometric morphometrics – long bones – Mustelidae – semi-aquatic 
mammals.

INTRODUCTION

Bone shape evolution is impacted by functional, devel-
opmental, and architectural constraints as well as phy-
logenetic heritage (Chamay & Tschantz, 1972; Bass 
et al., 2002; Andersson, 2004; Cubo, 2004; Ruff, Holt 
& Trinkaus, 2006; Cubo et al., 2008; Morgan, 2009; 
Álvarez, Ercoli & Prevosti, 2013; Rose et al., 2014; 
Fabre et al., 2015). Therefore, the locomotor apparatus 
of a species should reflect, at least partially, a species’ 
locomotor ecology.

Water and land induce different mechanical con-
strains for animal locomotion (Schmidt-Nielsen, 1972; 
Gillis & Blob, 2001). The differences in viscosity and 
density of water versus air result in differences in 
the forces operating on an animal moving through 
the two media. Whereas for terrestrial animals grav-
ity and inertial forces dominate, in water drag-based 
forces form the principal constraints on locomotion. 
Therefore, semi-aquatic animals that move through 
media with strongly distinct mechanical properties 
should display a locomotor apparatus marked by these 
potentially divergent functional constraints.

Mustelidae show a great ecological diversity and 
diverse locomotor specializations (Schutz & Guralnick, *Corresponding author. E-mail: lbottondivet@mnhn.fr
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2007; Larivière & Jennings, 2009; Fabre et al., 2015). 
Otters (Lutrinae) are all semi-aquatic but they live in 
a large variety of environments ranging from oceans 
to freshwater streams (Nowak, 2005; Larivière & 
Jennings, 2009) and spend from 20% to about 100% 
of time in water depending on species and food avail-
ability (Nolet & Kruuk, 1989; Beja, 1996; Larivière 
& Jennings, 2009). The sister group of otters, the 
Mustelinae (Fig. 1), encompasses two species that are 
considered as semi-aquatic: the European mink Mustela 
lutreola (M. lutreola) and the American mink Neovison 
vison (N. vision) (Williams, 1983a, b; Youngman, 1990; 
Lodé, 1999). Otters and the two minks represent three 
independent returns to an aquatic environment among 
the Musteloidea (Agnarsson, Kuntner & May-Collado, 
2010; Slater, Harmon & Alfaro, 2012; Sato et al., 2012). 
Similar to their terrestrial relatives, both minks swim 
mainly using forelimb paddling (Williams, 1983a, b; 
Lodé, 1999). Otters use swimming strategies ranging 
from four limb paddling to body and tail undulation 
depending on the species, swimming speed, and on 
whether they swim at the water surface or underwater 
(Estes, 1980; Fish, 1994; Larivière, 2001; Nowak, 2005; 
Larivière & Jennings, 2009). For example, Pteronura 
brasiliensis (P. brasiliensis) swims using quadrupedal 
paddling at low speed and switches to tail undulation 
for high-speed underwater swimming (Nowak, 2005). 
As they face similar locomotor environments and use 
the same locomotor organs, these different taxa are 
submitted to similar selective pressures on their loco-
motor apparatus. Given that the mustelids radiated 
three times independently into an aquatic environ-
ment, their locomotor apparatus can be expected to 
show convergence to a semi-aquatic mode of locomo-
tion. On the opposite, the maintenance of terrestrial 
locomotion in the locomotor repertoire may prevent 

semi-aquatic species from evolving a different mor-
phology. Previous studies have described morphologi-
cal convergence among carnivorans, mainly focusing 
on skull, mandible, and dental shape and their link 
with feeding ecology (Van Valkenburgh, 2007; Wroe & 
Milne, 2007; Figueirido et al., 2010; Meloro, Clauss & 
Raia, 2015). Nevertheless only a few studies provide 
quantitative tests for morphological convergence (e.g. 
Stayton, 2006, 2015; Mahler et al., 2013). In general, 
convergence in the locomotor apparatus has received 
only little attention to date. Hence, the aim of this 
study is: (1) to test for potential convergence in the 
morphology of the long bones of both the fore- and hind 
limbs between the two minks, and between each mink 
and the otters; (2) to discuss the functional implica-
tions of these convergences.

