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Allometry of the skull in one autochthonous
and two reintroduced populations of Eurasian beavers
(Castor fiber, Castoridae, Rodentia)

Andrey Yu. Puzachenko & Nikolay P. Korablev

ABSTRACT. Allometry is a common phenomenon that is found in animals at different levels: between
sexes, species, and higher taxonomic levels. For example, an ‘allometric mechanism’ of regulation shows
variation at the population level and therefore it is the source of morphological diversity at the species level,
and additionally, the allometric relationship is influenced by natural selection. To better understand the
constraints of ontogenetic and static allometry, we investigated 493 skulls (15 measurements per skull)
from three geographically isolated populations of Eurasian beaver (populations of Voronezh Reserve, Oka
Reserve, and Central Forest Reserve), all belonging to the Eastern European subspecies Castor fiber
orientoeuropaeus. The allometric growth in terms of the general length of the beaver skull depends on the
specific growth of its rostral part (nasal bone, intermaxillae, and diastema) in all studded populations. The
pattern of static allometry in adult animals was mostly similar to the pattern of ontogenetic allometry, but in
adults, isometry was predominated. The PCA results showed clear differences in the ontogenetic allometric
patterns of different populations. All these results confirm our preliminary hypothesis (Puzachenko &
Korablev, 2014) about the influence of ontogenetic allometry on the skull parameters in these beaver’s
populations.
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AnnomeTpua B Yepene eBpa3Mnckmx 6oopos (Castor fiber,
Castoridae, Rodentia) n3 ogHo aBTOXTOHHOM U ABYX
PEeNHTPOAYLMPOBAHHbLIX NONynsLUNA

A.1O. MNMy3ayeHko, H.I. Kopabnes

PE3IOME. Annomerpus sBIsieTCs paclpOCTPAHEHHBIM SIBICHUEM U BCTPEYAETCS y >KMBOTHBIX Pa3HBIX
TI0JIOB, BHJIOB 1 Ha 00J1e€ BHICOKMX TAKCOHOMUYECKUX YPOBHSX. AJUIOMETpHUYECcKast H3MEHUYNUBOCTb, HAIIPH-
Mep, Ha YpPOBHE HOMYJISILUH, SBISETCS MCTOYHHUKOM MOP(OIOTHYECKOT0 pazHOOOpas3usi Ha BUAOBOM
YPOBHE M MOXET ObITh 00BEKTOM €CTECTBEHHOTO 0TOOpa. OHTOTEHETHYECKYIO0 M CTAaTHYECKYIO alJIOMET-
puio mccienoBanu mo 15 mpomepam Ha 493 uepernax eBpasHiickMX 0OOOPOB BOCTOUHOEBPOIEHCKOTO
noasuna (Castor fiber orientoeuropaeus) n3 Tpex reorpaduuecky M30JMPOBaHHBIX nomyssinuii (Bopo-
HeXCKmid 3anoBeqHuK, Oxckuil 3amoBenHuKk u lleHTpambHO-JIecHOH 3amoBenHWK). B mocTHaTanmsHOM
OHTOTEHE3€ aJUIOMETPHsI BO3HUKAET, TIPEXK/IE BCETO, U3-32 HEPABHOMEPHBIX CKOPOCTEH pocTa 1epedpalib-
HOTO U POCTPAIBHOTO OTJEIIOB Yepena. AJUIOMETPHUECKUN MAaTTEPH y B3POCIbIX KUBOTHBIX B OCHOBHOM
AHAJIOTHYEH MAaTTEPHY OHTOT€HETUYECKOH aNIOMETPUH, HO C JOMHHHUPOBAaHUEM H30MeTpruu. OOHapyKEeHBI
YETKUE Pa3IM4Msl MEXIy Pa3HbIMH NOMYJIALUSIMUA O0OPOB IO MapameTrpaM OHTOTCHETHYECKOH aJlioMeT-
pun. Pesynbrarel noarsepskaatoT Hamry runoresy (Ily3auenko, Kopabies, 2014) o BIUSHAM OHTOTCHETH-
YEeCKOH aljIoOMETpHUU Ha MOP(]OIIOTHYECKYIO H3MEHUYNBOCTH Yepera 000poB M3 pa3HbIX MOMYJISALUH.

