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A morphometric study was conducted on four skull traits of 37 male and 18 female adult East Greenland polar bears (Ursus
maritimus) collected 1892—1968, and on 54 male and 44 female adult Barents Sea polar bears collected 1950-1969. The aim was to
compare differences in size and shape of the bear skulls using a multivariate approach, characterizing the variation between the two
populations using morphometric traits as an indicator of environmental and genetic differences. Mixture analysis testing for
geographic differentiation within each population revealed three clusters for Barents Sea males and three clusters for Barents Sea
females. East Greenland consisted of one female and one male cluster. A principal component analysis (PCA) conducted on the
clusters defined by the mixture analysis, showed that East Greenland and Barents Sea polar bear populations overlapped to a large
degree, especially with regards to females. Multivariate analyses of variance (MANOVA) showed no significant differences in
morphometric means between the two populations, but differences were detected between clusters from each respective geographic
locality. To estimate the importance of genetics and environment in the morphometric differences between the bears, a PCA was
performed on the covariance matrix derived from the skull measurements. Skull trait size (PC1) explained approx. 80% of the
morphometric variation, whereas shape (PC2) defined approx. 15%, indicating some genetic differentiation. Hence, both
environmental and genetic factors seem to have contributed to the observed skull differences between the two populations.

Overall, results indicate that many Barents Sea polar bears are morphometrically similar to the East Greenland ones, suggesting
an exchange of individuals between the two populations. Furthermore, a subpopulation structure in the Barents Sea population was
also indicated from the present analyses, which should be considered with regards to future management decisions.

Cino Pertoldi, Genetics and Ecology, Dept of Biological Sciences, Aarhus University, Ny Munkegade 114, Building 1540,
DK-8000 Aarhus C, Denmark. E-mail: biocp@nf.au.dk

The polar bears of East Greenland and those of the
Barents Sea area are currently being managed as two sep-
arate management units (IUCN PBSG 2010). PAETkAU
et al. (1999) studied the genetic structure in 16 of the
world’s 19 predefined polar bear populations, based on
neutral genetic markers; very low level of genetic differ-
entiation was found between the East Greenland and
Barents Sea populations, although the allele frequency
distributions qualified the two populations as separate
management units (MUs) (Moritz 1994). However, recent
observations have questioned the degree of separation
between the two populations, suggesting a certain overlap
(Born et al. 2009). Still, differences in space use (BorN

© 2012 The Authors. This is an Open Access article.

et al. 2009) and skull growth rates (BecHsHoFT et al.
2008a), as well as subtle differences in skull, teeth, and
bone characters have been found between polar bears from
East Greenland and Barents Sea (SonnE et al. 2007a,
2007b; BEcHsHEFT et al. 2008b, 2009).

One of the main goals of conservation genetics is the
identification of evolutionary significant units (ESUs) —
and MUs and the preservation of genetic diversity, which
should allow the evolutionary processes of natural selec-
tion and adaptation to continue in the future. The identifi-
cation of separate ESUs was originally recommended
based on both ecological and genetic data, although
focus has later shifted to being mainly on the assessment
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of neutral genetic variation (WapLEs 1991; pEGuIA and
Sarron 2007). However, a broader definition of ESUs
including non-neutral markers and adaptive variation
would be more appropriate (DEGuia and Saiton 2007).
Neutral molecular marker loci provide only little insight
into adaptive variation, unless a large fraction of the non-
neutral markers are tightly linked to the relevant quantita-
tive trait loci. Alternatively, neutral markers can provide
useful information in small populations where most of the
fitness variation is neutral. However, a lack of molecular
divergence among populations at neutral loci is potentially
uninformative, as it cannot exclude local adaptations
(Ly~ch 1996). Neutral genetic markers such as microsat-
ellites have a well-known inheritance but may not be use-
ful in studies of local adaptation, since there is often a
limited correlation between neutral and selective variation
in natural populations (MEriLA and CrNOKRAK 2001).
Genetic differences, on the other hand, could potentially
be measured by proxy instead, as e.g. morphometric varia-
tion in physical traits.

Knowledge of local adaptation and adaptive potential
of various wildlife populations is becoming increasingly
relevant due to impacts on the environment from i.e. cli-
mate change and pollution, which could potentially favour
the more adaptive species. Divergent natural selection due
to spatially varying environments is expected to promote
adaptive evolutionary responses (Kawecki and EBERT
2004). Hence, the evolutionary outcome is dictated by the
relative strength of natural selection (ENDLER 1986).