MATERIAL AND METHODS

Materials

We selected five species of Mustelinae and five species 
of Lutrinae on the basis of their ecological diversity 
(terrestrial, marine, and freshwater environments) and 
their availability in zoological collections. For each spe-
cies two to six specimens were used depending on their 
availability in collections (Table 1). To compare with the 
semi-aquatic N. vision, its sister taxon Mustela frenata 
(M. frenata) was selected. M. frenata is a terrestrial 
mustelid, inhabiting environments ranging from alpine 
to tropical (Sheffield & Thomas, 1997). To compare with 
the semi-aquatic M. lutreola, the terrestrial Mustela 
putorius (M. putorius) and Mustela eversmannii (M. 
eversmannii) were selected. These three species are mor-
phologically similar (Blandford, 1987; Lodé, 1999), M. 
lutreola being only slightly smaller than the other two 
(Larivière & Jennings, 2009). M. putorius and M. ever-
smannii differ in habitat preference (Blandford, 1987). 
Whereas M. putorius can be found in a very wide range 
of environments, such as forest, marshes, and agricul-
tural areas, M. eversmannii avoids densely vegetated 
areas (Hunter & Barrett, 2011). Therefore, M. lutreola, 
M. putorius, and M. eversmannii constitute a gradient 
from semi-aquatic to completely terrestrial species.

Terrestrial Mustelinae constitute the closest extant 
terrestrial relatives of the Lutrinae. We selected five 
species of otters: Enhydra lutris (E. lutris), the sea otter, 
which is the most aquatic species of all extant otters 
and lives in a marine environment; Lontra felina, the 
marine otter, which is also attached to marine envi-
ronment; Lontra canadensis, the American river otter; 
Lutra lutra, the Eurasian otter that can be found in 
both freshwater and marine environments; and P. bra-
siliensis, the giant otter, a large sized freshwater spe-
cies, which displays a flattened tail.

Figure 1. Phylogeny used in the study based on the tree 
in Slater et al. (2012). Black circles: shifts to a semi-aquatic 
lifestyle. Time scale in million years.
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We studied the humerus, ulna, radius, femur, tibia 
and fibula from the left side in all specimens when 
available; otherwise bones from the right side were 
selected and digitized bones were mirrored prior to 
analysis. The ontogenetic stage of the specimens was 
estimated on the basis of epiphysis fusion and those 
identified as juveniles were excluded from the analy-
sis. Bones showing abnormal bone accretion or uncom-
mon articular surface wear were also removed. As 
long bone osteological preparations are rare for some 
species, we decided to use both males and females, 
depending on their availability. See Table 1 for details 
on specimens and their origin.

Methods

Bone digitization
Bones were digitized in three dimensions using a 
white light fringe Breuckmann 3D surface scanner 
(white light fringe StereoSCAN3D model with a camera 
resolution of five megapixels).

Morphometrics
Since long bones show only a few anatomical land-
marks, it is impossible to describe the whole bone 
using anatomical landmarks only. Consequently semi-
landmarks sliding on both curves and surfaces were 
used. This procedure is detailed in Gunz, Mitteroecker 
& Bookstein (2005) and allows one to build a spatially 
homologous landmarks set. The details of the land-
marks, their location, and the number and repartition 
of semi-landmarks on each bone are given in the sup-
porting information (Table S1).

Landmarks and curves were digitized on the surface 
of the scans using the IDAV Landmark software pack-
age (Wiley et al., 2005). Curve sliding semi-landmarks 
were equidistantly re-sampled using the algorithm 
given in Botton-Divet et al. (2016). All curves are bor-
dered by anatomical landmarks as recommended by 
Gunz, Mitteroecker & Bookstein (2005). The repeata-
bility of anatomical landmarks was estimated on meas-
urements taken five times on each of the five M. frenata 
specimens. This landmark set was superimposed using 

Table 1. Specimens, bones, and body mass for species used in this study 

Subfamily Species Specimen collection numbers and 
bones sampled

Body mass 
(kg)

Environment

Lutrinae Enhydra lutris MNHN 1935-124, MNHN A12503, 
UAM 21898, UAM 21978, UAM 
21980, UAM 21988

29 Marine

Lutrinae Lontra canadensis UAM 53927, UAM 53928h, UAM 
67696

8.3 Freshwater/ 
marine

Lutrinae Lontra felina MNHN 1884-872,MNHN 1884- 
873hur, MNHN 1884-874, MNHN 
1995-185h