KJIFOYEBBLIE CJIOBA: oHTOTeHeTHYECKAS AITIOMETPHS, cTaTndeckas aiomeTpusi, Castor fiber, mopgdo-
JIOTHUS Yepera.
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Introduction

The mammalian skull is considered as a highly
specialized multifunctional complex skeletal system in
which the relationships among its parts (skull sub-
systems) undergo limited change (Romer & Parson,
1985; Trainor et al., 2003; Klingenberg et al., 2004;
Klingenberg, 2014). This limits its potential morpho-
logical diversity. Integrated phenotypes are the result of
interactions among their morphological elements due
to genetic and epigenetic (functional and developmen-
tal) relationships between them, as expressed during
the course of individual development (Olson & Miller,
1958; Cheverud, 1996; Klingenberg & Zimmermann,
1992). According to Klingenberg (1996), static allome-
try (size allometry) reflects variation among individu-
als within homogeneous age groups at the population
level. Ontogenetic allometry (growth allometry) is the
consequence of covariation among traits during growth.
Both types of allometry can be used for various com-
parisons across different populations of the same spe-
cies that have different histories, live in different envi-
ronments, and are subjected to different environmental
constraints.

To better understand the allometry patterns in the
autochthonous and reintroduced populations of Eur-
asian beavers, we investigated ontogenetic and static
allometry from skulls from three geographically isolat-
ed populations, all traditionally listed in the Eastern
European subspecies Castor fiber orientoeuropaeus
Lavrov, 1981. All studied populations are genetically
close and belonging to the Eastern mitochondrial hap-
lotypes clade (Horn et al., 2014; Senn et al., 2014).

Variations in quantitative and qualitative traits of
the skulls of beavers from many reintroduced and au-
tochthonic populations have already been described
(Korablev et al., 2011, 2015; Korablev & Korablev,

2013). Preliminary comparisons of the Voronezh au-
tochthonous population (VO); Oka reintroduced popu-
lation (OK); and Central Forest reintroduced popula-
tion (CF) studied in our work (Puzachenko & Korablev,
2014) have indicated that the ontogenetic growth of the
skull in each population has specific properties that
affect the size and shape of the skull in different age
classes of animals.

Materials and methods

Samples (493 beaver skulls) were collected from
three geographically isolated populations from the Vor-
onezh, Tver’, and Ryazan provinces (in European part
of Russia) (Table 1). The material is held at the Voron-
ezh State Nature Biosphere Reserve, Central Forest
State Nature Biosphere Reserve, and Zoological Muse-
um of Moscow State University.

The histories of the reintroduced populations are
well documented: we know their starting points and
have had the opportunity to investigate the morpholog-
ical changes that have occurred in the beavers in their
new environments. From 1936 to 1937, beavers were
imported in two groups from the Voronezh State Na-
ture Biosphere Reserve population. The first group was
introduced to the core of the Central Forest State Na-
ture Biosphere Reserve along the Tyud’ma River (Vol-
ga River basin). After the deaths of several beavers,
approximately eight individuals established the CF pop-
ulation (the more detailed information is not available).
Since the 1980s, the long-term average population size
has been about 200 beavers. The other group of beavers
was reacclimatized in the Oka State Nature Biosphere
Reserve (Pra River, Oka River basin) starting in 1937,
and over the subsequent 3 years, 30 beavers were re-
leased. Overall, seven animals died; the remaining 23
beavers established the OK population.

Table 1. Sample sizes of skulls of the Eurasian beaver and characteristics of geographical locations

of the studied populations.

Sample

code Total

Geographic locality

Males Females

adl—

jvl- adl— jvl-
sad . ad4

iv2 add | o | S

Voronezh Province, Voronezh State
Nature Biosphere Reserve, Voronezh
River basin, 52°06" N, 39°26’ E. 84
Autochthonous / aboriginal
population.

VO

11 6 30 10 3 24

Ryazan Province, Oka State Nature
Biosphere Reserve, Pra River basin,
54°45’ N, 40°45” E. Reintroduced
population.

OK 255

10 17 91 16 27 94

Tver’ Province, Central Forest State
Nature Biosphere Reserve, Volga
CF River and West Dvina watershed
(Daugava) River, 56°30" N, 32°55’
E. Reintroduced population.

