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Relations between ecological niches, genetic distances and geographic
ranges were analyzed by pair-wise comparisons of 43 species and 38 intra-
specific phylogenetic lineages of arvicoline voles (genera Alexandromys,
Chionomys, Lasiopodomys, Microtus). The level of niche divergence was
found to be positively correlated with the level of genetic divergence and
negatively correlated with the level of differences in position of geographic
ranges of species and intraspecific forms. Frequency of different types of
niche evolution (divergence, convergence, equivalence) was found to depend
on genetic and geographic relations of compared forms. Among the latter
with allopatric distribution, divergence was less frequent and convergence
more frequent between intra-specific genetic lineages than between either
closely-related or distant species. Among the forms with parapatric dis-
tribution, frequency of divergence gradually increased and frequencies of
both convergence and equivalence gradually decreased from intra-specific
genetic lineages via closely related to distant species. Among species with
allopatric distribution, frequencies of niche divergence, convergence and
equivalence in closely related and distant species were similar. The results
obtained allowed suggesting that the main direction of the niche evolution
was their divergence that gradually increased with time since population
split. Some initial level of niche divergence was shown to be a necessary
condition providing a possibility of co-occurrence and sympatric distribution
of species, whereas moderate interspecific competition of sympatric species
could be an effective driver of their further niche divergence.

IBOJIIONUS DKOJIOTMUYECKHAX HUII U EE CBS3b
C ®WJIOTEHHEN Y TEOTPA®UEN: NCCJIEJOBAHUE
CEPBIX MMOJIEBOK (RODENTIA: ARVICOLINI)

I'eopruii lllenGpor

BzaumooTHOmEeHUS MEXAY OKOJIOTUICCKUMHU HUIIAMH, TCHETUYCCKU-
MU JUCTAHOUAMU U ITOJIOKECHUEM ap€ajiOB MPOAHAIN3UPOBAHBL HyTéM
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nonapHeIX cpaBHeHHH 43 BUIOB U 38 BHYTPUBUAOBBIX (QHIECTHUYECKUX
nuaui nonéBok Tpuber Arvicolini (poxsr Alexandromys, Chionomys, La-
siopodomys, Microtus). [Toka3aHno, 4YTO YPOBEHb IMBEPTEHIIMU HUII TT0-
JIOXKUTEIBHO CKOPPEIUPOBaH C YPOBHEM TFEHETHYECKOH AUBEPrEHIINH U
OTpPHUIATEIBHO — C YPOBHEM Pa3iH4Hil B reorpadUuecKOM MOJIOKCHUH
apeasioB BHJOB M BHYTPUBHIOBBIX ()OopM. YaCTOTHI pa3IHIHBIX THIIOB 9BO-
JFOUMH HUII (IMBEPreHLNs, KOHBEPTeHLHs, CTaOMIBHOCTD) BAPbHPYIOT
B 3aBHCHMOCTH OT YPOBHEU I'eHETHYECKHX W reorpaQUuecKux pasinduii
cpaBHHBaeMbIX (popM. JIMBEPIeHIIMS HHUII OTMEUEHA PEXKE CPEIN ajlIomna-
TPUYECKHUX (POPM, KOHBEPIEHIHS HHIII — YAIle ME)KIY BHYTPUBHIOBBIMU
TEHETHYCCKUMHU JTHHISMH, YeM MEXAY Kak OIU3Ko-, TaK U AalIbHEepO.-
cTBeHHBIMH BuAamu. Cpeaun mapamnarpuaeckux (hopM 4acToTa JUBEPreH-
LIMH TOCTEIICHHO BO3PACTACT, & YaCTOTHl KOHBEPICHINU U CTAOMIBHOCTH
MOCTETIEHHO CHIDKAIOTCS B PS/Y OT BHYTPUBHIOBBIX TCHETHIECKHX JINHHUM
4epe3 OIM3KOPONCTBEHHBIE BUIBI K MalbHEPOICTBEHHBIME BruiaM. Cpenu
QITOMATPUYECKUX BUIOB YACTOTHI AUBEPreHIINH, KOHBEPISHIMN U CTa-
OWIIBHOCTH HUII Y ONU3KOPOICTBEHHBIX M TabHEPOCTBCHHBIMX BUIOB HE
pasznuyarotcs. [lomyueHHbIe pe3yabTaThl CBUACTENBCTBYIOT O TOM, YTO OC-
HOBHBIM HalpapJeHHEM JBOJIIOLIMH HHUII SBISACTCS UX AUBEPIeHIHs, YPO-
BCHb KOTOPOH MOCTENEHHO YBEIMYMBACTCS CO BPEMEHEM, MPOLICIIIUM
mociie pasaesaeHns monyssiiuit. OnpeaenéHHblil HaYalbHbIA YPOBEHbD -
BEPreHIUH HULI SIBISIETCS. HEOOXOMMMBIM [IPEIBAPUTEIBHBIM YCIOBHEM,
pa3peIaroIiM COCYLIECTBOBAHNE IBYX BHAOB; MEKBUIOBAs KOHKYPCH-
[HsI YMEPEHHOH MHTEHCUBHOCTH B YCIIOBUSIX CHMIIATPHU BHIOB MOXET
CIY’KHUTB 9 ()EKTHBHBIM YCHIUTEIEM JAAIbHEHIICH AUBEPICHIIMH MX HHILLL

1. Introduction

Ecological niche is one of the central but
at the same time most controversial concepts
in current ecology. Originally, the niche was
considered as an attribute of the environment
but later, after Hutchinson’s (1957) intro-
duction of the concept of multidimensional
hyperspace of niche variables, the niche defi-
nitions progressively shifted to undestanding
niche as an attribute of population (or spe-
cies) in relation to its environment (Colwell,
1992). Two aspects of the niche concept are
usually distinguished based on the original
definitions, Grinnellian and Eltonian niches.
The Grinnelian niche (sometime referred to
as habitat or ecotope, see Whittaker et al.,
1973) is defined by environmental variables
on a broad (geographic) scale, relevant to
understanding coarse-scale ecological and

geographic properties of species (Grinnell,
1917; Vandermeer, 1972; Whittaker et al.,
1973; James et al., 1984; Soberon, 2007).
The Eltonian niche is defined by biotic in-
teractions and resource variables at a lo-
cal (intra-community) scale (Elton, 1927;
MacArthur, 1968; Vandermeer, 1972; Lei-
bold, 1995; Soberon, 2007).