4.5 Marine

Lutrinae Lutra lutra MNHN 1996-2466h, MHNB 10351, 
MHNB 10928, MHNB 9230

9.5 Freshwater/ 
marine

Lutrinae Pteronura brasiliensis MNHN 1937-889hf, MNHN A1918, 
SMNS 1300

27 Freshwater

Mustelinae Mustela eversmannii MNHN 2005-668, MHNB 8546, 
ZMB 12407

1.7 Terrestrial

Mustelinae Mustela frenata MCZ 61107, MCZ 61285, MCZ 
61322, MCZ 61328, MCZ 63641

0.26 Terrestrial

Mustelinae Mustela lutreola MNHN 1962-332, MNHN 1987- 
177, MNHN 1986-458ub, MNHN 
1962-288, MHNB CIII808

0.75 Freshwater

Mustelinae Mustela putorius MNHN 1991-605, MNHN 2004- 
639, MNHN 1997-440, MNHN 
2004-311, MNHN 1972-627

1.1 Terrestrial

Mustelinae Neovison vison MCZ 61107, MCZ 61285, MCZ 
61322, MCZ 61328, MCZ 63641, 
MNHN 1958-165

1.1 Freshwater

Note: Absent bones: h humerus, u ulna, r radius, f femur, t tibia, b fibula. Body mass and environment from Larivière & Jennings (2009).
Institutions abbreviations: MNHN, Museum National d’Histoire Naturelle, Paris; NMNH, National Museum of Natural History, Washington; 
MCZ, Museum of Comparative Zoology, Harvard; UAM, University of Alaska Museum, Fairbanks; ZMB, Museum fur Naturkunde, Berlin; MHNB, 
Naturhistorisches Museum Basel; SMNS, Staatliches Museum für Naturkunde Stuttgart.
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a Generalized Procrustes Analysis (GPA; Gower, 1975; 
Rohlf & Slice, 1990) and the results visualized through 
a Principal Component Analysis (PCA, see Supporting 
information, Figs S1 and S2). Inter-measurement vari-
ability was visually estimated to be much smaller than 
inter-specimen differences.

For each of the six bones, points were manually 
placed on the surface of a template specimen mesh 
using the IDAV Landmark software package. This 
template was used for the projection of surface slid-
ing semi-landmarks onto the surface of the specimens 
using the ‘placePatch’ function of Morpho package 
(Schlager, 2013). Semi-landmarks were slid on the 
curves and surfaces of the bone in order to minimize 
the bending energy of a thin plate spline (TPS) defor-
mation of a common reference. As recommended by 
Gunz & Mitteroecker (2013), the template was used 
as a common reference for the first sliding step, and 
then the Procrustes consensus was used as a refer-
ence during the next three iterative steps. Sliding 
semi-landmarks were slid using the package ‘Morpho’ 
(Schlager, 2013) in the R environment (R Core Team, 
2014) as detailed in Botton-Divet et al. (2015).

As our study focuses on between species convergence, 
we used species means. To do so a first GPA was per-
formed for each species. Subsequently the Procrustes 
consensus obtained for each species was used as the 
representative of the species. To pool all species in a 
single morphospace, the Procrustes consensus of each 
species obtained during the first GPA were superim-
posed in second GPA. All GPAs were performed using 
the Rmorph package (Baylac, 2013).

Then distributions of superimposed datasets were 
visualized by performing PCA on superimposed coor-
dinates projected onto the tangent space. Shapes asso-
ciated with both sides of the PCA axes were computed 
and used to constrain a TPS deformation of the tem-
plate mesh using the ‘Morpho’ R package for visualiza-
tion purpose.

Statistics
To test for convergence between the two minks and 
between minks and otters, we used the convergence 
measures described in Stayton (2015). Quantitative 
shape descriptors permit the description of conver-
gence by quantifying the reduction in the phenotypic 
distance between two taxa when compared to the 
maximal distance between their ancestors. For pairs 
of taxa we computed the percentage of convergence 
(C1) that ‘represents the proportion of the maximum 
distance between two lineages that has been “closed” 
by subsequent evolution’ (Stayton, 2015), the conver-
gence distance (C2), the proportion of convergence 
(C1) over the total phenotypic evolution along the 
lineage between hypothetically convergent taxa and 

