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Abstract

We explored modularity and morphological integration of the
ventral cranium during postnatal ontogeny in Martino’s vole
(Dinaromys bogdanovi). Two closely related phylogenetic
groups, originating from the Central and Southeastern part of
the species range in the western Balkans, were considered. As
expected, both phylogroups had similar patterns of ontogenetic
changes in cranial size and shape variation, modularity and in-
tegration. At the level of within individual variation, the hy-
pothesis that the viscerocranial and neurocranial regions are
separate modules was rejected, indicating that the hypothesized
modules are not developmental, but rather functional. At the
level of among individual variation, the viscerocranium and the
neurocranium could not be recognized as separate modules at
the juvenile stage. The strength of association between the hy-
pothesized modules becomes lower with age which finally re-
sults in a clear 2-module organization of the ventral cranium at
the adult stage. On the other hand, patterns of morphological
integration for the cranium as a whole, the viscerocranium and
the neurocranium stay consistent across ontogenetic stages. The
developmental mechanism producing integration of the crani-
um as a whole, as well as integration of the neurocranium, var-
ies throughout postnatal ontogeny. In contrast, we detected the
ontogenetic stability of the mechanism responsible for covaria-
tion of viscerocranial traits which could provide ongoing flexi-
bility of the viscerocranial covariance structure for high func-
tional demands during lifetime. Findings from our study most
likely support the idea of the ‘palimpsest-like’ model of covari-
ance structure. Moreover, similarity or dissimilarity in the pat-
terns of within and among individual variation in different sets
of analyzed traits and comparisons across ontogenetic stages
demonstrate how studies on small mammals other than mice
can give new insights into postnatal cranial development.
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Introduction

Integration and modularity of organismal bodies and
their parts are important aspects of morphological
variability and popular research topics in develop-
mental and evolutionary biology. The main idea is
that to function as a whole, parts of organisms are
integrated and vary jointly, but, because of different
functions, developmental and genetic origins, inte-
gration is not evenly distributed but rather structured
into modules (Olson and Miller, 1958; Cheverud,
1996a, b; Wagner, 1996; Wagner and Altenberg,
1996; Klingenberg et al., 2004). The concepts of
morphological integration and modularity are there-
fore closely related (Klingenberg, 2008). Modules are
units of complex systems that are internally tightly
correlated and relatively independent from other
modules or the remainder of the system, whereas in-
tegration refers to the patterns and strength of covari-
ation within and among modules or within the system
as a whole. Modular organization appears to be a
general characteristic of biological systems and is
present at all biological levels, from cells to whole
organisms (Klingenberg et al., 2003). Moreover, by
constraining or directing covariation among traits,
modularity influences processes across a wide range
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of temporal scales, from individual development to
macroevolution (Klingenberg, 2008; Sanger et al.,
2012).

Modules can be identified also within skeletal
structures, like the cranium and mandible, which have
been most frequently studied in rodents, primates and
other mammals (for review see Klingenberg, 2013). In
rodents, most integration and modularity analyses
have been performed on the mandible, which is a rela-
tively simple structure with two well defined modules
(Atchley et al., 1985; Cheverud et al., 1991, 1997,
Leamy, 1993; Klingenberg et al., 2003, 2004; Joji¢ et
al.,2007, 2012; Klingenberg, 2009). In the rodent cra-
nium, patterns of modularity are less obvious and also
inconsistent, which has been shown in different stud-
ies (Hallgrimsson et al., 2009; Jamniczky and Hallg-
rimsson, 2011; Joji¢ et al., 2011; Klingenberg, 2013).
Nevertheless, the mammalian skull can be divided
into two major functional components, the neurocra-
nium composed of the braincase, eyes and ears, and
the viscerocranium consisting of the jaw apparatus
(Emerson and Bramble, 1993). In addition, the two
main modules of the skull follow different growth pat-
terns. The neurocranium grows rapidly until early
postnatal life and completes most of its growth well
before the viscerocranium, which follows a prolonged
growth course (Moore, 1981). Craniofacial develop-
ment has been thoroughly investigated in laboratory
mice, also by direct morphometric studies of succes-
sive ontogenetic stages (e.g. Willmore et al., 2006;
Zelditch et al., 2006). In these and other similar stud-
ies (e.g. Zelditch, 2005; Gonzalez et al., 2011; Kle-
novsek, 2014), it has been noted that in the rodent skull
patterns of integration change over ontogeny. In con-
trast, integration and modularity studies on mammals
from natural populations demonstrated stability of the
covariance structures among populations within spe-
cies (Gonzdlez-José et al., 2004), among closely relat-
ed species (Marroig and Cheverud, 2001; Ackermann,
2005; Drake and Klingenberg, 2010; Singh et al.,
2012), and even between distinct species (Hallg-
rimsson et al., 2004). Moreover, analysing morpho-
logical integration in the facial skeleton of humans,
chimpanzees, bonobos and gorillas, Ackermann
(2005) reported that these species show a similar pat-
tern of integration during ontogeny. As emphasized by
the same author, a similar pattern of ontogenetic inte-
gration shared among the hominoids suggests that
common developmental/functional integrative pro-
cesses may play an important role in keeping covari-
ance structure stable across this lineage.