154

46 19 32 27 14 16
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The age classes of the beavers were determined
based on the degree of closure of the basal opening of
the pulp cavity of molars, and the layered structure of
cement in the apical part of the tooth in animals older
than 3 years old (Safonov, 1966; Klevezal, 1988). Sev-
en age classes were distinguished: 6 months to 1 year
old (jv1), 1 to 2 years old (jv2), 2 to 3 years old (sad), 3
to 4 years old (adl), 4 to 5 years old (ad2), 5 to 7 years
old (ad3), and >7 years old (ad4). Sexual dimorphism
has an insignificant effect on the morphological charac-
teristics of the skulls of Eurasian beaver skull (Lavrov,
1981; Kitchener & Lynch, 2000; Puzachenko & Kor-
ablev, 2014; Korablev et al., 2015). There was no
sexual dimorphism in any later age classes. Therefore,
in the present study, we ignored the effects of gender.

Measurements: 1 — greatest length of skull (GL),
2 — length of rostral part of skull (right side) (RL), 3 —
nasal length (right side) (NL), 4 — alveolar length of
upper molar toothrow (right side) (UML), 5 — length
of upper diastema (UDL), 6 — width of upper jaw or
width of the rostrum (UJW), 7 — interorbital width
(IOW), 8 — zygomatic width (ZW), 9 — cranial width
(CW), 10 — mastoid width (MW), 11 — length of
upper jaw — from the posterior part of the articular
surface of the zygomatic bone to the front edge of the
incisor bone (right side) (UJL), 12 — alveolar length of
lover toothrow (right side) (DML), 13 — length of
mandible (right side) (ML), 14 — greatest length of
mandible — from the posterior edge of the articular

process to the most outstanding front edge of the alveo-
lus of incisor (right side) (GML), 15 — height of
mandible (right side) (MH).

Ontogenetic and static multivariate allometry.
We used multivariate allometry coefficients (MACs) to
compare the three populations. A principal component
analysis (PCA) of the variance-covariance matrix of
natural log-transformed skull measurements according
to previous studies (Jolicoeur, 1963; Klingenberg &
Froese, 1991; Klingenberg, 1996) was used for MAC
calculation. The first principal component (PC1) corre-
sponded to the “baseline of size variation” within a set
of measurements (most of the variation in a multivari-
ate data set). The coefficient (loading) of a given mea-
surement on PC 1 divided by 1/NM (where M is the
number of measurements) is an allometric coefficient
(according to Jolicoeur, 1963). In the model, MAC
corresponds to the angle between PC1 and the measure
and MAC values > 1.0 indicate positive allometry,
MAC = 1.0 indicates isometry, and MAC < 1.0 indi-
cates negative allometry. MAC = 0 indicates when
variation in a given measure is completely independent
of the general size of the skull (when there is no allom-
etry). We used the bootstrap method (100 iterations for
each sample) to estimate the means, standard errors,
min and max values of MACs. To determine the varia-
tion among populations, we used MACs in PCA (Klin-
genberg & Froese, 1991).

Table 2. Ontogenic multivariate allometric coefficients (MAC) in Eurasian beavers from three populations:

VO, OK, and CF.
Measure- VO OK CF
ments MAC min—max | Al. MAC min—max | AL MAC min-max | Al
GL 1.05+0.002 | 1.00-1.12 | ~ | 1.00+£0.001 | 0.96-1.03 ~ 1.01+£0.001 | 0.98-1.04 ~
RL 1.18+0.004 | 1.05-1.27 | + | 1.30+0.003 | 1.22-1.39 + 1.29+£0.002 | 1.22-1.34 +
NL 1.15+0.007 | 0.91-1.31 ~ | 1.17£0.004 | 1.05-1.27 1.36+£0.002 | 1.31-1.40 +
UML 0.66+0.006 | 0.48-0.79 | — | 0.82+0.003 | 0.76-0.90 - 1 0.96+0.002 | 0.89-1.01 ~
UDL 1.33£0.005 | 1.21-1.48 1.16+0.003 | 1.07-1.23 + 1.14+0.003 | 1.06-1.20 +
UJL 1.13+0.002 | 1.08-1.19 1.05+£0.001 | 1.01-1.08 | ~ | 0.31£0.009 | 0.05-0.57 | -*
UIw 0.74+0.006 | 0.49-0.88 — |1 0.93+0.004 | 0.84-1.08 ~ 1 0.90+0.005 | 0.80-1.03 ~
IOW 0.83+0.007 | 0.68-1.06 | — | 0.79+0.005 | 0.68-0.94 | — | 0.88+0.003 | 0.81-0.95 | —
ZW 1.04+0.005 | 0.91-1.12 | ~ | 1.08+0.002 | 1.05-1.13 ~ 1.12+0.002 | 1.08-1.16 +
CwW 0.53+0.006 | 0.43-0.77 | — | 0.54+0.003 | 0.44-0.60 - 1 0.59+0.002 | 0.54-0.65 | —
MW 1.11£0.006 | 0.97-1.26 | ~ | 1.10+£0.003 | 1.02-1.16 | ~ | 1.04+0.002 | 1.00-1.08 | ~
DML 0.64+0.007 | 0.49-0.80 | — | 0.61+£0.002 | 0.55-0.67 | — | 0.61+£0.002 | 0.54-0.65 | -
GML 1.06+0.003 | 0.99-1.12 | ~ | 1.03+0.002 | 0.98-1.08 ~ 1.02+0.002 | 0.97-1.05 ~
ML 1.11+0.003 | 1.02-1.18 | + | 1.03+0.002 | 0.98-1.07 | ~ | 1.03+0.001 | 1.00-1.07 | ~
MH 1.03+0.006 | 0.83-1.19 | ~ | 1.07+£0.002 | 1.01-1.14 ~ 1.19+£0.002 | 1.12-1.22 +
Remarks: Al. — type of allometry: ~— close to isometry, — — negative allometry, + — positive allometry; * — variation of the measure