Hutchinson (1957) had introduced an
idea of recognition of fundamental and re-
alized niches, and this became widely ac-
cepted by later authors. Fundamental niche
was defined as “pre-interactive” describing
potential distribution of a species (popula-
tion) in multi-dimensional ecological space
limited by the species’ eco-physiological
tolerances. Realized niche was defined as
“post-interactive” describing actual distri-
bution of a species (population) in multi-di-
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mensional ecological space in the presence
of its competitors. Pulliam (2000) expanded
the concept of realized niche by including
the influences of dispersal limitation and
source-sink dynamics (together with inter-
specific competition) in it. He demonstrated
that the realized niche can be narrower or
wider than the fundamental niche, depending
on the combination of acting forces. Vander-
meer (1972) defined the Grinnellian niche as
pre-interactive (fundamental) and the Elto-
nian niche as post-interactive (realized), but
Soberon (2007) insisted on application of the
concepts of fundamental and realized nich-
es to both Grinnellian and Eltonian niches.
The ecological niche describes eco-physi-
ological aspects of the phenotypes of a pop-
ulation (Colwell, 1992). Each population
contains a variety of ecologically specialized
phenotypes, and individuals of each pheno-
type have maximal fitness within a specific
part of a resource axis present in the envi-
ronment (Roughgarden, 1972). Consequent-
ly, the shaping of niche characteristics can
be viewed as an evolutionary phenomenon
(Knouft et al., 2006). Niche evolution at-
tracted increasing attention in the theoretical
literature (Roughgarden, 1972; Holt, Gaines,
1992; Holt, 1996; Proulx, 1999; Ackermann,
Doebeli, 2004), especially in relation to the
problem of niche conservatism (Peterson
et al., 1999; Graham et al., 2004; Knouft et
al., 2006; Pearman et al., 2008; Warren et
al., 2008). Most publications on this subject
are devoted to comparison of niches among
species of different phylogenetic relatedness.
It is well-known that analysis of in-
tra-specific geographic variation is a pow-
erful tool in evolutionary studies (Mayr,
1965), however, analyzes of intra-specific
geographic variation of niche attributes are
rare. At the same time, it was demonstrated
that species’ ecological niches, both funda-
mental and realized, can vary geographically

due to intra-specific niche differentiation and
geographic changes in environmental con-
ditions (James et al., 1984; Peterson, Holt,
2003; Devictor et al., 2010).

The ecological niche can be characterized
by two parameters, the mean (niche position
or centroid) and the variance of the resource
use (niche breadth or width) (Hutchinson,
1957; Vandermeer, 1972). Theoretical mo-
dels of niche evolution consider the both,
i. e., evolution of niche width and niche shifts
(Roughgarden, 1972; Holt, Gaines, 1992;
Ackermann, Doebeli, 2004; Kawecki, 2008),
whereas most empirical studies of niche evo-
lution concentrate on shifts of niche centroids
(Pearmanet al., 2008).

The usual method of estimation of niche
divergence is measuring niche overlap us-
ing values of environmental variables in the
points of occurrence of compared species,
either directly or through comparison of
species distribution models (SDM) (War-
ren et al., 2008; Broennimann et al., 2012).
However, environmental data are usually
spatially auto-correlated, and differences
in the values of environmental variables
between any two sets of points should
increase with geographic distance, thus
over-estimating the true niche divergence.
The tests revealed significant niche differ-
entiation in the cases, in which background
conditions were non-overlapping, though
such conditions cannot be used as true ev-
idence of niche differentiation (Peterson
2011). To avoid the confounding effect of
environmental spatial auto-correlation, it
is necessary to compare the observed niche
differences with the differences in back-
ground environments (McCormack et al.,
2009). Another problem of using the niche
overlap measure for niche divergence esti-
mation is its inability to distinguish between
differences in the level of divergence for
non-overlapping niches.
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Peterson et al. (1999) hypothesized that
ecological niches evolve little at or around
the time of speciation events, whereas niche
differences accumulate later. Many esti-
mates of niche divergence/conservatism,
using comparison of SDM, have been pub-
lished in recent years. The results of these
estimates are quite controversial, and some
of them contradict the hypothesis that the
level of niche divergence is related to time
passed after post-speciation period (for ex-
ample, Warren et al., 2008; Kalkvik et al.,
2012). It should be noted that SDM-based
tests demonstrating significant niche sim-
ilarity/identity can be considered as a true
indication of niche conservatism (although
without discriminating between niche equiv-
alence and convergence). However, the tests
that have demonstrated significant niche
differentiation in cases, when background
conditions were non-overlapping, cannot be
taken as true evidence of niche differentia-
tion (Peterson, 2011). Nevertheless, a review
of SDM-based tests of niche conservatism/
differentiation published between 1999 and
2008 (Peterson, 2011) demonstrated that
niche conservatism was found in more than
70% of cases of within-species and between
sister species comparisons, but in less than
50% of cases in comparisons among close-
ly-related (but not sister) species and across
monophyletic lineages of species.

Patterns of geographic distribution of
species can considerably modify the patterns
of their niche evolution. Widely accepted
in ecology and evolutionary biology is the
statement that “complete competitors cannot
coexist, or ecological differentiation is the
necessary condition for coexistence”, which
is known as “the competitive exclusion prin-
ciple”, “Gause’s principle”, or “Grinnell’s
axiom” (Hardin, 1960). This principle pro-

*See all tables at the end of the article.

duced an idea that the niche divergence is
a consequence of ecological segregation of
species during their secondary contact fol-
lowing allopatric speciation event (Diamond
1973, McCormack et al., 2009), although in-
teraction between interspecific competition
and niche divergence theoretically may be
not so unequivocal (Abrams, Cortez, 2015).

In this paper, | shall test the two hypothe-
ses concerning niche divergence. The first
hypothesis is that niche divergence increases
with time since speciation events, so niche
divergence should be positively correlated
with the genetic distance between compared
taxa. The second hypothesis is that niche
divergence should be higher between sym-
patric than between allopatric taxa. | shall
test these hypotheses using data on the grey
voles (Arvicolini).

2. Material and Methods

Species were selected for the analyses
based on the following two criteria: 1) exis-
tence of at least 16 known points of occur-
rence allowing distribution modeling and
niche shift analysis and 2) existence of avail-
able mitochondrial DNA data for estimation
of genetic distances. Based on these criteria,
43 species and 39 intraspecific genetic lin-
eages were selected for the analyses. Infor-
mation on selected species and the number
of record points used for the present analyses
are provided in the Table 1*.

Distributional and environmental da-
ta. Records of occurrences were taken from
previously published source (Shenbrot,
Krasnov, 2005) and were supplemented with
museum records and publication data that be-
came available later. Data on most museum
records were obtained using Global Biodi-
versity Information Facility (GBIF; http://
www.gbif.org). Additional information was
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obtained directly from Zoological Museum
of Moscow University, Naturhistorisches
Museum Wien, Prirodoslovni muzej Sloveni-
je (Ljubljana), Kemerovo State University
Museum (http://museum.kemsu.ru/catalog)
and from M.V. Vinarski personally (Omsk
State Pedagogical University). Most of these
data had no original GPS coordinates, so
they were geo-referenced using Geograph-
ic Names Gazetteers (available at http://
earth-info.nga.mil/gns/html/cntry_files.html)
and checked subsequently for suitable habi-
tats using Google Earth. Data that could not
be geo-referenced precisely, such as those
provided by Mitchell-Jones et al. (1999) as
presence/absence in a grid 50x50 km, were
excluded from the analysis.