their most recent common ancestor (C3), and the pro-
portion of convergence (C1) over the total phenotypic 
evolution among the clade defined by the most recent 
common ancestor of the two tested taxa (C4). These 
metrics were computed using a function derived from 
the ‘convrat’ function of the ‘convevol’ (Stayton, 2014) 
package (Supporting information, Appendix S3). To 
assess significance of these values we used the ‘con-
vratsig’ function of the same package with 10 000 
iterations. This test computes C1, C2, C3, and C4 of 
phenotypic values on a given tree using a Brownian 
motion model constrained by the covariance matrix 
of the landmark data. Then the function measures 
the frequency of simulated C1, C2, C3, and C4 with 
values greater or equal to the observed values. If the 
frequency is less than 5%, the hypothesis of conver-
gence resulting from random evolution is rejected. 
Tests for convergence between the European mink 
and the Lutrinae, and between the American mink 
and the Lutrinae, were performed by computing the 
shape of the Lutrinae common ancestor using the 
‘multianc’ function of the ‘convevol’ R package. Then 
we tested for convergence between each mink and 
the ancestor as recommended in Stayton (2015). The 
phylogeny used for convergence testing was derived 
from Slater et al. (2012) by pruning down the tree to 
the taxa included in this study.

As it is known that animal size affects bone shape 
(Christiansen, 2002; Fabre et al., 2013), we used body 
mass as an indicator of animal size to evaluate the 
effect of the animal size on bone shape. We obtained 
mean species body mass data from the literature 
(Larivière & Jennings, 2009). Correlations between the 
PCA axes and the Log10 transformed body mass of the 
animals were tested using Pearson’s product moment 
correlation implemented in the ‘stats’ package in R.

We then tested for convergence between the afore-
mentioned three pairs when correcting for allometric 
effects. To do so we regressed the species coordinates 
in the tangent space onto the Log10 of the body mass 
(see Supporting information, Table S1) and tested the 
convergence among residuals.

RESULTS

The PC scores of species on the first principal compo-
nent (PC) axis of the humerus, radius, femur, tibia, and 
fibula and the second PC axis of the ulna are signifi-
cantly correlated with body mass (Table 2).

PrinciPal coMPonents analyses

Forelimb bones
The two first axes of the PCA on the humerus shape 
data (Fig. 2A) represent 78.7% of the total variance. 
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The first axis separates Mustelinae (negative side 
of the axis) and Lutrinae (positive side of the axis). 
The three closely related Mustela species M. lutreola, 
M. putorius and M. eversmannii are spread along the 
second axis. The two minks M. lutreola and N. vison 
are positioned close to one another, together with 
M. frenata (see Supporting information, Fig. S3A). 
The deformations associated with positive scores on 
the first axis are: more robust bones with expanded 
epiphyses; more curved diaphysis around its middle 
with an expansion of the cranial side between the 
greater trochanteric crest and the deltoid crest, and a 
larger capitulum (Fig. 3A). The shapes on the positive 
side of the second axis are: a more curved humerus 
with the maximal curvature being more proximal, a 
humeral head that is less elongated antero-posteri-
orly, and consequently more round and a narrower 
capitulum.

The two first axes of the PCA on the ulna shape data 
(Fig. 2B) represent 80% of the total variance. The first 
axis separates E. lutris and P. brasiliensis. The second 
axis of the PCA separates the largest Lutrinae species 
E. lutris and P. brasiliensis on the positive side from the 
Mustelinae on the negative side. The two sub-families 
separate when taking the first two PC axes into account. 
N. vison and M. lutreola are close to each other (see 
Supporting information, Fig. S3B), but the spread of 
the Mustelinae in the morphospace is smaller than that 
of the Lutrinae. N. vison tends to separate from M. fre-
nata and come closer to the otters. Specimens with high 
scores on the first axis show a robust ulna with a long 
olecranon process expanding towards the caudo-medial 
direction and a widely opened trochlear notch (Fig. 3B). 
The second axis separates specimens with a square olec-
ranon, a cranially expanded medial coronoid process, 
and a robust distal half of the ulna on the positive side 

of the axis from specimens with a round caudal margin 
of the olecranon and a distally curved diaphysis.

The two first axes of the PCA on the radius 
(Fig. 2C) account for 79.3% of the total variance. 
The first axis separates the Lutrinae on the nega-
tive side from the Mustelinae on the positive one. 
The second axis separates E. lutris from the other 
species. N. vison and M. lutreola are positioned close 
to each other (see Supporting information, Fig. S3C), 
but the spread of the Mustelinae in the morphospace 
is small as compared to that of Lutrinae. N. vison 
tends to separate from M. frenata and move closer to 
the otters. Species with low scores on the first axis of 
the radius PCA have a more robust radius (Fig. 3C). 
Their diaphysis is expanded on the distal part at the 
latero-cranial side and the epiphyses are larger. The 
radial tuberosity is located more distally. The second 
axis separates specimens with a round proximal epi-
physis on the negative side from specimens with an 
oval proximal epiphysis with a more laterally curved 
diaphysis.