Selective forces influence populations in various parts
of their range differently (ANDERSSON 1994). Demonstra-
tion that a population is adapted to a given environment is
also important (PeErToLDI et al. 2007, 2009). Acquiring
direct evidence involves either comparison of fitness
among populations in local and foreign environments
(Kaweckr and EBerT 2004).

Presently more information is thus wanted on the degree
of exchange between the polar bear populations of East
Greenland and the Barents Sea. The main aim of the
present study was therefore to compare differences in size
and shape of East Greenland and Barents Sea polar bear
skulls, exploring the degree of morphometric differentia-
tion between the two populations.

MATERIALS AND METHODS
Samples

The sample consisted of 55 (37 male and 18 female) adult
polar bear skulls collected in East Greenland between
1892 and 1968 and 98 skulls (54 male, 44 female) col-
lected in Barents Sea between 1950 and 1969. All skulls
are located at the Zoological Museum, the Natural History
Museum of Denmark, ZMUC (East Greenland bears) and

the Natural History Museum, University of Oslo (Barents
Sea bears). The skulls had been aged from counting of the
cementum growth layer groups (GLG) of the lower right
incisor (I3) after decalcification, thin sectioning (14 Am)
and staining (Toluidine Blue), using the method described
by HenseL and Sorensen (1980) and Dietz et al. (1991).
Male bears were categorized as adults at the age of =6
years, and female bears at the age of =5 years (RosING-
Asvip et al. 2002). In a few instances the sex of individual
bears was determined using the canonical discriminant
functions given in BecHsHoFT et al. (2008b). All animals
were born = 1960, as determined from age and date of
capture (year of kill).

Measurements

Measurements of four skull traits were used: postorbital
height (POH), condylobasal length (CBL), mandible
length (ML) and mandible height (MH). The traits were
measured using digital callipers (Mitutoyo, Mitutoyo Cor-
poration, Japan) to the nearest 0.04 mm and are defined in
detail in BEcHsHoFT et al. (2008b). Measurement error for
each of the traits can be found in BEcHsHoFT et al. (2008c¢).
Some skulls were too damaged for all traits to be mea-
sured. Missing data was replaced with the population
average (in less than 5% of the traits measured).

Statistical analyses

Polar bears are sexually dimorphic, both in size and shape
(DEroCHER et al. 2005; BechsHorT et al. 2008a), and hence
the sexes were kept separate in all analyses.

Mixture analysis

Mixture analyses were conducted using the four skull
traits measurements, keeping the sexes separate, using the
software EMMIX (described in McLacHLAN and PEEL
1998), which fits t-component mixture models to multi-
variate data, and does not require specifications of any
parameters prior to the analysis. The analyses were per-
formed with unrestricted variance-covariance matrices
and 10000 random and 10000 K-mean starts where 50%
of the data were used for every K-mean start.

If a mixture analysis is performed for a range of values
of possible clusters (C), the listing for the output file is
repeated sequentially for each value fitted for the number
of C. Finally, a table is given, summarizing the values of
the tests to help decide on the number of clusters (NC)
(Table 1). The various criteria currently reported by
EMMIX are the log-likelihood (log-lik), the Akaike infor-
mation criterion (AIC), and the Bayesian information cri-
terion (BIC). The number of clusters is given by the value
for which the criterion value is minimized. The criterion
value indicates how much disagreement there is between
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Table 1. Mixture analysis output conducted on the Barents
Sea polar bear population’s four skull traits (see text for
details), holding the sexes separated. Sex: Clusters (C).
NC: Number of clusters. Log-lik: Log-likelihood. AIC:
Akaike information criterion. BIC: Bayesian information
criterion.