Environmental data for SDM and niche
divergence analyses were used as 30 arc-se-
cond grids (1 km resolution approximately)
and were represented by climate, relief, and
vegetation variables. The climate variables
(annual mean temperature, mean month-
ly temperature range, mean temperatures
of coldest and warmest quarters, maximal
temperature of warmest month, minimal
temperature of coldest month, temperature
annual range, annual precipitation, and pre-
cipitation of wettest quarter) were obtained
from WORLDCLIM Version 1.4 (Hijmans
et al., 2005) available at http://www.world-
clim.org. Slope data were derived from al-
titude (extracted from GOTOPO30 data set
distributed with ArcGIS) using the Spatial
Analyst module of ArcMap. The data on
Normalized Difference Vegetation Index
(NDVI) were obtained from VEGETATION
Programme (http://www.spot-vegetation.
com; now http://www.vito-eodata.be; data
for 1998-2007, each a ten-day estimate) and
averaged by seasons (winter, spring, summer,
and autumn) across all available years. The
NDVI is an index of greenness that is directly
correlated with productivity and green vege-

tation biomass and is widely used in ecolog-
ical studies (Pettorelli et al., 2005).

DNA data and estimation of genetic
distances. Mitochondrial DNA, especially
cytb, is traditionally the most popular genetic
source used for phylogenetic reconstructions
in rodents generally and in Arvicolinae par-
ticularly (Jaarola et al., 2004; Buzan et al.,
2008). Of course, phylogenetic reconstruc-
tions based on mitochondrial genes only can
be biased due to ancient mtDNA introgres-
sions, so it is preferable to use a set of both
mitochondrial and nuclear DNA (Kohli etal.,
2014). However, the data on cytb are avail-
able for more than 80% of arvicoline species,
whereas available data on other genes cover
a very limited number of species. So that |
used cytb data for phylogenetic reconstruc-
tion and genetic distance estimations.

For most of the analyses of genetic dis-
tances of witnin-species lineages, phylo-
geographic structure was borrowed from
the following sources: Bannikova et al.
(2010) and Lissovsky et al. (2010) for A.
middendorffii; Brunhoff et al. (2003) for A.
oeconomus; Bannikova et al. (2013) for Ch.
gud and Ch. roberti; Castiglia et al. (2009)
and Bannikova et al. (2013) for Ch. nivalis;
Petrova et al. (2015) for L. gregalis; Jaaro-
la, Searle (2002, 2004) and Herman, Searle
(2011) for M. agrestis; Conroy, Neuwald
(2008) for M. californicus; Conroy, Cook
(2000) for M. longicaudus, Tryfonopoulos et
al. (2008), Rovatsos, Giagia-Athanasopoulou
(2012) and Thanou et al. (2012) for M. thom-
asi. For M. levernedii and M. subterraneus,
cytb sequences were retrieved directly from
GenBank.

I used both complete cytb sequences
(1143 bp) and partial sequences no less than
800 bp. One specimen per species and up to
five for within-species genetic line were se-
lected at random and used for the analysis.
Alignment of sequences was performed with
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ClustalW algorithm (Higgins et al., 1994) im-
plemented in MEGA 6 (Tamura et al., 2013)
with default parameters. The best model of
nucleotide substitution was selected based
on maximum likelihood estimation using
Bayesian Information Criterion and correct-
ed Akaike Information Criterion, the proce-
dure implemented in MEGA 6. According to
both criteria, the best model for Arvicolini
appeared to be the General Time Reversible
model with discrete Gamma distribution of
evolutionary rates among sites and a certain
fraction of evolutionarily invariable sites
(GTR + G + 1), which corresponds to previ-
ous findings (Jaarola et al., 2004; Buzan et
al., 2008). The (GTR + G + I) model with
parameters estimated by MEGA 6 software
was used to calculate K2P distances with
MEGA 6.

Geographic range distance/dissimi-
larity measurement. To estimate distance
between two geographic ranges, an over-
lap-based metric calculated as d = 1 - O,
where O is overlap measure, is used usually
in biogeographic analyses. As overlap mea-
sure, Jaccard (Dennis et al., 1998) or Kul-
czinsky (Hausdorf, Henning 2003) indices
are used most frequently. Overlap-based
distances vary from 0 for completely over-
lapping geographic ranges of the same size
to 1 for non-overlapping ranges independent-
ly of how far ranges are from each other.
Moreover, these distances increase as the
size differences between two ranges increase.
To overcome these problems, Krasnov et
al. (2010) proposed a standardized distance
measure, D, = D /(D — D,), where D, is
the distance between geometric centers of
the two geographic ranges, and D, is the
distance between the edges of these geo-
graphic ranges. D_ values were measured
directly on the projected maps constructed
using the ArcGIS Desktop 10.3 software.
For non-overlapping geographic ranges, D,

values were measured directly as the mini-
mal of the distances between each point of
occurrence of the first species and each point
of occurrence of the second species. For
overlapping geographic ranges, D, values
were calculated as D - D, — D.,, where
D, and D, are the maximal of the distanc-
es between geometric centers and points of
occurrences of the corresponding species in
the area of overlap of their ranges. D, equals
0 for geographic ranges with identical posi-
tion of geometric centers, varies from 0 to 1
for overlapping geographic ranges, equals
1 for non-overlapping ranges that abut each
other, and is greater than 1 for non-overlap-
ping and non-abutting ranges. Due to possi-
ble errors in parameter estimates, | accepted
arbitrarily that values between 0 and 0.85
indicated sympatric distribution, from 0.85
to 1.15 indicated parapatric distribution, and
values exceeding 1.15 indicated allopatric
distribution.

Coordinates of a range geometric center
were identified using species distribution
modeling (SDM). The SDMs were built
with MAXENT 3.3.3k software (Phillips
et al., 2006). The extent of study area or
“landscape of interest” affects significantly
the results of SDM (Anderson, Raza, 2010;
Elith et al., 2011). To define study area of a
species, | calculated first the kernel density
of occurrence points of this species (using
Kernel Density option in ArcGIS Desktop
10.3.1) with search radius equal 4°, and then
reclassified obtained raster so that the origi-
nal values of kernel density equal to or higher
than 0.01 were converted to 1, while values
lower than 0.01 were converted to “NoData”.
This reclassified raster was used as the mask
for clipping environmental variables to the
study area. Models were constructed with
default MAXENT settings, as these settings
were demonstrated to be most appropriated
for wide-ranging data (Phillips, Dudik, 2008;
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Warren, Seifert, 2011). | used MAXENT
logistic output which provides estimates of
relative habitat suitability (Elith et al., 2011).