Hind-limb bones
The three hind-limb long bones show similar PCA 
patterns. The first axis differentiates the Mustelinae 
from the Lutrinae whereas the second axis is driven by 
the diversity among the Lutrinae. The two first axes 
of the PCA account for 89.7% of the total variance for 
the femur (Fig. 2D), 81.6% for the tibia (Fig. 2E), and 
73.7% for the fibula (Fig. 2F). For femur, tibia, and fib-
ula, M. lutreola and N. vison are positioned close to one 
another in the morphospace (see Supporting informa-
tion, Fig. S3D–F). The shape of the femur and tibia of 
the N. vison tends to separate it from M. frenata and be 
more similar to that of the otters.

The first axis of the PCA on the femur separates 
specimens with a robust femur with large and wide 
epiphyses on the positive side of the axis from speci-
mens with a gracile femur with relatively small epi-
physes on the negative side (Fig. 3D). Specimens with 
low scores on the second axis tend to possess a more 
curved diaphysis, and a femoral neck forming an 
obtuse angle with the diaphysis.

Specimens with high scores on the first axis of the 
PCA on tibia show wide epiphyses leading to a later-
ally curved tibia (Fig. 3E). Specimens with low scores 
tend to display a point of antero-posterior curvature 
that lies more proximal. Specimens with high scores 
on the second axis display a double antero-posterior 
curvature forming an ‘S’ shape whereas specimens 
with low scores show a single curvature oriented 
cranially.

The first axis of the PCA on fibula separates speci-
mens with large epiphyses on the negative side from 
specimens with narrow epiphyses (Fig. 3F). The second 

Table 2. Correlation between PC scores of per species 
centroid and body mass (Log10) of the corresponding spe-
cies and test of this correlation using Pearson’s product-
moment correlation. Bold: significant

R T d.f. P-value

Humerus PC1 0.97 10.86 8 <0.01
PC2 0.05 0.13 8 0.90

Ulna PC1 0.45 1.43 8 0.19
PC2 0.76 3.36 8 <0.01

Radius PC1 –0.84 –4.37 8 <0.01
PC2 –0.46 –1.46 8 0.18

Femur PC1 0.97 10.47 8 <0.01
PC2 0.07 0.20 8 0.85

Tibia PC1 0.97 10.58 8 <0.01
PC2 0.08 0.24 8 0.82

Fibula PC1 –0.94 –7.92 8 <0.01
PC2 0.10 0.26 8 0.81
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axis separates specimens with a laterally expanded 
malleolus and straight diaphysis on the negative side 
from specimens with a lateral curvature and a short 
malleolus on the positive one.

convergence

For all six bones, the two minks are located in the 
same area of the morphospace regardless of where 
their terrestrial relatives are located (Fig. 2). To 

test for convergence between the two minks we per-
formed distance based convergence tests (Stayton, 
2015). Values of the convergence metrics and the cor-
responding P-values are reported in Table 3. The two 
minks exhibit convergent shapes for all bones, though 
only the convergence of the humerus is significant 
(Table 3). The shape of the ulna, femur, and tibia of 
N. vison shows convergence with that of the Lutrinae 
but the hypothesis of a convergence resulting from 
random evolution cannot be excluded. For the humeral 

Figure 2. Principal component analysis of morphometric data per bone. Phylogeny is represented in the morphospace. Area 
in light grey represent Lutrinae, area in dark grey represent Mustelinae. In bold focal species of this study. A: humerus; B: 
ulna; C: radius; D: femur; E: tibia; F: fibula.
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shape, the two minks show 43% of convergence, which 
represents 22% of the total phenotypic evolution of 
this lineage, and 11% of the total phenotypic evolution 
in the clade proceeding from their most recent common 
ancestor.

