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Epigenetic variation of the common shrew, Sorex araneus,
in different habitats

Jan M. Wéjcik*, P. David Polly, Anna M. Wéjcik & Michat D. Sikorski

ABSTRACT. Epigenetic variation of the common shrew, Sorex araneus, was studied in three habitats
(floodplain forest, wet sedge bog and dry meadow) at Biatowieza, north-eastern Poland. Previous chromo-
some and allozyme studies of the same population suggested that polymorphisms are related to environ-
mental heterogeneity and that random factors influence frequencies of acrocentric chromosomes and
alleles. In the present study we tested whether similar processes influence epigenetic variation. Thirty-one
non-metric skull traits were scored in 274 individuals from samples collected in different biotopes. The
specific aim of the study was to estimate non-metric trait frequencies and fluctuating asymmetry in shrews
from different habitats, and to explain the factors involved in the maintenance of epigenetic polymorphism.
Significant differences found among samples of shrews from different habitats indicated that important
epigenetic variation exists within the population. This epigenetic variation in the common shrew appears to
be related to environmental heterogeneity.
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JnureHeTnYeckas KAMEHYNBOCTb OObLIKHOBEHHON Bypo3yOKu,
Sorex araneus, B pa3niM4HbIX MECTOOOUTAHNAX

A.M. Bynuuk, N.A. Nonnun, A.M. Bynuuk, M.[l. Cukopcku

PE3IOME. Dnurenernueckas N3MEHYUBOCTh OOBIKHOBEHHOH O0ypo3yOKu, Sorex araneus, Obliia ©3yueHa B
3 mecroobuTaHuAX (MMOMMEHHBIN Jec, 0COKOBOE 00JI0TO M CyXOH Jyr) B bemoBexe, ceBepo-BOCTOUHAS
[onpma. Y3 npeapiynmx XpoOMOCOMHBIX U aJUIO3UMHBIX HCCIIEIOBAHUI TEX XKe MOMYJISIMN ClIeI0Ballo,
YTO NOJIMMOP(H3M CBSA3aH C T€TEPOTeHHOCTBIO CPe/Ibl OOUTAHUS U UTO ClydaiiHble (haKTOPHI BIUSIOT Ha
YaCTOTHI AKPOIICHTPUUECKMX XPOMOCOM U ajuielnieil. B HacTosieM nccae0BaHiK Mbl U3ydalld, UMEIOTCS
JM TOA00HBIE BIMSHHS HA SIMUNCHETHYECKYI0 HM3MEHUYUBOCTh. [Ipoananu3upoBan 31 HemeTpuyecKHit
YepemHoi Npu3HaK y 274 3K3eMIUIIPOB U3 BBIOOPOK, OTHOCSIIMXCS K pa3iudHbIM OnoTomam. llenbro
paboThI SBISIIOCH ONpPEeSICHHE YaCTOT HEMETPUUECKUX MPH3HAKOB M (IyKTYUPYIOLIeH acCUMMETPUU Y
Oypo3y0OOK 13 pa3HbIX MECTOOOUTaHMH U BBISIBIEHHE ()AKTOPOB, YYACTBYIOIIMX B IOJIEP>KAHUH SIUI'CHE-
THYECKOT0 HonuMopdu3Ma. 3HauMMBbIe pa3Iuus, HalICHHbIE MKy BEIOOpKaMH Oypo3yOoK U3 pasHbIX
MECTOOOUTAHUH, YKa3bIBAIOT HA CYIICCTBEHHYIO SIHUICHETHUYESCKYIO M3MEHYUBOCTh BHYTPH MOMYJISIIAH.
OnureHeTHIeckas N3MEHINBOCTD Y OOBIKHOBEHHOW Oypo3yOKH MOKET OBITH CBSI3aHA C TE€TEPOTCeHHOCTHIO
Cpeapl.

KJIFOUEBBIE CJIOBA: Sorex araneus, oObIKHOBEHHast Oypo3yOKa, SIHMI€HETHYEeCKas M3MEHYHBOCTB,
TreTepPOreHHOCTh CPe/ibl OOUTAHUSL.
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Introduction

One method for studying genetic variation in mam-
mal populations is to measure differences in non-metric
skeletal traits, so-called epigenetic polymorphisms.
These threshold traits are under the control of both
genetic and non-genetic factors. If the total genetic and
non-genetic effect is greater than the value correspond-
ing to the threshold, the variant is manifested (Sjevold,
1977; Andersen & Wiig, 1982). Both genetic and envi-
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ronmental factors are known to be important in control-
ling skeletal epigenetic traits such as the number of
minor skull foramina (Berry, 1963; Berry & Searle,
1963; Andersen & Wiig, 1982; Pankakoski, 1985).