To delineate the areas of real species oc-
currence, the original model values, ranging
continuously from 0 to 1, were transformed
to binary 0 or 1 using a threshold value. The
latter was chosen equal to the minimum train-
ing presence for species with 50 or less points
of occurrence and equal to 10 percentile
training presence for the species with more
than 50 occurrence points. After reclassifica-
tion of the original raster according with the
chosen threshold value, the reclassified raster
was transformed to polygons. Only polygons
containing occurrence records were consid-
ered as areas of occurrence. Areas of these
polygons were calculated using command
“calculate geometry” in sq km, and the sum
of areas of these polygons was used as esti-
mation of geographic range size. Geographic
coordinates of a range geometric center were
calculated with the command “mean center”
of Spatial Statistics Tools (ArcMap 10.3)
with the polygons weighted by area.

Estimation of niche differentiation. |
used the procedure described in detail by
Shenbrot (2013) and Shenbrot et al. (2016)
which is not based on SDM comparisons.
To estimate the level of niche differentiation
relative to the differences in background en-
vironments, | performed canonical discrimi-
nant analysis based on values of 15 environ-
mental variables drawn from four samples:
two sets of occurrence points in two regions
and two sets of random points in these re-
gions; the number of random points was
equal to the number of occurrence points in
each region.

As a metric for pair-wise comparisons,
Shenbrot (2013) used the ratio of Mahala-
nobis distance (DM) between occurrence
points of species A and B to Mahalanobis
distance between random points (a and b) in

their geographic ranges (R,, =DM, ./DM_ ).
Mahalanobis distance is the normalized dis-
tance between group centroids in the canoni-
cal space. Aratio greater than 1 indicates true
niche divergence, whereas a ratio less than
1 indicates true niche convergence. In case
of allopatry, when environmental differenc-
es are high enough, this metric works well.
However, in the case of sympatric popula-
tions, when the environment of the two pop-
ulations is the same (the difference is close
to zero), the index value become extremely
high, even if the absolute values of niche dif-
ferences (DM ) are very low. To avoid this
problem, Shenbrot et al. (2016) modified the
above index of relative niche differentiation
toR,, = (log,(DM,__+ 2)/(log,DM_, +2). As
with the original index, a value greater than
1 indicates niche divergence and a value less
than 1 indicates niche convergence, while in
the case of identical niches and identical en-
vironments the value is equal to one. Statis-
tical significance of this metric was assessed
with 100 bootstrap replicates of occurrence
and background samplings points.

In between-species comparisons, all
available occurrence points were used. Ho-
wever, in comparisons of within-species ge-
netic lineages, the number of genetically
dated points usually was too small. To in-
crease the number of points included in the
analyses, | build minimal convex polygons
(MCP) around genetically verified points for
each genetic lineage. All known points of oc-
currence of the species that fall into the part
of MCP of a given genetic lineage that was
not intersected with MCPs of other genetic
lineages, were considered as belonging to
this lineage.

Itis necessary to note that the estimations
of niche shifts may reflect changes in both
niche position and niche width. In the case
when niche centroids are placed far from
one another, niche shift (divergence or con-
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vergence) may be the result of shifts of cen-
troids, or changes in width of niches, or both.
In the case when niche centroids are close to
one another, niche shift will be mainly the
result of the shifts of niche centroids.

All operations with maps were performed
with ArcMap 10.3 including Hawth’s Tools
application. Statistical analyses were carried
out in STATISTICA (StatSoft Inc. for Win-
dows Release 7.0 package).

3. Results

Results of estimations of niche diver-
gence for within-species genetic lineages are
presented in the Table 2. Estimations varied
from 0.788 in M. californicus to 1.204 in M.
longicaudus. Among 49 pair-wise compari-
sons, 14 cases were classified as divergence,
13 as equivalence and 22 as convergence.
Results of pairwise comparisons of Nearctic
and Palaearctic species are presented in Ta-
bles 3-5. In the Nearctic species, estimations
varied from 0.736 between M. longicaudus
and M. montanus to 1.702 between M. penn-
sylvanicus and M. xanthoghathus. Among
152 pairwise comparisons of the Nearctic
species, 29 cases were classified as conver-
gence, 19 as equivalence and 104 as diver-
gence. In the Palaearctic species, estimations
varied from 0.592 between M. agrestis and
M. subterraneus to 1.789 between L. grega-
lis and A. oeconomus. Among 220 pairwise
comparisons of the Palaearctic species, 48
cases were classified as convergence, 48 as
equivalence and 124 as divergence.

Analysis of all quantitative data pooling
together demonstrated that the level of niche
divergence was correlated positively with the
level of genetic divergence and negatively
with the level of differences in position of
geographic ranges. These relations are well
described by the next linear regression equa-
tion: Nd = 1.0158 + 0.5766 + 0.1213xGd —
0.0218 + 0.0038%Rd, where Nd is the niche

divergence, Gd is genetic divergence, and
Rd is geographic range difference. The re-
gression is highly significant: r =0.331, r’ =
0.109, adjusted r2=0.105, F(2,420) = 25.783,
p < 00000.

Frequency of qualitative types of niche
evolution (divergence, convergence, equiv-
alence) was found to differ depending on
genetic and geographic relations of the com-
pared forms (Fig. 1). Among forms with al-
lopatric distribution, divergence was less fre-
quent, while convergence was more frequent
between intra-specific genetic lineages than
between closely-related or distant species.
Among forms with parapatric distribution,
frequency of divergence gradually increased
and frequencies of convergence and equiva-
lence gradually decreased from intra-specific
genetic lineages via closely-related to distant
species. Among species with allopatric dis-
tribution, frequencies of divergence, conver-
gence and equivalence in closely-related and
distant species pairs were similar.

4. Discussion

Results of the presented analysis gener-
ally support the first of the tested hypotheses
that niche divergence increases with time
since speciation events. It was demonstrated
above that the level of niche divergence was
positively correlated with genetic distance
between compared taxa. Original hypoth-
esis (Peterson et al., 1999) postulated that
ecological niches evolve little at or around
the time of speciation events, whereas niche
differences are accumulated subsequently.
Nevertheless, | found that statistically sig-
nificant niche divergence at intra-specific
level, i. e. before speciation events, occurred
approximately in one third of the cases ana-
lyzed. In most of these cases, the level of
divergence was relatively low (index values
less than 1.1) and only in three cases it was
significantly higher. Two of the last three
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Fig. 1. Frequency distribution of different types of niche evolution in the groups with
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cases (genetic lineages of M. longicaudus)
can be considered as belonging to not within-
species level but rather to different cryptic
species, because genetic distances between
compared forms are noticeably higher that
it is typical for intra-specific forms of mam-
mals (Baker, Bradley, 2006). Only in one
case (genetic lineages of Ch. nivalis) this lev-
el was established for definitely within-spe-
cies level. These findings allow suggesting
that niche evolution can start with population
differentiation and that speciation events are
not critical thresholds in this process.