Depending on processes that can contribute to mor-
phological covariation, four components of integration
and modularity can be studied: functional, develop-
mental, genetic and environmental (Klingenberg,
2014). Most studies of integration and modularity in-
vestigate how morphological variation is structured in
the static context, i.e. among individuals within ho-
mogenous samples of a single population (or species)
at a particular ontogenetic stage. However, these com-
ponents can be studied in samples of multiple age stag-
es within particular populations or species, i.e. at the
ontogenetic level, as well as in samples of multiple
species at any given ontogenetic stage, i.e. at the evolu-
tionary level (Klingenberg, 2014). In complex morpho-
logical structures, such as the skull, patterns of inte-
gration are influenced by sequential and interacting
developmental processes that can generate opposing
effects and overwrite integration patterns produced by
the previous effects (Hallgrimsson ez al., 2009). Start-
ing from the basic premise that morphological covari-
ation results from two main developmental mecha-
nisms (direct interactions between developmental
pathways that produce the traits, or parallel variation
of developmentally independent pathways that are si-
multaneously affected by external genetic or environ-
mental factors), Klingenberg (2003, 2005) proposed
the use of fluctuating asymmetry (FA) as a tool for
studying developmental origin of morphological inte-
gration. Bilaterally symmetric structures in non-ses-
sile organisms share the same genome and experience
similar environmental conditions for left and right
sides of the body. Thus, variation among individuals in
their left-right asymmetry is mainly a result of random
variation in developmental processes. It is now an es-
tablished method to compare the patterns of covaria-
tion among traits of signed FA (variation within indi-
viduals), reflecting direct connections between devel-
opmental pathways only, with the patterns of covaria-
tion among individuals, which can be of both develop-
mental origins. However, as far as we know, investiga-
tions on developmental mechanisms responsible for
generation of covariation among traits have been con-
ducted within morphological structures as a whole, but
never within modules separately.

Allometry, the relationship between size and shape,
can be a strong integrating factor (Zelditch, 1988;
Hallgrimsson et al., 2006; Klingenberg, 2009), espe-
cially in ontogenetic data, where growth generates
large size increases. Allometry may interfere with
analyses of modularity as it usually affects all parts of
the structure jointly (Klingenberg, 2009, 2013). With
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separation of size and shape data, geometric morpho-
metrics offers a simple way of correcting shape data
for the effect of allometry, and analyses of allometry-
free data (Monteiro, 1999). Moreover, geometric mor-
phometrics detects fine-scale morphological variabili-
ty, which is essential for the studies of FA, and pro-
vides specialized and well established methodology
for studies of integration and modularity. It is worth
noting that geometric morphometric analyses based on
3D landmarks distributed across ventral, dorsal and
lateral aspects of the skull represent the best choice,
generally. However, in 2D geometric morphometric
studies, the ventral surface of the cranium is very suit-
able for analyses due to its morphological organiza-
tion, numerous anatomical landmarks (Ljubisavljevi¢
et al.,2010), and small error due to imaging and digi-
tizing (Joji¢ et al., 2011) which is particularly impor-
tant for the studies dealing with FA.

Rodent skulls are amongst the most investigated
skeletal structures in terms of integration and modu-
larity. Considering the vast number of rodent species,
a very small fraction has been examined so far. In
voles, a muroid rodent like mice, only the modularity
of molars has been studied (Laffont et al., 2009; La-
bonne et al., 2014). A rare paleoendemic vole, Marti-
no’s vole, Dinaromys bogdanovi (Martino and Marti-
no, 1922) is the only living member of the genus Din-
aromys occupying a small, fragmented range in the
western Balkans (Krystufek and Buzan, 2008). Both
mitochondrial (Krystufek er al., 2007, 2012) and mi-
crosatellite (BuZan er al., 2010) DNA analyses re-
vealed three allopatric phylogenetic groups (from the
Northwestern, Central and Southeastern part of the
species range) within the species, whereas geometric
morphometric analyses of cranial shape variation
(Krystufek et al., 2012) retrieved significant differ-
ences among these phylogenetic groups. In general,
voles are short-lived, proliferating rodents, which rare-
ly survive for longer than two years. According to Ar-
vicolinae standards, Martino’s vole is in many ways
exceptional (Krystufek et al., 2000). Namely, it lives
up to four years, has a slow reproduction rate (up to
two litters a year) and reaches sexual maturity in the
2nd calendar year. Because D. bogdanovi is a long-
lived vole with well-defined age stages, this species is
also a suitable organism for studying potential changes
in the patterns of modularity and integration over post-
natal ontogeny, a process that has been previously in-
vestigated in some other rodent skulls.

In this study we explored modularity and morpho-
logical integration of the ventral cranium across three
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ontogenetic stages (juveniles, subadults and adults) in
two closely related phylogenetic groups of Martino’s
vole. According to the previous similar studies in
small mammals (Willmore et al., 2006; Zelditch et al.,
2006; Klenovsek, 2014), we expected to observe cra-
nial size and shape variation over postanatal ontogeny,
but also to detect ontogenetic change in its modularity
and integration. Moreover, in the line with the study of
Ackermann (2005), we assumed that two closely re-
lated phylogenetic lineages (from the Central and
Southeastern part of the species range) would have
similar pattern of these ontogenetic changes. Accord-
ingly, we defined three objectives in this study. First,
within each ontogenetic stage we tested the hypothesis
that the ventral cranium comprises two modules, the
viscerocranium and the neurocranium, and compared
the strength of integration between the hypothesized
modules over postnatal ontogeny. Second, we com-
pared patterns of morphological integration for the
cranium as a whole, the viscerocranium and the neuro-
cranium across ontogenetic stages. Finally, we exam-
ined the developmental mechanism responsible for
generation of covariance at a particular ontogenetic
stage within the cranium as a whole, as well as within
the hypothesized modules separately. By comparing
the pattern of covariance in FA and that among indi-
viduals over ontogeny, we investigated which mecha-
nism underlying morphological integration (direct de-
velopmental interactions or parallel variation in sepa-
rate developmental pathways) is dominant at particular
ontogenetic stages and whether it remains stable or
varies throughout ontogeny. All analyses were per-
formed simultaneously for allometry-included and al-
lometry-corrected shape data.