Sex NC Log-lik AIC BIC P
Males 1 —=714.1 1456.21 1484.05 -
Males 2 —660.33 1378.66 1436.34  0.01
Males 3 —244.73 577.46 664.97 0.01
Males 4 —231.62 581.24 698.59  0.99
Females 1 —462.18 952.37 977.35 -
Females 2 821.86  —1585.72 —1533.98 0.01
Females 3 856.94  —1625.88 —1547.38 0.04
Females 4 88596  —1653.92 —1548.65 0.22

the log-lik, AIC, and BIC, which all have different degree
of conservativeness. The less disagreement there is
between these three indexes, the better it is. The p-value
(p) is produced by the optional bootstrap analysis. By
sequentially testing e.g. ‘1 versus 2’ then ‘2 versus 3°, and
so on, and stopping when the step becomes insignificant
(p>0.05), the number of clusters can be assessed. The
mixture analysis has the major advantage that it performs
an unbiased analysis of the data without any a priori
expectations, unlike many other approaches which test the
difference of pre-specified groups which may or may not
be real, and has been called the only clustering process
that is entirely mathematically justifiable (MARRIOTT 1975).
The mixture method assumes that the data is composed by
a mixture of several clusters and splits the data into these
clusters. The method does not use geographical informa-
tion as an input and the grouping of a significant amount
of individuals from the same localities in the same cluster
therefore gives strong evidence of a geographic differen-
tiation. The mixture analysis was performed for both East
Greenland and Barents Sea bears.

Principal components analysis of the skull measurements
of the East Greenland and Barents Sea populations

A principal component analysis (PCA) following Marcus
(1990) was carried out on the covariance matrix derived
from the skull measurements. The PCA was executed
holding the sexes separate, but pooling the individuals
from both areas (East Greenland and Barents Sea).

The results of the PCAs were visualized using the con-
vex hull method.

According to CHASE et al. (2002) the PCA is able to
classify phenotypic variation into independent compo-
nents, which can then be used to dissect genetic networks
regulating complex biological systems. If size variation
is present in the data and the loadings of principal

component 1 (PC1) are either all positive or negative, PC1
can be said to summarize the within-sample size variation
(BooksTEIN 1989). Shape, on the other hand, quantifies the
variation that cannot be explained by size variation and
allometric relationships.

Principal components analysis of the clusters defined
by mixture analysis

A PCA was done for the polar bears of East Greenland
and Barents Sea subpopulation clusters defined by the
mixture analysis (still holding the sexes separate). The
results of the PCAs were visualized using the convex hull
method.

Multivariate analysis of variance of the skull
measurements of the East Greenland and Barents Sea
populations

A multivariate analysis of variance (MANOVA) was
conducted (holding the geographic locations and the two
sexes separated) with an a posteriori Wilk’s lambda and a
Pillai trace, which were used as indexes of multivariate
distances. The analysis was done in order to test the sig-
nificance of multivariate morphometric differentiations
between the polar bear populations of East Greenland and
Barents Sea.

Multivariate analysis of variance of the clusters defined
by mixture analysis

A MANOVA was used to analyze for significance of
morphometric differentiation between the morphometric
cluster defined for the population of East Greenland and
the clusters defined for the Barents Sea population by the
mixture analysis. A Hotelling’s test was conducted (using
the software PAST, HammMmER et al. 2004) in connection
with both the above mentioned MANOVAs.

RESULTS
Mixture analysis

The mixture analysis revealed three significant clusters
for Barents Sea males and three significant clusters for
Barents Sea females (Table 1). The mixing proportion
(number and the percent of individuals assigned to each
cluster) in males for each component was: Cluster 1: 12
(23%), Cluster 2: 34 (63%), Cluster 3: 8 (14%) and for
females it was: Cluster 1: 22 (51%), Cluster 2: 16 (36%),
Cluster 3: 6 (13%). The East Greenland population con-
sisted of one cluster for females (18 individuals, 100%)
and one cluster for males (37 individuals, 100%) (results
not shown).

The density distribution plots indicate that the cluster
differences evidentiated by the mixture analysis, are due
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to divergence on both the PC1 and PC2 axes as the peaks
of the distributions are clearly dislocated from each other
on both axes (Fig. 1a—b). Note that the third peak is con-
cealed by the other peaks, and therefore not visible, but
see Table 1. It is also seen that the width of the density
distribution peaks vary between clusters, which indicates
differences in the variances of the PC1 and PC2 distribu-
tions (Fig. la—b).