Some authors (Wiens, Graham, 2005;
Kalkvik et al., 2012) did not distinguish
convergence and equivalence of niches con-
sidering both as niche conservatism, which
may be correct at least in some cases. For
example, realized niches of two closely re-
lated allopatric forms with relatively small
geographic ranges can represent only minor
parts of a large fundamental niche. In this
case, convergence of realized niches corre-

sponds to equivalence of fundamental niches.
Probably, this explanation can be applied to
the cases of high level of niche convergence
between different within-species genetic
lineages (as it was found in M. californicus
and M. agrestis). However, cases of the high
level of niche convergence between sympa-
tric species in pairs (M. longicaudus — M.
montanus), (M. pennsylvanicus — M. pine-
torum), (Ch. gud — M. daghestanicus), and
(M. agrestis — M. subterraneus) seem to
represent the true deep convergence of fun-
damental niches.

Results of this analysis also support the
second of the tested hypotheses that niche
divergence is higher between sympatric than
between allopatric taxa. It was demonstrated
above that the frequency of niche divergence
was higher among species with allopatric dis-
tribution than among species with sympatric
or parapatric distribution. The finding that
the level of niche divergence was negatively
correlated with the standardized distance be-
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tween geographic ranges of compared taxa
also may be considered as a support for this
hypothesis. However, only increase of the
niche divergence with decrease of standar-
dized distances between geographic ranges
from 1 to O is the real hypothesis support.
From the other hand, decrease of the niche
divergence with increase of standardized
distances between geographic ranges from 1
to higher positive values is an obvious result
of spatial auto-correlation of environments,
when any niche divergence became low rela-
tive to progressively increasing differences
in the background environments.

All these results together indicate a sig-
nificant role of interspecific competition and
competitive exclusion in ecological niche
and geographic range evolution. It seems
clear that some initial level of niche diver-
gence is a necessary condition providing
possibility of co-occurrence and sympat-
ric distribution of a pair of species. Before
achieving this level of niche divergence,
strong interspecific competition prevents co-
occurrence by competitive exclusion. On the
other hand, moderate interspecific competi-
tion at sympatry can be effective driver of
any further niche divergence.

The cases of high level of niche conver-
gence between sympatric species can be ex-
plained by niche divergence in other respects
not detected by the current analysis. As all
species considered here have similar forag-
ing adaptations, divergence of their trophic
niches seems unlikely. The most probable
explanation of this phenomenon is differ-
entiation by micro-habitat use: for example,
rocky and meadow micro-habitats in the
case of M. longicaudus and M. montanus
or meadow and forest micro-habitats in the
case of M. pennsylvanicus and M. pineto-
rum. Unfortunately, this ecological feature
cannot be detected at the spatial scale ap-
plied in this study.
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Table 1. Characteristic of data included in the analyses.
Ta6a. 1. XapakTeprcTHKa JaHHBIX, BKIIIOYEHHBIX B aHAJIH3.

Species

Number of
occurrence points

Number of genetic
lineages

Alexandromys middendorffii 119 3
Alexandromys oeconomus 2526 3
Chionomys gud 159 2
Chionomys lasistanius 17 1
Chionomys nivalis 830 2
Chionomys roberti 105 2
Lasiopodomys (Stenocranius) gregalis 432 6
Lasiopodomys (Stenocranius) kossogolicus 124 1
Lasiopodomys (Stenocranius) raddei 95 1
Microtus (Agricola) agrestis 8843 6
Microtus (Agricola) levernedii 2199 2
Microtus (Agricola) rozianus 43 1
Microtus (Aulacomys) californicus 1315 2
Microtus (Aulacomys) mexicanus 808 1
Microtus (Aulacomys) richardsoni 468 1
Microtus (Herpethomys) guatemalensis 16 1
Microtus (Herpethomys) oaxacensis 19 1
Microtus (Mynomes) canicaudus 56 1
Microtus (Mynomes) longicaudus 3432 5
Microtus (Mynomes) montanus 1839 1
Microtus (Mynomes) oregoni 594 1
Microtus (Mynomes) pennsylvanicus 5887 1
Microtus (Mynomes) townsendii 440 1
Microtus (Orthriomys) chrotorrhinus 194 1
Microtus (Orthriomys) miurus 261 1
Microtus (Pedomys) ochrogaster 1840 1
Microtus (Pedomys) xanthognathus 138 1
Microtus (Pitymys) pinetorum 1006 1
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Ta6a. 1. Ending.
Table 1. Oxonuanue.

Species Number of_ Numb_er of genetic
occurrence points lineages
Microtus (Pitymys) quasiater 120 1
Microtus (Terricola) brachycercus 33 1
Microtus (Terricola) daghestanicus 163 1
Microtus (Terricola) duodecimcostatus 742 1
Microtus (Terricola) felteni 26 1
Microtus (Terricola) fingeri 27 1
Microtus (Terricola) gerbei 294 1
Microtus (Terricola) liechtensteini 111 1
Microtus (Terricola) lusitanicus 263 1
Microtus (Terricola) majori 301 1
Microtus (Terricola) multiplex 249 1
Microtus (Terricola) savii 161 1
Microtus (Terricola) subterraneus 4408 3
Microtus (Terricola) tatricus 144 1
Microtus (Terricola) thomasi 163 2




529

Ecological niche evolution in Arvicolini

8EY'T »xx0700'0¥2926°0 1200 GV sifebaib ('s) 1 TV sifebaib ('s) 1
6TT'T sNB9TO"0FEY66°0 €€0°0 vV sifefaib ('s) TV sifebaib ('s) 1
9TT'T xx8720°0F09€6°0 €€0°0 eV sifebaib ('s) 1 TV sifebaib ('s) 1
S06°0 »x/GT0'0F86£0'T GE0'0 2V sijebaib ('s) 1 TV sifebaib ('s) 1
1827 sNGTY0'0FT8L6°0 €200 S 18god Yo MN 118g01 "yd
6YTT »%x8LT0°0FSEET'T ¥10°0 SV M SI[eAIU YD an3 sijeAlu "yo
90T x68T0°0F€926°0 ¥0°0 3S pnb "yo MN pn6 "yo
€€6°0 +xx8ET0'0FG8S0°T T€O00 Buriag snwouosso 'y SV O SNWOU0930 'Y
29'¢ *x¥x££T0'0¥8/G8°0 00 m::wm SNWOU0Ja0 Y JN3 N SNWOou0Ia0 'y
o't xx7GT0'0F8ZE0'T ¥0°0 SV O SNWOU0230 'y N3 N SNWOU0230 'y
vILE x%xTG00'0¥6896°0 Zv0'0 Burlag snwouodso 'y N3 D SNWoU0280 Y
€99'T xxx7G00'0FSGTZ6'0 Zv0°0 SV O SNWOU0230 'y N3 D SNWou0230 Y
ITT x%x/800'0FS0€6°0 1200 N3 N SNWOU0280 'Y N3 D SNWou0280 Y
10582 xxV020°0F6TY0'T T€0°0 snaeydAl w "y snatoguadAy “w 'y
8TZ'T snG6T0'0F6600'T 1200 snaeydAs ‘W 'y IjJJ0pUBPPIL "W 'Y
69%'T xx80€0°0F2¥90'T 200 snaloquadAy ‘w 'y IjJJ0pUBPPIW "W 'Y
SauEIsip ds F uesw
uwN_mw“M_M_Eym 30UBBIAAID AUDIN 30ueISIp 2138UID) SwiI0) patedwod Jo sired