Material and methods
Samples

We studied 215 skulls of Martino’s vole (Table 1). All
specimens were obtained from museum collections;
123 originated from wild populations and 92 from a
captive colony. Wild specimens were caught in the
area between the Neretva and Drim rivers, a range of
the Central phylogenetic group of Martino’s vole
(Krystufek et al., 2007, 2012), and are deposited in the
Slovenian Museum of Natural History, Ljubljana, Slo-
venia; Department of Zoology, University of Zagreb,
Zagreb, Croatia; and the National Museum of Bosnia
and Herzegovina, Sarajevo, Bosnia and Herzegovina.
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Table 1. Sample sizes (n) of Dinaromys bogdanovi from two
phylogenetic lineages.

Phylogenetic lineage Age group n

Central (C) Juveniles (0) 28
Subadults (1) 28
Adults (2) 67

Southeastern (SE) Juveniles (0) 33
Subadults (1) 26
Adults (2) 33

Captive specimens comprised offspring of animals
collected on Mt. §ara, within the range of the South-
eastern phylogenetic group, and reared in the Natural
History Museum, Belgrade, Serbia, between 1985 and
1991.

Laboratory-bred specimens had known ages of 6
days to 44 months. The age of wild specimens was as-
sessed in studies of Krystufek et al. (2000, 2012) by
the length of the anterior root of the first lower molar
measured on X-ray radiographs of the mandibles, as
well as the trapping date and auxiliary traits such as
body weight, skull size and shape. Besides root length,
which is a good indicator of absolute age in Martino’s
vole (Krystufek et al., 2010), survived winters can also
be used, because in Martino’s vole the reproductive
period is not continuous (ibid., Petrov and Todorovi¢,
1982). Individuals used in this study were categorized
into three age groups: O - juveniles (< 4 months old); 1
- subadults (5-12 months old, caught up to the end of
the first winter); 2 - adults (> 12 months old, caught
after the first survived winter). The 4" month was used
as a milestone between juveniles and subadults, be-
cause at that age Martino’s voles start developing roots
at the first lower molar (Krystufek ez al., 2000), and,
according to Petrov and Todorovi¢ (1982), reach sexual
maturity. However, according to KryStufek et al.
(2000) and Krystufek and Buzan (2008) sexual matu-
rity is attained after the first survived winter, which
was used as the milestone between subadults and
adults. All age groups were well represented and, in
laboratory-bred specimens, also continuously distrib-
uted (with 5-10 day intervals in juveniles, 10-50 day
intervals in subadults, and < 100 day intervals in adults
under 36 months of age). However, the sample of wild-
caught specimens did not include individuals younger
than 0.8-1.0 month old, which is the approximate age
at natal emergence (Petrov and Todorovi¢, 1982).

A previous study of the ventral side of the skull of

Martino’s vole (Krystufek ef al., 2012) did not detect
sexual dimorphism either in size or shape of the ven-
tral cranium. The sexes were therefore pooled in the
current study. Also geographic samples of wild speci-
mens were pooled because they all originated from a
single range, i.e. the Central phylogenetic group
(Krystufek ef al., 2007, 2012). For convenience, abbre-
viations for the phylogroups (C - Central and SE -
Southeastern) are used in most of the text.

Data collection

The ventral side of each skull was photographed with
a digital camera by the same person under constant
conditions, with the hard palate parallel to the photo-
graphic lens. Twenty-nine (13 paired and 3 median)
two-dimensional landmarks were digitized and
scaled using the tpsDig (Rohlf, 2013) and tpsUtil pro-
gram (Rohlf, 2010) (Fig. 1A). To estimate measure-
ment error for shape we performed Procrustes analy-
sis of variance (ANOVA—Klingenberg and Mcln-
tyre, 1998; Klingenberg et al.,2002) for a subset of 62
Martino’s voles (29% of the total sample size). Two
images of each cranium were taken, and each image
was digitized twice. The mean squares for FA ex-
ceeded the error components due to imaging and
digitizing by more than 3.3-fold and 14.5-fold, re-
spectively, while the mean squares for individual
variation exceeded the error components due to im-
aging and digitizing by more than 46.9-fold and
203.7-fold, respectively. Therefore, all subsequent
analyses were based on a single image per cranium
and a single digitizing.

The landmark coordinates of original and reflected
configurations were aligned using Generalized Pro-
crustes Analysis (Rohlf and Slice, 1990; Dryden and
Mardia, 1998) to extract centroid size (CS) and Pro-
crustes coordinates. For the cases where cranial re-
gions were analysed separately, the ventral cranium
was subdivided into viscerocranial and neurocranial
subsets of landmarks (Fig. 1A) followed by separate
Procrustes fits. In the analyses of the shapes of mor-
phological structures with object symmetry, such as
the cranium, the variation among individuals in the
averages of original and reflected configurations con-
stitutes the symmetric component of shape variation,
while the variation within individuals in the landmark
deviations of the original configuration from the aver-
age of the original and reflected configuration consti-
tutes the asymmetric component of shape variation
(Klingenberg et al., 2002).
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Statistical analyses

We used a two-way ANOVA to test for size differences
among phylogenetic groups, age categories, and their in-
teractions, and a Tukey post-hoc honest significant dif-
ference (HSD) test for pairwise comparisons of the phy-
logenetic and age subgroups. Size variation was visual-
ized with a graph of means showing the interaction be-
tween the effect of phylogenetic group and age category.