Principal components analysis of the skull measurements
of the East Greenland and Barents Sea populations

The PCA carried out on the covariance matrix derived
from the skull measurements showed two convex polygons
for both males and females, however, the two populations
could generally not be distinguished by their scores on
PC1 and PC2 due to the relatively large overlap (Fig. 2a-b).
The first two PC axes (pooling the East Greenland and
Barents Sea populations and holding the sexes separate)
explained 80.3% (PC1) and 15.9% (PC2) of the total mor-
phometric variation in males, and 81% (PC1) and 14.3%
(PC2) of the total morphometric variation in females.
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Principal components analysis of the clusters defined
by mixture analysis

The PCA based on the clusters defined by the mixture
analysis found one convex polygon for East Greenland
males as well as females, and three convex polygons for
both sexes of the Barents Sea population (Fig. 3a-b).
Loadings on PC1 were all positive (females: 0.05-0.88,
males: 0.04-0.69), thus summarizing the within-sample
size variation (BooksTEIN 1989).

The three convex polygons for Barents Sea males
and three convex polygons for Barents Sea females
(Fig. 3) differed in both size (Fig. 1a—b, first axis) and
shape (Fig. 1a—b, second axis). For the males (Fig. 3a),
the East Greenland cluster (red polygon) overlapped
two of the Barents Sea male bear clusters (green and
blue) to a high extent, while only partially overlapping
with the third Barents Sea convex polygons (purple).
The PCA graph for female polar bears (Fig. 3b) shows
the Barents Sea population as consisting of three
convex polygons (blue, green and purple polygons)
of which two were overlapping slightly (green and

Fig. 1a—b. Density distribution of the scores on PC1 (1) and PC2 (2) axes of the convex polygons of Barents Sea polar bears identified
by mixture analyses. Six convex polygons were identified in total; three for the males (a) and three for the females (b).
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Fig. 2a—b. Plot of the first two axes (PC1 and PC2) from a
principal component analysis for males (a) and female (b)
polar bears of the East Greenland population (red line) and of
the Barents Sea population (green line), based on a covariance
matrix derived from skull measurements (see text for details).

purple). The East Greenland female population (Fig.
3b, red polygon) is shown as a convex polygon nearly
completely overlapping all three Barents Sea convex
polygons. For both sexes and especially for the Barents
Sea population, the separation between the convex
polygons appears to be primarily along the first
axis (PC1, Fig. 3a—b). As the axes values are not inde-
pendent of each other, this can only be evaluated
qualitatively.
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Fig. 3a—b. Plot of the first two axes (PC1 and PC2) from a prin-
cipal component analysis for male (a) and females (b) polar
bears of the East Greenland population cluster (red line) and of
the Barents Sea subpopulation convex polygons (blue, green and
purple lines) defined by mixture analyses.

Multivariate analysis of variance of the skull
measurements of the East Greenland and Barents Sea
populations

The MANOVA showed no significant differences of
multivariate means neither in males nor in females
(p > 0.05, locations as well as sexes separate) with Wilk’s
lambda ranging from 0.87 to 0.91 and Pillai’s trace rang-
ing from 0.09 to 0.12. The non-significant results of
the MANOVA confirm the graphical impression from
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Fig. 2a and b where the convex polygons are largely
overlapping.

Multivariate analysis of variance of the clusters defined
by mixture analysis

The graphical representation of the results of the mixture
analysis (Fig. la—b) shows a heterogeneous composition
of the Barents Sea population. This is also confirmed by
the MANOVA conducted on the clusters defined by mix-
ture analysis, which shows significant differences in mul-
tivariate means in males (Wilk’s lambda = 0.39, p < 0.001,
Pillai trace =0.72, p<<0.001), both between the three
clusters of the Barents Sea population (3 out of 3 possible;
Hotelling’s test at the p <0.05 level) and between each of
the Barents Sea clusters and the East Greenland popula-
tion (3 out of 3 possible; Hotelling’s test at the oe<<0.05
level). No significant multivariate morphometric differen-
tiation was found between the female polar bear popula-
tions of East Greenland and Barents Sea (Wilk’s
lambda = 0.72, p > 0.05, Pillai trace = 0.30, p <0.05).
Only one of the three Barents Sea female clusters was sig-
nificantly different from the East Greenland female cluster
(Hotelling’s test: p < 0.05). However, when the MANOVA
was conducted again, excluding the Greenland female
population, morphometric differentiations between the
three clusters of the Barents Sea population became sig-
nificant (Wilk’s lambda = 0.45, p <0.001, Pillai trace =
0.58, p<<0.001, with 2 out of 3 Hotelling’s tests signifi-
cant at the p<<0.05 level), thus indicating internal differ-
ences between the clusters of the Barents Sea female
bears.