"UIj02IAIY

UWEUHULI TWHXOOhULOIK( MWI9g0TnandLARE ATNOW HUIHIIAOgHT HOMOOhMLIHAI M (QUHOHOLNLO
ooH1rderHeld F 99HIOdD) MMH MUIHOIJOgHY ‘doredde MMHONOLOU 8 HHhULIERd MMHON( 'Z ‘o],

“IUIJODIALY Ul 213103ds-eaul sabeaul) ansusbojAyd usamiaqg aouabianlp

J118usb pue (S F uesw) aduabianlp aydiu ‘sagualayip abues o1lydelboash Jo suolewnsy “Z sjqel




G. Shenbrot

530

18T'T sneL00°0F2700'T 8000 M 11pauIang] ('v) ‘N 3 11pausand] (')
6T6'T »xx6E00°0FTZV6'0 €100 M snsaibe ('v) ‘W ueas snsalbe () ‘N
668°0 xxxG700'079050'T 2100 M snisaife ('y) ‘W g N snsaibe ('v) ‘I
6v5C sn9200°0F7666°0 100 ueas snsaibe ('y) ‘N g N snsaibe (v) ‘W
GEO'T »xxTCT0'0F0L56°0 €100 M shsaibe (v) ‘W 14 snsaibe ('v) ‘N
¥59°C xxx0200°0¥.686°0 600°0 g N snsaibe () '\ 14 snsaibe () ‘N
v€6°0 »%x£600'079858°0 ¥10°0 ueds snsaibe ('v) ‘N 3 snsaibe (v) ‘W
8€9'T xxx6T00°0F9TV6'0 ¥10°0 g N snsaibe (') ‘W 3 snsaibe (v) ‘W
868°0 xxxTG00°0F7028°0 ¥10°0 M shsaibe () ‘W 7 snsaibe ('y) ‘N
G20'T xxx6/.00'0¥78506'0 1100 ueas snsaibe ('y) ‘W D snsaibe ('v) ‘N
S6Y'T snZ€00°0F0.L66'0 1700 g N snsaibe (v) ‘N D snsaibe ('v) ‘N
€660 x%xGG00°075256°0 G100 3 snsaibe ('v) ‘W 7 snsaibe ('v) ‘W
600'T snI2P0'0¥8L26°0 10 D siebaib ('s) 1 g sifefaib ('s) 1
ve0'T xxx00T0"0FZE88'0 980°0 g sijelaib ('s) 1 v sijefaib ('s) 7
L02°T xx0STO'0FTEYO'T 00 9V sifebaib ('s) 1 vV sifefaib ('s) 7
¥58°0 xxxG970°0F9.2L°0 T€00 Vv siebaib ('s) gV sifefaib ('s) 1
165 »xx1600°076T.6°0 6200 GV sjefaib ('s) 2V stfefaib ('s) 1
80S'T x%x2900"0F0V70'T 700 9V siebaib ('s) 1 TV siebaib ('s) 1
aouelsIp as T
UQN%HW_SW UeaLl 95UaBIAID BUDIN 30UBISIP 2138U3D) swi10j patedwod Jo sared

"QUHXIOrod]| "z a|geL
‘Buinunuo) 'z ‘roey,




531

Ecological niche evolution in Arvicolini

"OWMEBHEQH — QN ‘T00°0 > 0 — vxx ‘TO'0 > d — vx ‘S0°0 > d — 4 ;T 10 MMAUILO HLIOWHhEHE HHEA0d L

JURIIHIUBISUOU — SN ‘T00°0 > d — vy ‘TO'0 > d — vx ‘GO'0 > d — & T WOIJ SBOUSIBLIP JO S[9AS] doURIIUBIS

10T sn6720°0F28T0'T 9200 sname Isewouy ‘N 1sewoyy 1sewoyl (‘1) ‘N
' ‘0F ) ) INnJ] snauediaigns - AN3S
AN} sNEZV0'0FG866°0 6£0°0 1 ans ‘I snaueans (1) W
SITZ 1920°0785660 1000 N1 SNAUBIAIGNS N ANIMN
SN snauesaqns (‘1) ‘N
. . . . INIMN
v76°0 snJ0TO'0FTY00'T v£0°0 N3 S snaueLagns "Il snaueLIagns (1) ‘W
196'T snT200°070666°0 1500 00YS snpnedibuol ‘I MN snpneaibuol (') ‘N
Z66°E snTT00°0F0T00'T 1900 90Y4S snpnedifuol A [s1 snpneaibuol ('IA1) "IN
G680 »¥xG920'0FEV0Z'T 200 MN snpneaibuol '\ s1 snpneaibuol (') ‘N
T6LT #xxG500'07GLT0'T 9500 d0ys snpneaibuo ‘W O snpnedtbuol (W) "W
8v2'T »¥x6500'0F/8G6°0 1£0°0 MN snpneaibuol '\ 2 snpneaibuol (') ‘N
LETE »»x£200'0FT0TO'T 1700 Is1 snpneaibuoj ‘I 2 snpneaibuol (‘A1) "IN
195¢ »xx£600°0FS80T'T 7600 00YS snpnedibuol ‘|IN  zuv snpneaibuol (') ‘N
¥60'2 »xx8500'0F62.6°0 €200 MN snpneaibuo] ‘|A zi snpneaibuol () “IN
G99 »xxT1200'0¥6986°0 9200 Is| snpneaibuol ‘N zu snpneaibuol (‘A1) "IN
80°L *xx6C00°0FLETOT €700 D snpnealbuo| ‘Wz snpneaibuol (‘) TIN
£68°0 »xxE£600'0F6.8.°0 90'0 S snoluJoyIed "N N shotuojifes ('ny) ‘I
aouelsip
— aouelsIp
pazipJepuels ds F ueaw 3dusbusAIp aYydIN Sw10} patedwod Jo sdied
abuey IRRUSD

"OMHBRHOM() 'Z 9|]eL
‘Buipu3 'z ‘roe],




532 G. Shenbrot

Table 3. Estimations of niche divergence (below diagonal, mean * SD), genetic
divergence (first row above diagonal) and geographic range difference (second
row above diagonal) among Nearctic species of Arvicolini.

Taou. 3. Onenky auBepreHuy Huil (HUKe AUMAroOHAIN, CpeaHee * CTaHIapTHOE
OTKIJIOHEHHE), TeHETUYECKOH JUBepreHnnH (IepBasi CTpoKa BhIIIE JHATOHAIIH)
U Pa3IM4Ki B TIOJIOKEHNHA apeaoB (BTOpasi CTPOKa BBILIE TUATOHAIN) MEXKIY
Heapkruaeckumu Bumamu Arvicolini.