Shape variation was estimated using permutation
tests (10 000 permutation rounds) for Procrustes dis-
tances among the phylogenetic and age subgroups,
while shape relationships between the phylogenetic
groups, as well as shape changes during postnatal on-
togeny, were visualized using a graph of the first two
canonical variates (CV), and deformation grids based
on the thin-plate spline (TPS) algorithm (Bookstein,
1991).

All the subsequent analyses were performed on
phylogenetic and age subgroups separately.

To estimate the proportion of shape variation ex-
plained by size among (IND) and within (FA) indi-
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Fig. 1. A) Viscerocranial (white dots)
and neurocranial (black dots) landmarks
collected on the ventral surface of the
cranium. B) Viscerocranial (grey dots)
and neurocranial (black dots) landmarks
connected by the edges of the adjacency
graph.

viduals, we performed multivariate regressions of the
symmetric and asymmetric components of shape vari-
ation onto log CS, respectively. Covariance matrices
generated from the symmetric and asymmetric com-
ponents of shape variation, were used to investigate
modularity and morphological integration including
the effects of allometry, whereas covariance matrices
of the residuals from these regressions were used to
investigate modularity and morphological integration
corrected for the effects of allometry.

To evaluate the hypothesis that in Martino’s vole the
anterior (viscerocranium) and the posterior (neurocra-
nium) parts of the ventral cranium are modules, the
configuration of 29 landmarks was divided into sub-
sets of 14 (viscerocranium) and 15 (neurocranium)
landmarks (Fig. 1A). The degree of covariation be-
tween the hypothesized modules was compared to all
alternative spatially contiguous partitions with the
same number of landmarks as in the hypothesized
modules (Klingenberg, 2009). Spatial contiguity was
obtained using an adjacency graph (Fig. 1B). The
strength of association between the sets of landmarks
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was estimated with the Escoufier RV coefficients (Es-
coufier, 1973), which represented the amount of co-
variation scaled by the amount of variation within the
two sets of variables. The RV coefficient takes the
value of zero if the two sets of variables are complete-
ly uncorrelated and the value of one if the two sets of
variables are completely interdependent. If the hypoth-
esis of modularity holds, the RV coefficient for the se-
lected partition should be the lowest value, or at least
near the lower extreme of the distribution of RV coef-
ficients of all alternative partitions (Klingenberg,
2009). To test for the difference in RV coefficients be-
tween all pairs of the phylogenetic and age subgroups,
we performed a permutation test (10 000 iterations)
under the null hypothesis of no difference in the RV
coefficient (Fruciano et al., 2013).

We compared patterns of morphological integration
at the level of individual variation for the cranium as a
whole, the viscerocranium and the neurocranium,
across ontogenetic stages, before and after correction
for allometry. Matrix correlations between the covari-
ance matrices generated from the symmetric compo-
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nent of shape variation were observed. The signifi-
cance of these correlations was obtained using the
matrix permutation test with 10 000 iterations against
the null hypothesis of complete dissimilarity between
the respective covariance matrices (Cheverud et al.,
1989), by permuting landmarks and including the di-
agonal entries of the matrices. However, the observed
matrix correlations (R, are always estimated with
error (Cheverud et al., 1989), and matrix repeatability
has been suggested as a technique for estimating the
impact of such error (Cheverud, 1996a; Marroig and
Cheverud, 2001). To obtain adjusted matrix correla-
tions (R ;) between the respective matrices, their re-
peatabilities were calculated using the method of auto-
correlation and 1000 bootstrap datasets.

Finally, the developmental mechanism underlying
morphological integration for the cranium as a whole,
the viscerocranium and the neurocranium, at a par-
ticular ontogenetic stage and its potential dynamics
over postnatal ontogeny were examined by comparing
the pattern of covariance in FA to the pattern of co-
variance among individuals within each age class. The
significance of these correlations was also obtained
using the matrix permutation test with 10 000 itera-
tions against the null hypothesis of complete dissimi-
larity between the respective covariance matrices (Ch-
everud et al., 1989).

Statistica v. 5.1 (StatSoft Inc., 1997), RVCompari-
son 1.0 (Fruciano et al., 2013), and Mace (Marquez,
2014) were used for ANOVA, the permutation test for
the difference in the RV coefficient, and matrix repeat-
abilities, respectively. All other analyses were per-
formed using MorphoJ (Klingenberg, 2011).

Results
Cranial size and shape variation

As revealed by ANOVA, significant size differences
were detected between the phylogenetic groups (F, 5o, =
8.27, P <0.01), among age categories (F, 5, = 181.22; P
<0.0001), as well as for their interaction (F, ,o, = 11.10;
P < 0.0001). Figure 2 gives a plot of centroid size
means, standard deviations and standard errors for phy-
logenetic and age subgroups. The post hoc Tukey HSD
test for unequal samples sizes showed statistically sig-
nificant (P < 0.05) size differences for all pairs of the
analysed subgroups, except between the juveniles from
the SE and C phylogenetic groups (P = 0.2906), sub-
adults and adults from the SE phylogenetic group (P =
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0.0581), and between subadults from the SE and adults
from the C phylogenetic group (P = 0.9999).