is close to independent from general size.
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Figure 1. Allometric patterns in the populations VO, OK and CF: A, C — ontogenetic (A) and static (C) allometry of nasal
length (NL); B, D — principal component analysis of MAC, ontogenetic allometric pattern (B) and static allometric pattern
(D). PC 1 and PC 2 are the scores of MAC patterns of each beaver’ population and 95% confidence ellipses derived from the

respective 100 bootstrap estimates of MACs are plotted.

Results

Ontogenetic Allometric Pattern. Ontogenetic al-
lometry detected that the growth of general length of
skull mainly depends on the increase of its rostral part
(nasal bone, intermaxillae) (Table 2). The measure-
ments RL and UDL exhibited a positive allometric
trend in all populations. The measurements of skull
length (CF, NL, and some others) had positive allom-
etry, a possible effect of the continuous growth detect-
ed in reintroduced populations (Fig. 1). However, the

expression of positive allometry was not great and
very close to isometry in most cases. Negative allom-
etry was expressed more clearly in the measurements
IOW, CW, and DML in all populations and UML in
the VO and OK populations. A specific property of
the CF population is high variation in UJL where this
measure increases independently from general skull
size. According to the PCA results (Fig. 1), all three
populations exhibited differences in their ontogenetic
allometric patterns. The OK population was consider-
ably closer in allometric pattern to the autochthonic
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Table 3. Static multivariate allometric coefficients (MAC) in adult Eurasian beavers from three populations:

VO, OK, and CF.

Mea- VO OK CF

sure-

ments MAC min—max | Al MAC min—-max | Al MAC min—max | Al
GL 1.04+0.007 0.88-1.17 ~ 0.94+0.003 | 0.84-1.05 | ~ | 0.97£0.009 | 0.64-1.33 ~
RL 1.31+£0.011 1.00-1.51 + 1.50+0.007 | 1.32-1.68 | + 1.38+0.01 0.94-1.58 +
NL 0.92+0.016 0.47-1.39 ~ 0.96+£0.009 | 0.75-1.15 | ~ 1.26+0.01 0.95-1.51 +
UML 0.32+0.019 | 0.22-0.72 | -* 0.85+0.008 | 0.66-1.07 | — | 0.95+0.012 | 0.54-1.32 ~
UDL 1.38+0.014 0.98-1.76 + 1.01£0.007 | 0.81-1.22 | ~ | 1.14+0.018 | 0.54-1.43 ~
UJL 1.12+0.009 | 0.89-1.28 ~ 1.06+£0.003 | 0.99-1.12 | ~ | -036+0.075 | -2.71-2.10 | -*
uIw 1.06+£0.012 | 0.74-1.33 ~ 1.16+0.011 | 0.84-1.43 | ~ | 0.59+£0.035 | 0.51-1.41 —
IOW 0.95+0.020 | 0.53-1.53 ~ 0.92+0.011 | 0.69-1.18 | ~ | 1.04+0.020 | 0.41-1.50 ~
ZW 0.82+0.012 | 0.49-1.13 ~ 1.04+£0.005 | 0.94-1.19 | ~ | 0.96+0.012 | 0.43-1.19 ~
CW 0.61+£0.012 0.24-0.89 - 0.67£0.007 | 0.52-0.84 | — | 0.63+£0.010 | 0.39-1.03 -
MW 1.09+0.01 0.83-1.34 ~ 1.17+£0.005 1.04-1.31 + | 1.01£0.013 | 0.39-1.25 ~
DML 0.66+0.016 0.22-0.95 - 0.65+0.007 | 0.46-0.82 | — | 0.78+0.010 | 0.59-1.12 —
GML 1.04+0.006 0.92-1.22 ~ 0.90+0.007 | 0.72-1.02 | ~ | 0.85+0.017 | 0.31-1.31 -
ML 1.07+0.006 0.93-1.24 ~ 0.84+0.007 | 0.61-1.07 | — | 1.14+0.010 | 0.67-1.37 ~
MH 0.97£0.011 0.73-1.22 ~ 0.99+0.006 | 0.82-1.15 | ~ | 0.95+0.012 | 0.41-1.14 ~