1 2 3 4 5 6
1 0.155 0.161 0.146 0.149 0.12
1.196 1.311 1.08 1.818 1.783
’ 0.9809+ 0.143 0.167 0.136 0.132
0.0015™" 1.128 1.026 3.67 3.515
3 1.0040+ 1.0891+ 0.152 0.152 0.137
0.0023" 0.0055™" 1.065 1.19 0.981
4 1.1475% 1.0776% 0.9771+ 0.125 0.14
0.0069™ 0.0083™ 0.0057" 3.142 3.317
5 0.9862+ 0.9856+ 1.0634+ 0.9762+ 0.108
0.0064™" 0.0065™" 0.0242 0.0036™" 2.045
6 1.0345+ 1.0161+ 1.1566+ 0.9880+ 1.0476+
0.0105" 0.0110" 0.0368™ 0.0032™ 0.0196™
7 0.9117+ 0.9070+ 0.9848+ 1.0529+ 1.0006+ 0.9990+
0.0081™ 0.0107™ 0.0028™ 0.0133™ 0.0014"s 0.0010M
8 1.3410% 1.2272+ 0.9232+ 1.2349+ 0.8995+ 1.0036=+
0.0076™" 0.0077" 0.0086™" 0.0290™" 0.0137™ 0.0206Ms
9 1.0054+ 1.2336+ 0.9910+ 1.4622+ 0.9836+ 1.0083+
0.0017 0.0071™ 0.0082" 0.0327 0.0062™ 0.0121"
10 1.0022+ 1.1988+ 0.9969+ 1.0396+ 0.9909+ 1.0028+
0.0039" 0.0134™ 0.0023™ 0.0167 0.0028™ 0.0031"s
1 1.2341+ 1.1761+ 1.0634+ 1.5479+ 0.9680+ 1.0385+
0.0097™ 0.0052" 0.0073™ 0.0176™" 0.0090™" 0.0167
12 0.9385+ 1.0151+ 1.0103+ 1.1570+ 0.9982+ 0.9991+
0.0045" 0.0080" 0.0018™ 0.0138™ 0.0020™ 0.0017™s
13 1.1644+ 1.0153+ 0.9829+ 1.0444+ 1.0003+ 1.0098+
0.0188™ 0.0020™ 0.0029™ 0.0039™ 0.0032"s 0.0035™
1 1.0857+ 1.0006+ 1.0040+ 1.0494+ 1.0025+ 1.0161+
0.0182™" 0.0016Ms 0.0024" 0.0053™ 0.0042MNs 0.0033™
15 1.0810+ 1.0690+ 1.0230+ 1.1902+ 0.9815+ 1.0199+
0.0035" 0.0022™ 0.0049™ 0.0113™ 0.0058™ 0.0085™
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Table 3. Continuing.
Taoa. 3. [Iponomxkenue.

1 2 3 4 5 6
16 1.3436+ 1.0210+ 1.0262+ 1.1030+ 1.0087+ 1.0157+
0.0611™ 0.0018™ 0.0034™ 0.0079™ 0.0040™ 0.0031™
17 0.9974+ 1.0061+ 1.0141+ 1.0595+ 1.0545+ 1.0309+
0.0041"s 0.0011™ 0.0025™ 0.0038™ 0.0063™" 0.0061™
18 1.0712+ 1.0710+ 1.1719+ 1.0066+ 1.0076+ 1.2842+
0.0075™ 0.0063™ 0.0260™ 0.0016™ 0.0117™s 0.0577
7 8 9 10 11 12
1 0.148 0.161 0.18 0.187 0.182 0.149
1.176 0.87 1.065 111 0.792 1.074
’ 0.155 0.197 0.161 0.186 0.155 0.156
1.032 0.674 0.616 0.648 1.227 0.938
3 0.138 0.172 0.144 0.184 0.17 0.131
1.726 0.912 0.909 1.472 0.925 1.538
4 0.152 0.158 0.134 0.167 0.158 0.147
0.943 0.463 0.394 0.672 0.595 0.724
5 0.171 0.176 0.163 0.171 0.172 0.158
6.417 1.703 2.6 4.705 1.615 4.885
6 0.133 0.166 0.152 0.162 0.155 0.133
8.876 1.656 2.65 5.432 1.737 5.385
7 0.152 0.102 0.142 0.111 0.05
0.846 1.042 0.143 1.16 0.523
8 0.9866+ 0.153 0.169 0.16 0.157
0.0151" 0.513 0.591 0.465 0.563
9 0.9124+ 0.7358+ 0.151 0.081 0.088
0.0079™ 0.0076™ 0.831 0.613 0.937
0 11714+ 1.0496+ 1.1644+ 0.175 0.138
! 0.0352" 0.0114™ 0.0092" 0.976 0.265
1 0.9561+ 1.6178+ 1.0568+ 1.1370+ 0.102
0.0124™ 0.0110™ 0.0044™ 0.0075™ 1.007
12 1.0616% 1.0796+ 1.0789+ 1.1170+ 1.0421+
0.0332" 0.0100™ 0.0084" 0.0353™ 0.0064™
13 1.0118+ 1.1336+ 1.0101+ 1.0120+ 1.2264+ 1.0087+
0.0051™ 0.0093™ 0.0029™ 0.0034™ 0.0300™ 0.0037*
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Table 3. Continuing.
Ta6a. 3. [Ipogomkenue.
7 8 9 10 11 12
1 0.9904+ 1.3905+ 1.0271+ 1.0037+ 1.2479+ 0.9982+
0.0023™ 0.0175™ 0.0026™" 0.0028" 0.0152™ 0.0026MN¢
15 0.9986+ 1.2432+ 1.0831+ 1.0426+ 1.0002+ 1.0248+
0.0038Ns 0.0070™" 0.0043™ 0.0021™ 0.0067"s 0.0018™
16 0.9859+ 1.5550+ 1.0464+ 1.0395+ 1.7019+ 1.0311+
0.0027 0.0270™ 0.0044™ 0.0039" 0.0387™ 0.0042"
17 0.9906+ 1.0432+ 1.0110+ 0.9970+ 0.8402+ 0.9926+
0.0060" 0.0029™ 0.0014™ 0.0016™ 0.0066™" 0.0019™
18 1.0044+ 1.1327+ 1.0446+ 1.0149+ 1.1689+ 1.0070+
0.0014™ 0.0140™ 0.0047" 0.0014™ 0.0148™ 0.0012™
13 14 15 16 17 18
1 0.122 0.152 0.167 0.224 0.16 0.13
1.223 0.281 1.093 0.79 1.279 1.68
5 0.149 0.166 0.143 0.172 0.159 0.15
2.807 2.284 1.773 1.586 2.077 2.75
3 0.132 0.165 0.164 0.162 0.163 0.15
1.625 2.184 0.95 1.705 1.183 0.88
4 0.15 0.165 0.166 0.167 0.15 0.13
1.503 0.718 0.855 1.014 1.419 2.6
5 0.152 0.167 0.171 0.149 0.137 0.14
2.075 4.851 1.817 3.764 2.446 1.76
6 0.108 0.137 0.138 0.236 0.124 0.12
2.16 5.151 1.892 3.868 2.162 11
7 0.134 0.153 0.159 0.145 0.168 0.15
2.181 241 1.488 1.711 2.338 5.9
8 0.158 0.174 0.191 0.152 0.196 0.17
1.329 0.849 0.849 0.729 1.119 1.66
9 0.143 0.172 0.163 0.148 0.169 0.16
1.474 1.465 0.816 1.121 1.198 2.1
10 0.168 0.165 0.182 0.168 0.189 0.18
1.95 1.864 1.274 1.289 2.148 4.1
" 0.148 0.156 0.169 0.159 0.189 0.16
0.577 0.774 0.411 0.519 0.59 1.47
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Table 3. Ending.
Tab6a. 3. OxoHuaHwue.