From non-metric traits a mean measure of genetic
divergence (MMD) between the samples can be esti-
mated for use as a genetic distance measure. MMD is
one of many possible measures that can be made from
non-metric traits, but it is the most intuitive and com-
monly used (Sjevold, 1977).

Non-metric traits can also be used for calculation of
fluctuating asymmetry (FA) and the mean number of
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asymmetrical characters per individual (NA). Fluctuat-
ing asymmetry, or differences between the two sides of
the body that cannot be explained by either genetic
factors, is a common index of developmental stability
(Palmer & Strobeck, 1986; Zakharov, 1992; Palmer &
Strobeck, 1992). When there is a genetic basis for
variability in a trait showing FA (i.e. its broad-sense
heritability is greater than zero), then FA represents a
measure of the sensitivity of development to accidents
(Leary & Allendorf, 1989). Each side of an animal has
the same genetic constitution, so bilateral differences
are non-genetic developmental characteristics that arise
through chance or environmental perturbation. It is
thought that canalizing processes minimize bilateral
symmetry, but when developmental stability is disrupt-
ed asymmetry becomes more common. Developmental
stability can be reduced by factors such as extreme
physical conditions, pollution or poor habitat quality
(Palmer & Strobeck, 1992). High developmental stabil-
ity, that is low fluctuating asymmetry, is associated with
coadapted genotypes under optimal environmental con-
ditions, but deterioration in stability, and higher fluctuat-
ing asymmetry, can be expected under stressful condi-
tions. If environmental stress during ontogeny results in
greater asymmetry of various traits, then studies of mor-
phological asymmetry can throw light on the ecological
conditions of animal populations (Pankakoski, 1985).

A Floodplain forest
[ | Sedge bog
Meadow

Figure 1. A schematic map of the study area.

In shrews, non-metric variation has been examined
by Hanski (1986), Hanski & Kuitunen (1986), Panka-
koski & Hanski (1989), Zakharov et al. (1991), Panka-
koski et al. (1992), Meyer & Searle (1994), Zakharov
et al. (1997a, 1997b), Badyaev & Foresman (2000,
2004) and Badyaev et al. (2000, 2005). Studies in
Eurasia showed that shrew skeletal growth is highly
sensitive to variation in environmental conditions (e.g.
Pankakoski et al., 1992). Shrews are short-lived insec-
tivorous mammals with a majority of their breeding
occurring in a short period of time. They have a short
period of skeletal growth (Foresman, 1994) and their
entire lives are filled with nearly continuous prey-search-
ing and foraging activity (Genoud, 1988). The type of
non-metric cranial traits that we studied would have been
formed during early skeletogenesis, probably in utero.

In the present investigation, we studied common
shrews in samples from Bialowieza (north-eastern Po-
land) and tested whether epigenetic variation is associat-
ed with environmental heterogeneity. The specific aim of
the study was to analyse non-metric trait frequencies and
fluctuating asymmetry in shrews from different habitats,
and also an attempt to explain the factors involved in the
maintenance of epigenetic polymorphism in the popula-
tion. Previous studies of Sorex araneus populations from
Bialowieza showed mixed associations of habitat and
population differentiation. Wojcik (1991) and Wojcik et

Meadows and fields




Epigenetic variation of the common shrew 45

al. (1996) concluded that chromosome and allozyme
polymorphisms were related to environmental heteroge-
neity; however, morphometric differentiation of mandi-
ble shape was not (Wojcik ef al., 2003). Previous studies
of mandibular shape in the common shrew have found
the greatest differentiation at higher hierarchical levels
than the population, notably among species within the S.
araneus-arcticus group and among karyotypic groups of
S. araneus (Hausser & Jammot, 1974; Polly, 2006),
whereas previous studies of epigenetic variation have
found significant differentiation at the population level.