All pairwise mean shape comparisons of the phylo-
genetic and age subgroups were statistically significant
(P < 0.001). In both phylogenetic groups, the largest
Procrustes distances were found between the juveniles
and adults and the smallest between the subadults and
adults. Canonical variate analysis for cranial shape
differences among the analysed subgroups (Fig. 3) dis-
closed separation of SE and C phylogenetic groups
along the first CV axis (59.9% of variance), as well as
discrimination of age categories along the second CV
axis (31.0% of variance). The group of C adults was
the most variable along both CV axes. Compared to
those from the C phylogenetic group (positive CV1
scores), animals from the SE phylogenetic group (neg-
ative CV1 scores) had crania compressed in the basi-
cranial region with smaller auditory bulla and foramen
magnum, constricted in the region of zygomatic arch-
es, and somewhat elongated in the facial region. The
most prominent ontogenetic shape changes, visible
along the CV2 axis, also encompassed the basicranial,
temporal and facial regions. In comparison to juve-
niles, adults of Martino’s vole were characterized by
slenderer crania in the region of zygomatic arches with
an elongated and narrowed snout, relatively shorter
palate, smaller auditory bulla and foramen magnum.

Multivariate regression of individual variation of
shape onto log CS was statistically significant within
each phylogenetic and age subgroup, except within SE
adults (P = 0.3322). The estimated effect of static al-
lometry accounted for 58.27% (P < 0.0001), 9.02% (P
=0043), 24.54% (P < 0.0001), 6.18% (P = 0.0396) and
11.77% (P < 0.0001) of the symmetric component of
shape variation in SE juveniles, SE subadults, C juve-
niles, C subadults and C adults, respectively. Regres-
sion of the signed asymmetries on log CS was not sta-
tistically significant (P > 0.05) in each of the analysed
phylogenetic and age subgroups.

Cranial modularity and integration

For the symmetric component of shape variation, the
hypothesis of 2-module organization of the ventral
cranium was confirmed in SE subadults and in SE and
C adults (Fig. 4). In SE subadults, only 4 of 996 alter-
native partitions had RV coefficients that were lower
than or equal to that observed for the partition into vis-
cerocranium and neurocranium. In SE and C adults,
only 13 and 1 out of 996 alternative partitions were
with RV less than or equal to the a priori hypothesis,
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Table 2. RV coefficient observed for

Allometry included

Allometry corrected

the partition into viscerocranial and

neurocranial regions and differences in

RV Difference P RV Difference P the RV coefficient between the analyzed
in RV in RV subgroups (SE 0 — Southeastern juveniles;
SE 1 — Southeastern subadults; SE 2
SEOvsSE1 0.844 0.543 0.0000 0.257 0.026 n.s. — Southeastern adults; C 0 — Central
0.300 0.283 juveniles; C 1 — Central subadults; C
SE1vsSE2 0.300 0.064 n.s. 0.283 0.040 n.s 2 — Central adults), before and after
0.237 0.242 correction for allometry. P values are from
SEOvs SE2 0.844 0.607 0.0000 0.257 0.015 n.s permutation tests of the null hypothesis of
0.237 0.242 no difference in the RV coefficient; n.s. —
COvsC1 0481 0.161 n.s 0.328 0.009 n.s not significant, P> 0.05.
0.321 0.337
ClvsC2 0.321 0.096 n.s. 0.337 0.135 n.s
0.224 0.202
COvsC2 0.481 0.257 0.0190 0.328 0.126 n.s
0.224 0.202

respectively. In C subadults, RV coefficient for the
tested partition of landmarks was marginally signifi-
cant (P =0.0532), while in juveniles, from both SE and
C phylogenetic groups, the 2-module hypothesis was
not supported. Additionally, in comparison to other
analyzed phylogenetic and age subgroups, juveniles
from the SE phylogenetic group were characterized by
a limited range of rather high RV coefficients with the
highest RV value for the subdivision of landmarks into
viscerocranial and neurocranial regions. The permuta-

tion test for the difference in RV coefficient observed
for the partition into viscerocranial and neurocranial
regions disclosed statistically significant differences in
the strength of integration between the hypothesized
modules for the following pairwise comparisons: SE
juveniles and subadults, SE juveniles and adults, and C
juveniles and adults (Table 2).

For the asymmetric component of shape variation,
the RV coefficients between the viscerocranium and
neurocranium and the proportions (P) of partitions



Contributions to Zoology, 85 (3) — 2016

A

with RV lower than or equal to the a priori hypothesis
were as follows: RV = 0.398; P = 0.1526 in SE juve-
niles, RV = 0.479; P = 0.4167 in SE subadults, RV =
0.338; P =0.0894 in SE adults, RV =0.401; P =0.2339
in C juveniles, RV = 0.537; P = 0.7590 in C subadults,
and RV = 0.421; P = 0.7139 in C adults. Thus, at the
level of FA, the hypothesis of 2-module organization
of the ventral cranium was rejected in each of the ana-
lysed phylogenetic and age subgroups.

As shown in Fig. 5, when the allometric effects of
size were removed from the symmetric component of
shape variation, analyses of modularity revealed simi-
lar results. Again, the hypothesis of 2-module organi-
zation of the ventral cranium was confirmed in SE
subadults and in SE and C adults. However, after cor-
rection for allometry, in the subgroup of SE juveniles,
the RV coefficients for the alternative partitions and
for the partition into viscerocranium and neurocrani-
um dropped off drastically and their range became
greater. Moreover, while at the level of individual vari-
ation, including variation influenced by allometry, 230
out of 996 alternative partitions had RV coefficients
that were lower than or equal to that observed for the
partition into viscerocranium and neurocranium (P =
0.2309), at the level of individual variation corrected
for the effects of allometry, the RV coefficient for the
tested partition of landmarks was marginally signifi-
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cant (P = 0.0522) yielding results almost consistent
with the hypothesis of modularity. The permutation
test for the difference in the RV coefficient observed
for the partition into viscerocranial and neurocranial
regions after correction for allometry revealed no sta-
tistically significant differences in the strength of inte-
gration between the hypothesized modules for all pair-
wise comparisons (Table 2).