The shape of the humerus of the two minks converges 
mainly on the second axis of the PCA (Fig. 2A). When 
compared to their ancestors, they tend to display a more 
curved and laterally flattened diaphysis (Fig. 3A). The 
lesser trochanter tends to expand more distally and 

Figure 3. Deformations associated with the two first PCs of each bone. A: humerus; B: ulna; C: radius; D: femur; E: tibia; F: 
fibula. In blue deformations associated with the low score on the axis; in red deformations associated with the high scores 
on the axis. Bone orientation from left to right: caudal, lateral, cranial, and medial.
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the humeral head is laterally compressed whereas it is 
rounder in their ancestors. The lateral epicondylar crest 
starts more distally on the diaphysis and expands more 
laterally and caudally on its distal part. The capitulum 
tends to be broader than in their ancestors and the 
medial epicondyle tends to expand more medially.

Additionally, the shape of the humerus of minks sep-
arates from that of their ancestors by a vector point-
ing towards the same direction (left top corner of the 
Fig. 2A). Similarly, we can notice that the shape of the 
fibula of the two minks separates from that of their 
ancestors by a shift towards the same direction (right 
top corner; Fig. 2F), but their convergence is not sig-
nificant (Table 3).

The convergence in the humerus shape between N. 
vison and M. lutreola remains significant when cor-
rected for allometric effects. N. vison does not show 
any convergence with Lutrinae, however, when size is 
taken into account. The bone shape of M. lutreola tends 
to converge with that of the Lutrinae for all bones, but 
it is only significant for the humerus and femur.

DISCUSSION

Body Mass

The first PCA axis of the humerus, radius, femur, tibia, 
and fibula and the second PCA axis of the ulna are 

correlated with body mass (Table 2). These axes repre-
sent from 30% up to almost 80% of the total variance of 
the dataset, suggesting a strong impact of size on the 
shape changes across the dataset. However, the otters 
are larger in size and body mass than the Mustelinae 
and more robust bones are therefore expected in 
Lutrinae. Therefore, the slight convergence observed 
between N. vison and the Lutrinae for the ulna, femur, 
and tibia could be driven by allometric effects which 
is confirmed by the disappearance of this conver-
gence when tested on data corrected for allometry 
(Supporting information, Table S1). Nevertheless, size 
was shown to play a functional role in aquatic warm-
blooded animals. As thermal conductivity of the water 
is higher than that of air, heat loss is higher in water 
(Dejours, 1987). Considering that the surface over vol-
ume ratio decreases when size increases, the cost of 
maintaining body temperature decreases when animal 
gets larger. This implies a very high metabolic cost for 
being small in an aquatic environment and therefore 
a lower limit for aquatic animal size (Downhower & 
Blumer, 1988; King, 1989; Clauset, 2013). In the mus-
telids, the effect of this constraint is increased by the 
long and thin body shape of the Mustelidae (Brown & 
Lasiewski, 1972). This leads to a heat loss exceeding 
the metabolic heat production in N. vison (Williams, 
1986). Therefore, size changes in this group could have 
been driven by a heat conservation constraint, and 

Table 3. Convergence metrics and associated P-values for each bone for the two minks (Mustela lutreola and Neovison 
vison), and each mink versus the Lutrinae common ancestor (ancestral state reconstruction). Bold: significant

C1 P-value C2 P-value C3 P-value C4 P-value

M. lutreola/N. vison Humerus 0.43 <0.01 2.6e-2 0.02 0.22 <0.01 0.11 0.02

Ulna 0.03 0.36 7.0e-4 0.41 0.01 0.40 <0.01 0.41

Radius 0.18 0.12 2.8e-3 0.26 0.06 0.24 0.03 0.28

Femur 0.30 0.10 9.6e-3 0.25 0.13 0.20 0.06 0.26

Tibia 0.29 0.06 5.5e-3 0.16 0.12 0.13 0.06 0.17

Fibula 0.24 0.06 3.8e-3 0.16 0.09 0.14 0.04 0.19

N. vison/Lutrinae Humerus 0 1 0 1 0 1 0 1

Ulna 0.08 0.23 3.9e-3 0.19 0.07 0.21 0.02 0.22

Radius 0 1 0 1 0 1 0 1

Femur 0.05 0.33 3.7e-3 0.29 0.04 0.32 0.02 0.31

Tibia 0.03 0.31 1.2e-3 0.29 0.03 0.31 0.01 0.30

Fibula 0 1 0 1 0 1 0 1

M. lutreola/Lutrinae Humerus 0 1 0 1 0 1 0 1

Ulna 0 1 0 1 0 1 0 1

Radius 0 1 0 1 0 1 0 1

Femur 0 1 0 1 0 1 0 1

Tibia 0 1 0 1 0 1 0 1

Fibula 0 1 0 1 0 1 0 1
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the bone shape changes could be driven by associated 
allometric effects. In addition, the very similar pattern 
observed for all bones sustains the strong impact of 
body mass on bone shape in Mustelidae (Fabre et al., 
2013). Nevertheless, the analyses of size free residuals 
suggest that at least part of the convergence in shape 
observed is not size related, and therefore suggests 
that an adaptation to a semi-aquatic lifestyle induces 
additional bone shape changes.