Material and methods

Samples of common shrews were collected in three
distinct habitats within the Biatlowieza Primeval Forest,
north-eastern Poland (N 52°42', E 23°55"): floodplain
ash-alder forest (Circaeo-Alnetum), wet sedge bog and
dry meadow (Fig. 1). Floodplain forest is a heteroge-
neous biotope with high levels of ground water year

Table 1. Material used in this study.

Habitat and Males Females

. . Total
trapping period adult | young | adult | young
Floodplain forest
19931995 4 15 0 12 31
Sedge bog
19881995 20 75 14 82 191
Meadow
1987-1994 10 20 3 19 52
Total 34 110 17 113 274

round. Sedge bog (Carex spp.) is a homogeneous wet
and open biotope. Meadow is homogeneous dry grass-
land biotope located on higher ground and surrounded
by wet sedge bogs.

Shrews were trapped in 1987—1995. A total of 274
individuals (144 males and 130 females) belonging to
the Biatowieza chromosome race (see Zimaet al., 1996

B3 B4 B5 C1 B11 B12 B14 C2

B6

B8 B9 B10

Figure 2. Non-metric traits on the skull of the common shrew used in the study.

A0 — foramen incisivum, unilateral; A1 — medial palatine foramen; A2 — posterior palatine foramen; A2’ — accessory posterior palatine
foramen; A3 — accessory terminal palatine foramen; A4 — foramen ovale; A5 — accessory foramen posterior to the basisphenoid foramen;
A7 — median basioccipital foramen, unilateral; A8 — posterior basioccipital foramen; A9 — accessory hypoglossal foramina I (1 or 2);
A9’ — accessory hypoglossal foramen II; B1 — premaxillary foramina; B2 — anterior maxillary foramen; B3 — accessory foramen outside
infraorbital foramen; B4 — accessory foramen above the rim of infraorbital foramen; B5S — accessory foramen posterior to B4; B6 —
accessory foramen posterior to lacrimal foramen; B7 — accessory foramen below lacrimal foramen; B8 — accessory posterior alisphenoid
foramen; B9 — pneumatic foramen between the two articular condyles; B10 — anterolateral parietal foramen; B11 — anterior lateral sinus
foramen; B12 — mesial lateral sinus foramina; B14 — posterior lateral sinus foramen; C1 — parietofrontal foramen; C2 — median
supraoccipital foramen; D1 — anterior accessory foramen to the major mental foramen; D2 — lower mental foramen; D3 — dentary canal;

D4 — lower coronoid foramen; D5 — upper coronoid foramen.
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and Wojciket al., 2003) were used in this study. Thirty-
one shrews were trapped in floodplain ash-alder forest,
191 in wet sedge bog, and 52 in dry meadow (Tab. 1).
Most of the shrews were young (still in their first year),
sexually immature animals caught between early Au-
gust and November.

Skulls were cleaned by dermestid beetles (Derm-
estes lardarius), then digested in a papain solution and
bleached in 3% hydrogen peroxide to separate the ele-
ments for non-metric trait scoring.

Thirty-one non-metric traits (foramina for blood
vessels or nerves) were scored (Fig. 2). The number of
foramina in the 29 bilateral traits was used in fluctuat-
ing asymmetry analysis. Classification criteria for 29 of
the traits were described by Hanski & Kuitunen (1986).
Only three of the traits were new to this paper: A0, A2’
and A9’. Occurrence of each variant was scored sepa-
rately on the left and the right side of the skull.

Differences between samples were quantified using
the Mean Measure of Divergence (MMD), which is the
mean squared difference between frequencies of non-
standard traits (Sjevold, 1977; Sikorski, 1982). Fre-
quencies were first normalized using the angular trans-
formation

O =Sin" (1 -2p), (1

where ® is the transformed frequency p. MMD was
then calculated as

2
MMD = 2(61 _92) _V(I,Z) , 2)
m
where V' . is the variance of the estimate of the differ-

(1,2) 7
ence, whlcfl is calculated as

PR : 3)
n+05 n,+0.5
where n is the sample size. Significance of MMD dis-
tances were determined using V. For a=0.05, signif-
icant differences are those larger than 1.96 times the
square root of V..

Asymmetry was estimated using two indices: (i) an
index of fluctuating asymmetry (FA) as the variance of
the difference between the right and left elements of a
bilateral pair (R—L) for a sample of individuals (Palmer
& Strobeck, 1986), and (ii) the number of asymmetric
traits per individual as an integrated measure of devel-
opmental stability (NA) (Leary ef al., 1985; Zakharov,
1987). Differences in FA values among samples (wheth-
er the variances were homogeneous among groups)
were estimated using Levene’s test (Levene, 1960; see
also Palmer & Strobeck, 1986).