Covariance matrix comparisons across ontogenetic
stages (Table 3) disclosed general similarity of the pat-
terns of morphological integration for the cranium as a
whole, as well as for the viscerocranial and neurocra-
nial regions separately, in both SE and C phylogenetic
groups. Moreover, observed similarity of the matrix
covariance pattern for all pairwise comparisons was
statistically highly significant (P < 0.0001). Similar re-
sults were obtained after correction for allometry.

Table 4 shows comparisons of the pattern of covari-
ance in fluctuating asymmetry (FA) to the pattern of
covariance among individuals (IND) for the cranium
as a whole, the viscerocranium and the neurocranium
within phylogenetic and age subgroups. For the crani-
um as a whole, comparisons of these patterns disclosed
their discrepancy within all phylogenetic and age sub-
groups except within C juveniles (before correction for
allometry) and within juveniles from both SE and C
phylogenetic groups (after correction for allometry).
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Allometry included

Allometry corrected

Table 3. Comparisons of the pattern of
covariance among individuals (IND) for
the cranium as a whole, the viscerocranium

whole cranium - R, Ru P Rass R P and the neurocranium between the
SEOvsSE1 0357 0388  <00001 0485 0558  <0.0001 jf:j‘g] s ‘:,Sg'tE’g{O_u%soflsfegs;ersf:;%ﬁi‘;’g
SE1vsSE2  0.691 0.777 <0.0001 0.673 0.754 <0.0001 SE2 S(;utheastern adults: C 0 — Centrai
SEOvsSE2  0.349 0.376 <0.0001 0.540 0.615 <0.0001 juveniles; C 1 — Central7 subadults: C
COvsC1 0.569 0.647 <0.0001 0.698 0.802 <0.0001 5 Cer;tral adults), before and a’fter
ClvsC2 0.712 0.792 <0.0001 0.742 0.826 <0.0001 correction for allome;ry. R — observed
COvsC2 0.588 0.638 <0.0001 0.702 0.777 <0.0001 . . obs .

. . matrix correlations, R,; — adjusted
viscerocranium matrix correlations. P values are from
SEOvsSE1l  0.507 0.550 <0.0001 0.534 0.593 0.0195 matrix permutation tests against the null
SE1vsSE2  0.765 0.824 <0.0001 0.769 0.826 <0.0001 hypothesis of complete dissimilarity
SEOvsSE2  0.594 0.636 <0.0001 0.613 0.675 0.0015 between the respective covariance
COvsC1 0.763 0.827 <0.0001 0.829 0.899 <0.0001 matrices.

ClvsC2 0.837 0.892 <0.0001 0.875 0.933 <0.0001
COvsC2 0.816 0.859 <0.0001 0.835 0.883 <0.0001
neurocranium

SEOvsSE1 0435 0.459 <0.0001 0.617 0.666 <0.0001
SE1vsSE2  0.776 0.839 <0.0001 0.743 0.802 <0.0001
SEOvsSE2  0.501 0.525 <0.0001 0.747 0.801 <0.0001
COvsCl1 0.706 0.778 <0.0001 0.793 0.888 <0.0001
ClvsC2 0.742 0.808 <0.0001 0.767 0.837 <0.0001
COvsC2 0.725 0.771 <0.0001 0.855 0.922 <0.0001

Allometry included

Allometry corrected

Table 4. Comparisons of the pattern of
covariance in fluctuating asymmetry (FA)
with the pattern of covariance among

whole cranium Correlation P Correlation P individuals (IND) for the cranium as
SE 1 0.395 ns. 0.388 ns. yZed Subgroup
(SE 0 — Southeastern juveniles; SE
SE 2 0.426 n.s. 0421 n.s. 1 — Southeastern subadults; SE 2 -
Cco 0.433 0.0311 0.495 0.0232 . ’
Southeastern adults; C 0 - Central
Cl1 0.456 n.s. 0.448 n.s. . es: 1 | subadults:
Cco 0407 s 0423 s juveniles; C — Central subadults; C
. . ’ o ’ o 2 — Central adults), before and after
viseerocranium correction for allometry. P values are
SEO 0.390 n.s. 0.585 n.s. p . L .
rom matrix permutation tests against the
SET 0491 5. 0455 .S null hypothesis of complete dissimilarity
SE 2 0370 s 0.369 8. between the respective covariance
co 0536 n.s. 0587 1.8 matrices; n.s. — not sipniﬁcant P>0.05
cl1 0.506 ns. 0505 ns. SIS & T
C2 0.545 n.s. 0.547 n.s.
neurocranium
SEO 0.448 n.s. 0.582 n.s.
SE 1 0.518 n.s. 0.526 n.s.
SE 2 0.649 0.0083 0.619 0.0212
Cco 0.523 n.s. 0.653 0.0277
Cl1 0.586 n.s. 0.565 n.s.
C2 0.672 0.0246 0.668 0.0266