DISCUSSION
Morphology and genetics

The mixture analyses revealed three clusters for Barents
Sea males and three clusters for Barents Sea females. The
number of individuals in the different clusters was not
equally distributed; in both cases, the majority of the
bears were collected in one of the three clusters; 50% of
the female bears and 67% of the male bears, respectively.
The East Greenland population consisted of one female
and one male cluster. The East Greenland clusters over-
lapped the Barents Sea clusters to a high degree, espe-
cially with regards to the female polar bears. Despite
there being some differences within and between the sep-
arate subpopulation clusters, the overall results indicate
that many of the Barents Sea males and females are mor-
phometrically similar to the East Greenland ones. This
finding is in accordance with the results of PAETKAU et al.
(1999) who found virtually no genetic distance between
the two populations although some differences in allele

frequency distributions existed. The results of BECHSHOFT
et al. (2008a) also confirm the picture of especially the
females of the two populations being particularly similar,
in this case with regards to attainment of full size. There-
fore, the results showed a heterogeneous composition of
the Barents Sea population, despite there being no sig-
nificant differences in their multivariate means (this is
because the mixture analysis takes into account the cova-
riance between the traits, not just the size, and therefore it
is a more sensitive way of discriminating populations).
These results are in accordance with MAURITZEN et al.
(2001), who found two kinds of movement patterns for
females in the Barents Sea, as well as Aars et al. (2010),
who found very little exchange between bears inhabiting
the northern and southern parts of the Svalbard archipel-
ago itself. However, ZEYL (2010) found that bears with
different space use strategies (as defined by MAURITZEN
et al. 2001) did not belong to genetically differentiated
groups; no sub-structure was found within the Barents
Sea polar bears, which were thus assumed belonging to a
single breeding unit. As was also found in the present
study, the polar bears in East Greenland are thought to
constitute a single population (Born in: ITUCN PBSG
1995; WG 1995; Born et al. 2009). Satellite telemetry
studies and movement of marked animals have also indi-
cated that polar bears range widely along the coast of
eastern Greenland and in the pack ice in the Greenland
Sea and Fram Strait (Borx et al. 1997; WiiG et al. 2003),
and that the exchange between East Greenland and the
Barents Sea population is minimal (WuG 1995; Born
et al. 1997; WiiG et al. 2003). Separate populations (East
Greenland/Barents Sea) was further supported by
HenricuseN and SiovoLp (in: IUCN PBSG 1986), SoNNE
et al. (2007b), and BecusHert et al. (2008a, 2008b,
2008c). However, recent satellite telemetry results indi-
cate that home ranges of bears from the East Greenland
population overlap with those of bears from the Fram
Strait (Born et al. 2009). This offers support for i.e.
O’Gara et al. (in: [IUCN PBSG 1980) and LARSEN (1986),
who hypothesize an exchange between the two popula-
tions, which would be in agreement with the present
study.

Skull traits and size

In the present study, skull trait size (PC1) explained
approx. 80% of the variation between the bears, whereas
shape (PC2) defined approx. 15% of the morphometric
variation, indicating some genetic and/or environmental
differentiation. Hence, both environmental and genetic
factors could have contributed to the observed skull dif-
ferences between the two populations. It has been shown
that the number of loci determining size variation is much
smaller than the number of loci governing shape in mice
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(WorkMAN et al. 2002; Rocha et al. 2004; WoLF
et al. 2006; Leamy et al. 2008) and dogs (Drake and
KLINGENBERG 2010). Therefore, it seems likely that shape
variation is a better estimate of the genetic differences
between populations and it could therefore be speculated
that the observation of concomitant differentiation in
both size and shape could indicate differences of the
genetic pool.