Results

Mean Measure of Divergence (MMD). Compari-
son between samples of adult and young shrews in the
combined sample revealed significant differences
(MMD=0.0376, variance=0.0002, p<0.05) so further
analyses used young individuals only. There was signif-

Table 2. MMD values among samples of young shrews
from different habitats.

Samples (habitats) MMD Variance p
Forest — sedge bog 0.0426 0.0004 <0.05
Forest — meadow 0.0034 0.0003 ns
Sedge bog — meadow 0.0135 0.0001 ns

icant differentiation in MMD between samples from
floodplain forest and sedge bog but no differences were
found comparing samples from forest and meadow and
those from sedge bog and meadow (Tab. 2).

Asymmetry. Statistically significant differences were
found in the fluctuating asymmetry values (FA) between
adult and young shrews, therefore adult individuals were
excluded from further analyses. Furthermore, in a case of
nine traits (A2, A2°, A9, B5, B9, B11, B14, C2 and D4),
sex-linked differences in FA were found and those traits
were also excluded from further analyses.

Table 3. The values of fluctuating asymmetry (FA) and
numbers of asymmetric traits per individual (NA) in sam-
ples of young common shrews from different habitats.

Habitat
Trait Forest Sedge bog | Meadow p
n=27 n=157 n=39
Al 0.00 0.06 0.03 ns
A3 0.00 0.08 0.07 <0.01
A4 0.00 0.01 0.00 ns
A5 0.04 0.02 0.00 ns
A8 0.00 0.01 0.05 <0.01
A9 0.04 0.14 0.17 ns
B1 0.24 0.26 0.28 ns
B2 0.13 0.15 0.17 ns
B3 0.04 0.05 0.05 ns
B4 0.10 0.09 0.03 < 0.05
B6 0.00 0.01 0.03 ns
B7 0.20 0.13 0.15 ns
B8 0.04 0.09 0.09 ns
B10 0.04 0.19 0.17 <0.05
B12 0.23 0.32 0.29 ns
Cl 0.04 0.02 0.09 <0.01
D1 0.48 0.21 0.23 <0.01
D2 0.07 0.01 0.00 <0.01
D3 0.10 0.19 0.23 ns
D5 0.16 0.27 0.23 ns
FA median 0.04 0.09 0.09 <0.05
NA 2.19 2.59 2.79 <0.01

Differences in FA values among samples were compared using
Levene’s test (for heterogeneity of variances). Differences among
FA medians and NA values were compared using #-tests.
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The FA values for seven traits (A3, A8, B4, B10,
C1, D1 and D2) differed significantly among samples
of young shrews from different habitats (Tab. 3). There
were differences in the FA medians in the samples.
The value for the sample from forest was significantly
lower than those for samples from sedge bog and
meadow (Tab. 3). The numbers of asymmetric traits
per individual (NA) were also different among sam-
ples. The lowest value was again in a case of the
sample from forest but the highest one for the sample
from meadow (Tab. 3).

Discussion

Patterns of epigenetic skeletal variation have often
been considered to characterise the genetics of animal
populations (e.g. Berry, 1963; Berryet al., 1978; Ander-
sen & Wiig, 1982; Sikorski, 1982; Hanski & Kuitunen,
1986). In addition to the genetic component of epige-
netic character regulation, environmental factors influ-
ence variation by decreasing developmental stability
and hence increasing asymmetry. These factors include
adverse temperatures, chemical pollutants, nutritional
deprivations, high population density and audiogenic
stress (Moller & Swaddle, 1997) as well as diet and
physiological state of the mother (Howe & Parsons,
1967). Hartman (1980) and Hanski & Kuitunen (1986)
concluded that habitat effects (acting through individu-
al size) influenced observed differences between local-
ities in non-metric trait frequency and Pankakoski (1985)
demonstrated that asymmetry in these traits was highly
dependent on habitat quality.