These results indicate that, while in juveniles cranial
trait covariation among individuals is primarily due to
direct interactions between developmental pathways,
in subadults and adults parallel variation of separate
developmental pathways is the dominant mechanism
responsible for generation of covariance. By compar-

ing the pattern of covariance in FA and that among
individuals for the viscerocranial region, we observed
that these patterns were inconsistent within each of the
analysed phylogenetic and age subgroups, demonstrat-
ing that integration of viscerocranial traits among in-
dividuals originates from parallel variation of separate
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developmental pathways. On the other hand, for the
neurocranial region we found a difference between the
patterns of FA and IND within all phylogenetic and
age subgroups except within SE and C adults (before
correction for allometry) and within C juveniles and
adults from both SE and C phylogenetic groups (after
correction for allometry), suggesting that in these sub-
groups integration of neurocranial traits among indi-
viduals is primarily due to direct interactions between
developmental pathways. Besides these results, com-
parisons of the pattern of covariance in asymmetry
and that among individuals over postnatal ontogeny
yielded that, unlike the ontogenetic shift in mechanism
underlying neurocranial integration and integration of
the cranium as a whole, the mechanism underlying
morphological integration in the viscerocranium (par-
allel variation in separate developmental pathways)
remains stable throughout postnatal ontogeny.

Discussion

As expected, our study disclosed that two closely re-
lated phylogenetic groups of Martino’s voles had simi-
lar pattern of cranial size and shape variation over
postnatal ontogeny, as well as similar pattern of on-
togenetic changes in cranial modularity and integra-
tion.

Analysis of variance revealed statistically signifi-
cant effects of phylogenetic group, age category and
their interaction on cranial size variation. Animals of
older age categories (subadults and adults) from the SE
phylogenetic group have larger crania than comparable
age categories from the C phylogenetic group. Com-
paring size of the ventral cranium of wild-caught sub-
adults and adults of Martino’s vole, KryStufek ez al.
(2012) found no significant differences among North-
western, Central and Southeastern phylogenetic
groups. The difference in cranial size between the
wild-caught C and laboratory-bred SE Martino’s voles
observed herein is probably a consequence of the
greater longevity of animals reared in laboratory con-
ditions. Additionally, in contrast to C juveniles, the
sample of laboratory-bred SE juveniles also included
very young specimens which resulted in higher size
variability and the proportion of size-related shape
variance within this subgroup. On the other hand,
shape changes between the wild-caught C and labora-
tory-bred SE Martino’s voles (visible along CV1 axis)
correspond in a one-to-one manner to shape differ-
ences between the C and SE wild-caught Martino’s
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voles described previously by Krystufek ez al. (2012).
Our analyses of cranial shape variation disclosed the
largest Procrustes distances between the juveniles and
adults, as well as ontogenetic changes in cranial shape
visible along the CV2 axis. The same ontogenetic
shape differences were present in both phylogenetic
groups and are typical for postnatal skull development
in tetrapods (Emerson and Bramble, 1993).

We found strong evidence for the 2-module organi-
zation of the ventral cranium at the level of the sym-
metric component of shape variation (individual vari-
ation) in both SE and C adults, as well as in subadults
from the SE phylogenetic group. By contrast, at the
level of the asymmetric component of shape variation
(fluctuating asymmetry, FA), the hypothesis that the
viscerocranial and neurocranial regions are separate
modules was rejected in all phylogenetic and age sub-
groups. Since the covariation of FA mirrors integra-
tion and modularity of the processes involved in devel-
opment of the analysed morphological structures
(Klingenberg, 2003, 2005), our results indicate that the
viscerocranium and the neurocranium of Martino’s
voles are probably functional, but not developmental
modules. In a study of skull modularity of the Euro-
pean ground squirrel (Spermophilus citellus), Kle-
novsek (2014) revealed that the viscerocranium and
the neurocranium are separate modules in both juve-
niles and adults, and that these modules were much
more integrated with each other in juveniles than in
adults indicating change in the strength of integration
between the hypothesized modules during ontogeny.
Our study also disclosed that for allometry-included
shape data, the value of the RV coefficient between the
viscerocranium and neurocranium declines from juve-
niles to older age categories in both phylogenetic
groups. However, statistically significant differences
in the strength of integration between the hypothesized
modules were found between SE juveniles and sub-
adults, between SE juveniles and adults, as well as be-
tween C juveniles and adults. For allometry-corrected
shape data, no statistically significant difference in RV
coefficient between the hypothesized modules across
ontogeny was found. Accordingly, these results sug-
gest that there is a contribution of size-related shape
variation to the significant difference in the strength of
integration between the viscerocranium and neurocra-
nium found between younger and older age categories.
In juveniles from the SE phylogenetic group, before
the effect of allometry was corrected, all alternative
partitions of landmarks had similar and high covaria-
tion. Similar covariation resulted in a limited range of
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RV coefficients in this subgroup, and this means that
modularity is fairly weak (Drake and Klingenberg,
2010). In addition, high values for RV coefficient for
alternative subdivisions, together with the rather high
RV coefficient observed for the subdivision of land-
marks into viscerocranial and neurocranial regions,
point to generally tight connections among cranial
traits. Static allometry accounted for the highest pro-
portion of the symmetric component of shape varia-
tion in SE juveniles. Allometry can produce global
integration throughout the whole morphological struc-
ture, counteracting modularity (Klingenberg, 2009).
Therefore, failure to recognize the viscerocranium and
the neurocranium as separate modules within the
groups of SE juveniles, where the effect of size on cra-
nial shape variation was most pronounced, was ex-
pected. The hypothesis of 2-module organization of
the ventral cranium was almost confirmed in this
group when the allometric effect was removed.