Remarks: Al. — type of allometry: ~ — close to isometry, — — negative allometry, + — positive allometry; * — variation of the measure

is close to independent from general size.

VO population than the second reintroduced popula-
tion, CF.

Static Allometric Pattern. Static allometry was
studied on adults in each population (growth stages
adl-ad4) and the static multivariate allometric patterns
are characterized by a predominance of isometry (Ta-
ble 3). The rostrum length (RL) was associated with
moderately high positive allometry in all populations.
In the VO population, UDL showed positive allometry;
in the CF population, NL showed positive allometry,
and in the OK population, MW showed positive allom-
etry (Fig. 1). However, the correlations between onto-
genetic multivariate allometry coefficients and static
multivariate allometry coefficients were relatively high,
being 0.81 for the CF population, 0.78 for the OK
population, and 0.86 for the CF population. Therefore,
the three populations were well differentiated in the PC
model space (Fig. 1D), but their allometric patterns
were situated closer to each other.

Discussion

All three of the surveyed populations were geneti-
cally closely related (Horn et al., 2014). Such taxono-
my is also supported by single nucleotide polymor-
phisms (SNPs) recently studied for autochthonous and
reintroduced populations of C. fiber by Senn et al.
(2014). The autochthonous VO population went through
a bottleneck (less than 100 individuals) and has average

values of genetic diversity relative to the other studied
beaver populations (Senn et al., 2014). A small number
of founders in reintroducing populations could lead to
reduced genetic diversity. The rapid divergence in allo-
metric patterns suggests that the founders of the reintro-
duced populations OK and CF either had genotypes
that deviated by chance from the widespread genotypes
in the VO population (founder effect), or that there was
strong natural selection acting on the ontogeny within
new habitats. If the first hypothesis is correct, we should
observe a positive correlation between the number of
founders and morphological similarity with the mater-
nal population. Our results support this assumption:
animals from the OK population (23 founders) had an
allometric pattern that was closer to the VO population.
The beavers from the CF population (8 founders) dif-
fered more from the parent population by allometry,
morphological niche and some parameters of morpho-
logical diversity. To further test this hypothesis, it is
necessary to investigate a much larger number of rein-
troduced populations of Eurasian beaver in Eastern
Europe and Northern Asia.

The alternative hypothesis is that environmental,
especially climatic, conditions influence the ontogenic
process. Climate has been shown to have a complex
impact on the morphological parameters of the skull in
previous studies of Eurasian beavers (Korablev ef al.,
2011, 2015; Korablev & Korablev, 2013). The climate
of the Oka Reserve, in general, is closer to that of the
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Voronezh Reserve than to that of the Central Forest
Reserve; thus, this hypothesis also does not contradict
with the results of our study.

Conclusion

We are able to show significant differences (during
postnatal ontogeny and in adult animals) between allo-
metric patterns among autochthonous and reintroduced
populations of Eurasian beavers. We conclude that
allometry (ontogenetic and static) plays a certain role in
morphological differentiation (disparity) between pop-
ulations. All these results confirm our preliminary hy-
pothesis, which was based on study of ontogeny, about
the influence of ontogenetic allometry on the skull
parameters in different beaver’s populations (Puzachen-
ko & Korablev, 2014).

Our data support the contention that in beavers the
divergence of phenotypes between parent and reintro-
duced populations developed during an extremely short
interval, within a few decades (ecological time scale).
Further examinations of the influence of the unique
reintroduction experiment in Eastern Europe and
Northern Asia on the morphological diversity of the
Eurasian beaver may allow us to estimate the contri-
bution of the genetic and epigenetic components to
allometric diversity.
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