Previous studies have shown that polar bears vary in
size over their distribution range; BEecHsHorT et al.
(2008a) found adult East Greenland polar bears to be
larger in condylobasal length than bears from Barents
Sea. This is in contrast to MaNNING (1971), who sug-
gested that Barents Sea polar bears might be larger than
those from East Greenland, although he found no con-
clusive evidence in his data set to support the hypothesis.
The Barents Sea polar bear population has previously
been found to be the shorter in total body length when
compared to other polar bear populations (DEROCHER and
WiiG 2002). DErocHER and WiiG (2002) found male, and
especially female, polar bears from Barents Sea to be
generally smaller in asymptotic body length and size
plus lighter in weight than polar bears from a number of
previously studied North American populations. Differ-
ences have also been found between the two populations
with regards to fluctuating asymmetry (FA), both metric
and meristic; Barents Sea bears had a higher incidence
of FA than East Greenland bears in both cases (BECHSHOFT
et al. 2008b, 2009). In addition to this, BECHSH@FT et al.
(2008a) found skull parameters indicating that females
of both localities matured at approximately the same age,
whereas the Barents Sea males generally matured years
later than their East Greenland peers. Furthermore,
SonnE et al. (2007b) found that the size of baculum and
uterus were significantly smaller in East Greenland polar
bears than in their Barents Sea peers, as well as smaller
than those from Canada (Dvck et al. 2004; SonnE et al.
2007b).

Considerations

We found a significant, and thus inherently higher, mor-
phometric divergence in non-neutral quantitative traits
between subpopulations (clusters) of East Greenland
and Barents Sea polar bears than what PAETKAU et al.
(1999) found using neutral molecular markers (micro-
satellites), which could suggest local adaptation. How-
ever, one must be aware that the Barents Sea polar bears
analyzed by PAeTKkAU et al. (1999) were all collected at
one locality (Hopen) in 1991 and as such not necessarily
representative for the whole area whereas the skulls, on
the other hand, have a broader sampling area and
period.

Management

The East Greenland and the Barents Sea polar bear popu-
lations are managed as separate MUs (IUCN PBSG 2010).
The current status of the East Greenland polar bear popu-
lation is unknown as no population inventory has been
conducted to date (IUCN PBSG 2010). Quotas were
implemented for the polar bear hunt in East Greenland in
2006 (2006-2010: 30 animals year™' in Ittogqortoormiit
area, 20 animals year™! in Ammassalik, and four in south-
west Greenland and in 2011: 35 animals year™! in Ittog-
gortoormiit area, 25 animals year™' in Ammassalik, and
four in southwest Greenland; Anonymous 2006, 2010,
2011). The Barents Sea polar bear population has been
subject to extensive harvest 1870-1973 (Lono 1970;
LaRrseN 1986), but all hunting in the area was banned in
1973 and the population may now be showing signs of
recovery (DEROCHER 2005; Aars et al. 2009). ZEvL et al.
(2009) suggest that population recovery in the Barents Sea
population, after the long history of hunting, occurred not
only through long-distance immigration, but maybe even
more so by families using surrounding vacant areas.
MauriTzeN et al. (2001, 2002) found two kinds of move-
ment patterns for polar bears in the Barents Sea based on
satellite telemetry. A subpopulation structure in the
Barents Sea population was also indicated from the pres-
ent analyses of morphometric data. On the other hand,
ZEYL (2010) did not detect any genetic structure in this
population. However, if a substructure does indeed exist in
the population this should be considered in relation to
future management.

Conclusions

The present study shows the comparison of differences in
size and shape of East Greenland and Barents Sea polar
bear skulls by application of a multivariate approach,
thereby characterizing the degree of adaptive genetic vari-
ation between the two populations by using morpho-
metrics as an indicator of environmental and/or genetic
differences. Overall, results indicate that many Barents
Sea polar bears are morphometrically similar to the East
Greenland ones, suggesting an exchange of individuals
and genes between the two populations. However, despite
the flow between them, both populations seem to be
adapted to different environmental conditions. Further-
more, a subpopulation structure in the Barents Sea popu-
lation was also indicated from the present analyses of
morphometric data.

Even though mixture analysis on biological data has a
long history (PEarsoN 1894), few biological studies have
been carried out (PErTOLDI et al. 2006, 2009). We find it
advantageous because it performs an unbiased analysis of
the data without a priori expectations, unlike many other
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approaches, which test the difference among pre-specified
groups, which may or may not be real. Since the method
does not use geographical information as an input, the
grouping of a significant number of individuals from the
same localities in the same cluster gives strong evidence
of geographic differentiation and therefore there the mix-
ture analysis should be considered a very useful comple-
mentary tool for the definition of Mus and ESUs.
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