lutrinae versus Mustelinae

Otters show more robust bones than Mustelinae. This 
is in accordance with the results of previous studies 
(Samuels, Meachen & Sakai, 2013; Fabre et al., 2015). 
In addition to a mechanical role of body weight sup-
port during terrestrial locomotion, this increase in 
bone robustness could be associated with a ballast role 
if associated with increased inner bone compactness 
as suggested by Fish & Stein (1991) and Nakajima & 
Endo (2013).

The morphospace of the ulna and radius show very 
similar patterns (Fig. 3B and C). The main difference 
is an inversion between the first and second axes. 
This inversion may be explained by the fact that E. 
lutris exhibits a very divergent ulnar shape. Indeed 
this species displays a more slender ulna than spe-
cies of similar size (P. brasiliensis). Additionally it 
has a shorter and straighter olecranon process. The 
very divergent shape of the forearm in E. lutris could 
be related to the unique behaviour involving the use 
of its forepaws for food manipulation and processing 
(Hall & Schaller, 1964; Howard, 1973; Estes, 1980; 
Bodkin, 2001; Fujii, Ralls & Tinker, 2015; Botton-
Divet et al., in press).

Except for the humerus, the area of the morphospace 
occupied by the Mustelinae is much smaller than the 
one occupied by the Lutrinae in PCAs (Fig. 2). This 
difference in shape diversity could reflect a difference 
in functional diversity. While locomotor patterns are 
highly conserved among Mustelinae (Williams, 1983a, 
b; Lodé, 1999), the Lutrinae show various swimming 
strokes depending on the species (Tarasoff, 1972; 
Taylor, 1989).

convergence

The two minks appear in the same area of the mor-
phospace for all bones studied (Fig. 2). Minks are not 
isolated from other Mustelinae, but their position 
in the morphospace is similar for all bones whereas 
their proximity to the other species varies. Even if the 
American mink (N. vison) is said to be a better swim-
mer than the European mink (Youngman, 1990), they 
tend to display very similar long bone shapes. All the 
bones are convergent between the two minks, but only 

the convergence in the humerus was significantly 
greater than what could have occurred by random 
evolution. The humerus presents 43% of convergence 
(C1) while it goes down to between 30 and 18% for the 
radius and hind-limb bones and down to 3% for the 
ulna. This suggests a stronger functional constraint on 
the humerus than on other bones. Minks swim using 
a four limb paddling, similar to the gait used for ter-
restrial locomotion (Williams, 1983b; Lodé, 1999). 
Nevertheless, these authors suggested that the fore-
limbs are the main thrust producers as the hind limbs 
move at a slower rhythm and sometimes move out of 
phase or even stop moving while swimming. Therefore, 
the convergence of the shape of the humerus could be 
linked to functional requirements induced by aquatic 
locomotion.

M. lutreola presents bone shapes that are conver-
gent with those of the Lutrinae when we consider the 
size-corrected data. As this species is slightly smaller 
than its terrestrial relatives, convergence in the 
data when corrected for this size effect suggests that 
the allometric effect for this species is smaller than 
expected by the difference in body mass. This implies 
that the shape of the long bones in M. lutreola is closer 
to that of the Lutrinae than could be expected if this 
species showed scaling similar to other species. Our 
investigation of the details of allometric trends and 
directions is nevertheless limited by the size of our 
sample.

The accuracy of the convergence measures relies, 
amongst others, on the accuracy of the ancestral state 
reconstruction (Stayton, 2015). Adding additional sup-
plementary species to the clades used in this study 
could modify the position of reconstructed ances-
tors in the morphospace and therefore the estimates 
of convergence. Therefore, future work could benefit 
from the inclusion of extinct species as the sea mink 
Neovison macrodon (Prentiss, 1903; Mead, Spiess & 
Sobolik, 2000) or the terrestrial otter Teruelictis ripar-
ius (Salesa et al., 2013).