In both phylogenetic groups, the patterns of covaria-
tion in the symmetric component of shape variation
were similar over postnatal ontogeny. Similarity in the
covariance structure during postnatal ontogeny was de-
tected for the cranium as a whole, the viscerocranium
and the neurocranium, before, as well as after correc-
tion for allometry. Comparable to our study, Ackermann
(2005) investigated patterns of covariation in the facial
skeleton between adjacent developmental stages (in-
fants, juveniles, adolescents, subadults and adults) with-
in African apes (chimpanzees, bonobos and gorillas)
and humans, and found a shared pattern of covariation
among all ontogenetic stages within each species. Con-
trary to our findings, by examining the ontogenetic dy-
namics of covariance of skull shape in two rodent spe-
cies, cotton rats (Sigmodon fulviventer Allen, 1889) and
house mice (Mus musculus domesticus Rutty, 1772),
Zelditch et al. (2006) detected a significant and large
change in covariance structure from age to age. Will-
more et al. (2006) also provided evidence that patterns
of cranial covariation in mice change throughout post-
natal growth. However, depending on the rodent species
and study design, the age stages in different studies do
not necessarily correspond, which certainly makes re-
sults from different studies difficult to compare. Moreo-
ver, most investigations dealing with comparisons of
covariance structure across ontogenetic stages so far
have involved laboratory animals. Other studies on
mammals from natural populations revealed that co-
variance structures tend to be stable among populations
within species (Gonzdlez-José et al., 2004), among
closely related species (Marroig and Cheverud, 2001,

Ackermann, 2005; Drake and Klingenberg, 2010; Singh
et al.,2012), and even between distinct species, such as
mice and macaques (Hallgrimsson et al., 2004).

Comparisons of the pattern of covariance in FA to
that among individuals revealed that the dominant
mechanism responsible for generation of covariance
among individuals depends on the sets of analysed
traits, as well as on the ontogenetic stage. For the cra-
nium as a whole at the juvenile stage, trait covariation
is primarily due to direct interactions between devel-
opmental pathways, whereas at older ontogenetic stag-
es parallel variation of separate developmental path-
ways is a dominant mechanism responsible for genera-
tion of covariance. The patterns of covariation of neu-
rocranial traits among younger individuals (juveniles
and subadults) result from parallel variation of sepa-
rate developmental pathways, but among adults from
direct interactions between developmental pathways.
The leading mechanism responsible for generation of
viscerocranial trait integration is parallel variation of
separate developmental pathways, and this mechanism
remains stable throughout postnatal ontogeny. These
results confirmed previous considerations about “’pal-
impsest-like”” covariation structure (Hallgrimsson ez
al., 2009) referring to the modular nature of develop-
mental processes themselves, i.e. to the processes act-
ing at various stages of development that can have dif-
ferent patterns of integration and modularity and may
involve differing sets of traits (Klingenberg, 2014).
Furthermore, the ontogenetic stability of parallel vari-
ation in separate developmental pathways, as a devel-
opmental mechanism underlying integration of vis-
cerocranial traits, may point to the following. Namely,
according to Klingenberg (2004), if trait integration
arises primarily by parallel variation of separate de-
velopmental pathways, the patterns of covariance will
be more labile. Since the viscerocranium is character-
ized by a prolonged growth course (Moore, 1981) and
a higher functional demand when compared to the
neurocranium, the viscerocranial covariance structure
is expected to be more flexible, and the mechanism
providing this flexibility should be stable during post-
natal ontogeny. The ontogenetic stability of the mecha-
nism underlying the flexibility of the viscerocranial
covariance structure is particularly important from the
aspect of functional integration and modularity, be-
cause viscerocranial morphology is closely related to
mastication, muscle-bone interactions and postnatal
bone remodelling under mechanical loading.

In conclusion, similarities in pattern of ontogenetic
changes in cranial modularity and integration observed



Contributions to Zoology, 85 (3) — 2016

between Central and Southeastern phylogenetic groups
of Marino’s voles could be summarized as follows. The
viscerocranium and the neurocranium could not be rec-
ognized as separate modules at the juvenile stage. Dur-
ing postnatal ontogeny the strength of association be-
tween the hypothesized modules becomes lower, which
finally results in a clear 2-module organization of the
ventral cranium at the adult stage. On the other hand,
patterns of morphological integration for the cranium as
a whole, the viscerocranium and the neurocranium do
not change during postnatal ontogeny. The developmen-
tal mechanism underlying integration of the cranium as
a whole, as well as integration of the neurocranium, var-
ies during postnatal ontogeny, whereas the mechanism
responsible for generation of integration of viscerocra-
nial traits remains stable. Phenotypic covariance struc-
ture at a particular ontogenetic stage reflects the cumu-
lative effect of all developmental processes up to that
stage. They may act at different times or overlap in time
and space producing a “palimpsest-like” covariation
structure (Hallgrimsson et al., 2009). As already men-
tioned, the failure to confirm the 2-module hypothesis
for the covariation of FA suggests that the viscerocra-
nium and the neurocranium of Martino’s voles are not
developmental modules. However, comparisons of the
pattern of covariance in FA and that among individuals
for the hypothesized modules separately, indicate the
modularity of developmental processes themselves.
Therefore, findings from our study most likely point to
the palimpsest model of covariance structure, accord-
ing to which the patterns of covariance caused by the
successive developmental processes may partly over-
write each other and produce an integrating structure of
non-modular nature, even though contributing develop-
mental processes could be modular (Hallgrimsson et
al., 2009; Klingenberg, 2014). Additionally, similarity
or dissimilarity in the patterns of individual variation
and FA in different sets of analysed traits and compari-
sons across ontogenetic stages demonstrate how studies
on small mammals other than mice can give new in-
sights into postnatal cranial development.
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