Shrews are short-lived and do not move long dis-
tances, so their development can be expected to reflect
local and transient environmental conditions (e.g. Panka-
koski & Hanski, 1989; Badyaev & Foresman, 2000,
2004; Badyaev et al., 2000, 2005). In a cyclic popula-
tion of the common shrew in Siberia, developmental
stability, as measured by FA, was highly correlated
with measures of habitat quality as population numbers
waxed and waned (Zakharov et al., 1991). The evi-
dence is convincing that greater levels of FA in shrews
indicate more stressful environments.

Our results suggest that habitat quality affects non-
metric variation in Sorex araneus in Bialowieza. We
found significant MMD values between shrews sam-
pled in floodplain forest and sedge bog habitats, sug-
gesting genetic divergence between these two subpop-
ulations. This is consistent with the earlier finding of
Wojcik (1991) and Wojcik et al. (1996) of chromo-
some and allozyme polymorphisms whose frequen-
cies differed between the same habitats that we stud-
ied. Together, these results indicate that there are
genetic differences, probably arising through the ac-
tion of selection rather than random processes. But,
similar changes were not detected from mandible mea-
surements (Wojcik et al., 2003). However, it is often
assumed that populations differentiate at the chromo-
somal and biochemical levels before consistent mor-

phological changes are detectable. The mandible es-
pecially is known to be slow to respond to genetic
differentiation (Polly, 2007).

Most likely the MMD differences that we detected
between habitats correspond to genetic differences in
the subpopulations, but FA can affect MMD by elevat-
ing the variance in the expected values. In our study, the
FA median value for the floodplain forest sample was
significantly lower than those for the sedge bog and
meadow samples. The total number of asymmetrical
traits, NA, was also lowest in the forest sample and
highest in the sample from meadow. This suggests that
our MMD results are not biased by FA because the
latter would increase spurious significant results in sam-
ples where it is higher. The floodplain forest and sedge
bog samples were the most significantly different, yet
they had the lowest asymmetry.

The FA results show that asymmetry is correlated
with the quality of each habitat for common shrews.
Forest and sedge bog are better biotopes for shrews
than meadows. Both the frequency and number of asym-
metrical traits were lowest in the desirable forest habi-
tat. FA was equal in sedge bog and meadow, but NA
was highest in meadow habitat. This pattern is consis-
tent with forest habitat being optimal for Sorex araneus
at Biatowieza, and meadow habitat being suboptimal.

The distance between our habitat samples was very
small and no obvious physical or environmental barri-
ers exist between them. We presume that shrews could
move easily between study plots, and it is known that
they are capable of dispersing quite widely (e.g. Hanski
& Kaikusalo, 1989). Therefore, the differences in epi-
genetic variation found in this study cannot be only
considered as a direct selective effect of the environ-
mental heterogeneity. Other factors than ecological ad-
aptations probably play an important role in the shrew
population in Biatowieza. For instance, differences may
be a consequence of the competition between shrews
for “good territories” in different habitats. The “stron-
ger” individuals may try to establish their territories in
the forest and bog habitats, while “weaker” shrews
might be driven off to less attractive dry meadows. This
sorting may result in genetic differentiation if competi-
tive fitness is heritable (less fit meadow shrews would
have less fit offspring, which are confined by competi-
tion to the suboptimal dry meadow habitats), but it will
certainly result in sorting of animals of different fitness
by habitat. The combination of low individual fitness
and a more stressful environment are likely to be the
cause of the greater non-metric asymmetry in the mead-
ow habitats.

Why are meadows suboptimal for Sorex araneus?
Badyaev & Foresman (2000, 2004), and Badyaev et al.
(2000, 2005) found a strong increase in asymmetry in
shrews born in habitats suffering vegetation removal.
Our results are consistent with their findings: open
habitats such as sedge bog and meadow are more stress-
ful for shrews because of factors like predation suscep-
tibility and prey availability.
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Conclusion

We found that epigenetic differentiation among com-
mon shrews, Sorex araneus, was related to environ-
mental heterogeneity. Frequencies of non-metric traits
were significantly different between floodplain forest
and sedge bog habitats, probably corresponding to ge-
netic differentiation between subpopulations in these
areas as suggested by previous analyses of karyotype
and allozyme polymorphisms. The amount of asymme-
try was highest in meadow habitats, apparently associ-
ated with this habitat being suboptimal for shrews. The
pattern of epigenetic variation combined with previous
studies of allozymes, chromosome polymorphism and
mandibular shape suggest that competitive interactions
associated with habitat preference can drive genetic
differentiation in Sorex araneus.
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