BioMechanical consequences of huMerus  
shaPe convergence in Minks

The convergence in the humeral shape of the two 
minks is linked with an expansion of the cranial part 
of the diaphysis. The area between the greater tro-
chanter and deltoid crests is wide and expanded dis-
tally, leading to greater insertion areas of the shoulder 
flexor, the abductors, and the retractor including the 
m. deltoideus, the m. pectoralis major, and the m. pec-
toralis minor (Fisher, 1942; Howard, 1973; Ercoli et al., 
2014). This antero-distal displacement of the shoulder 
retractors implies an extended in-lever and therefore 
a more powerful retraction of the shoulder. When com-
pared to terrestrial species, minks move in a dense 
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medium more often, and to do so they mainly use the 
forelimb (Williams, 1983b; Lodé, 1999). Therefore, 
adaptations to produce stronger shoulder movements 
could be linked to the mechanical requirements of pad-
dling. The lateral epicondylar crest is wide, even if less 
expanded than in the Lutrinae. This crest provides ori-
gin for the m. anconeus, which assists elbow extension 
on the caudal side, and is also the origin for several 
digital and carpal extensors and the wrist flexor on its 
latero-cranial side.

N. vison tends to evolve a longer olecranon process 
of the ulna than its terrestrial relatives as is also 
observed in Lutrinae. A longer olecranon process pro-
vides a longer in-lever for the m. triceps brachii, an 
elbow extensor. Expansion of the olecranon process 
seems to be linked with body mass, which suggests a 
role for sustaining larger mechanical load during ter-
restrial locomotion as well. E. lutris shows a smaller 
olecranon process than other otters of similar size 
(P. brasiliensis). E. lutris does not use its forelimb for 
aquatic locomotion but also seldomly walks on land 
and has lost the ability to run, a feature which is main-
tained in all other otters (Bodkin, 2001). Additionally 
E. lutris uses its forepaws extensively to manipu-
late objects (Hall & Schaller, 1964; Bodkin, 2001). 
Consequently we cannot determine if the elongation 
of the olecranon is an adaptation to an increased body 
mass, to aquatic locomotion involving the forelimb, or 
to a combination of both. Thus, we cannot conclude on 
the functional meaning of this feature in N. vison.

CONCLUSION

In this study we showed that the European and the 
American minks have similar long bone shapes for 
both hind- and forelimbs. The shape of the humerus, 
ulna, radius, femur, tibia, and fibula of the two minks 
tends to converge but only the convergence of the 
shape of the humerus is significant. This convergence 
is likely the result from strong functional pressures on 
the forelimb of the minks as it is the principal thrust 
producer during swimming. The American mink tends 
to converge with the Lutrinae for the shape of the 
ulna, femur, and tibia. This convergence is in accord-
ance with the larger size of this species. Lutrinae show 
robust bones and a larger diversity in all bones but the 
humerus compared to Mustelinae. Lutrinae display a 
large diversity in swimming gaits, whereas the swim-
ming gait of Mustelinae is common to the two species 
and similar to their terrestrial gait. Consequently 
we relate the higher shape diversity in Lutrinae to 
their higher functional diversity. As Lutrinae display 
a greater shape and locomotor diversity, future inves-
tigations could try to quantify locomotor movements 

and muscular parameters to describe the link between 
bone shape, muscular anatomy, and function in rela-
tion to the semi-aquatic lifestyles of this group. Future 
work could benefit from the addition of extinct species, 
particularly terrestrial species of the otter lineage.
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Figure S1.  Test of measurement repeatability for the forelimb long bones. (A, C, E): PCA of measurement repeti-
tion; (B, D, F): neighbour joining tree of the inter-measurement Euclidean distances in the tangent space; A, B: 
humerus; C, D: ulna; E, F: radius.
Figure S2.  Test of measurement repeatability for the hind-limb long bones. (A, C, E): PCA of measurement rep-
etition; (B, D, F): neighbour joining tree of the inter-measurement Euclidean distances in the tangent space; A, B: 
femur; C, D: tibia; E, F: fibula.
Figure S3.  Neighbour joining trees computed on Euclidean distances between species coordinates in the tangent 
space. A: humerus; B: ulna; C: radius; D: femur; E: tibia; F: fibula. Bold: mink species.
Table S1.  Convergence metrics and associated P-values for each bone for the two minks (Mustela lutreola and 
Neovison vison), and each mink versus the Lutrinae common ancestor (ancestral state reconstruction) computed 
on the residuals of the multivariate regression of the shape on the Log10 of the body mass. Bold: significant.