13 14 15 16 17 18

12 0.127 0.156 0.157 0.132 0.175 0.16

2.051 1.613 1.301 1.322 2.229 4.19

13 0.145 0.14 0.223 0.149 0.15

2.387 1.055 1.268 0.812 2.03

1 1.0848+ 0.162 0.247 0.159 0.13

0.0071™ 1.503 0.637 2.284 431

15 0.9870+ 1.0745% 0.235 0.169 0.17

0.0099" 0.0039™ 1.072 0.498 1.64

16 1.0926+ 1.0538+ 1.1045+ 0.271 0.24

0.0228™" 0.0443" 0.0123™ 1.483 3.31

1.1163+ 1.0543+ 1.0855+ 1.0461+ 0.1

o 0.0261™ 0.0038™ 0.0139™ 0.0069™ 1.65
18 1.0004+ 1.0013+ 1.0445+ 1.0142+ 1.0303+
0.0026Ms 0.0026Ms 0.0038™ 0.0026™" 0.0031™

Species / Buapl. 1 — A. oeconomus, 2 — M. (Au.) californicus, 3 - M. (Au.) mexicanus,
4 — M. (Au.) richardsoni, 5 — M. (H.) guatemalensis, 6 — M. (H.) oaxacensis,
7—- M. (My.) canicaudus, 8 — M. (My.) longicaudus, 9 — M. (My.) montanus,
10 — M. (My.) oregoni, 1 1- M. (My.) pennsylvanicus, 12 — M. (My.) townsendii,
13 - M. (0.) chrotorrhinus, 14 — M. (O.) miurus, 15 — M. (Pe.) ochrogaster, 16 —
M. (Pe.) xanthognathus, 17 — M. (Pi.) pinetorum, 18 — M. (Pi.) quasiater.

Significance levels as in Table 2 / YpoBuu 3naunmocTn kax B Tabir. 2.
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Table 4. Estimations of niche divergence (below diagonal, mean£SD), genetic
divergence (first row above diagonal) and geographic range difference
(second row above diagonal) among species of Chionomys, Agricola, and
Terricola.

Taou. 4. OrieHKy AUBEPreHINK HUI (HUXKE JUArOHajM, CpeHee + cTaHIapT-
HOC OTKJIOHCHHE), TCHETUYECKON JAUBEpreHiy (IiepBas CTpOKa BBIIIIE JAHa-
TOHAJIH) ¥ Pa3HYnil B OIOKCHHHU apeasioB (BTOpast CTPOKA BBIIIIE AWATOHA-
) mexxy Bugamu Chionomys, Agricola u Terricola.

1 2 3 4 5 6 7
1 0.136 0.15 0.146 0.211 0.198 0.205
1.66 0.99 0.228 1.461 2.101 7.565
1.0433+ 0.158 0.143 0.217 0.226 0.227
2 0.0325" 0.881 0.125 1.707 2.193 8.545
3 1.0829+ | 1.0613+ 0.116 0.197 0.179 0.183
0.0223" | 0.0333" 0.806 0.672 0.403 0.93
4 11775+ | 1.3077+ | 1.0159+ 0.168 0.167 0.172
0.0593" | 0.1050™ | 0.0193ns 1.427 2.068 7.444
5 1.1050+ | 1.5421+ | 1.1333+ | 0.9975+ 0.066 0.07
0.0120™" | 0.1050" | 0.0078™" | 0.0162s 1.002 1.136
5 1.1536+ | 1.0953+ | 1.0310+ | 1.0321+ 0.7684+ 0.04
0.0156™" | 0.0148™ | 0.0154™ | 0.0140™ | 0.0038"" 1.01
7 1.0003+ | 0.9940+ | 0.9709+ | 0.9962+ | 0.9849+ | 1.0051+
0.0028Ms | 0.0060M | 0.0217° | 0.0050N | 0.0119" | 0.0185Ms
8 0.9974+ | 1.0257+ | 1.1405+ | 1.0131+ 0.9981+ 1.0987+ 1.0047+
0.0056™ | 0.0122™ | 0.0217"" | 0.0083" | 0.0197“s | 0.0211™" | 0.0119NS
9 0.7969+ | 1.0561+ | 1.1797+ | 0.9411+ 1.0646+ 1.0356+ | 0.9938+
0.0319™ | 0.0605Ms | 0.0291" | 0.0511" 0.0103™ | 0.0099" | 0.0057"
10 0.9886+ | 1.0021+ | 1.1103+ | 1.0078% 0.8852+ 0.9271+ 1.0318+
0.0025™" | 0.0095Ms | 0.0126™ | 0.0071" | 0.0045™ | 0.0171™" | 0.0287"
" 1.0420+ | 0.9931+ | 1.3231+ | 1.0267+ | 1.0305+ | 1.2141+ | 0.9916+
0.0107"" | 0.0124Ns | 0.0688™ | 0.0228" 0.0186" | 0.0340™" | 0.0100MNs
12 0.9988+ | 1.1059+ | 1.4783+ | 1.0032+ 0.9279+ 0.9384+ 1.0037+
0.0116M° | 0.0363™ | 0.0473™" | 0.0252"S | 0.0246™ | 0.0202" | 0.0094Ns
13 1.0032+ | 0.9940+ | 1.0874+ | 1.0135x 0.9329+ 1.0050+ | 0.9784+
0.0032"s | 0.0111M | 0.0107 | 0.0082° | 0.0075™ | 0.0212"s | 0.0132"
14 1.0269+ | 1.0373+ | 1.0144+ | 0.9696+ | 1.0506+ | 1.2755+ | 0.9991+
0.0109™ | 0.0180™ | 0.0208 | 0.0170" | 0.0093™" | 0.0281™" | 0.0042"s
15 0.9857+ | 0.9865+ | 1.0461+ | 0.9773% 0.9300+ 1.0362+ | 0.9946+
0.0034™" | 0.0091" | 0.0123" | 0.0046™ | 0.0076™ | 0.0208" | 0.0386Ms
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Table 4. Continuing.
Ta6ua. 4. [Ipogomkenue.

1 2 3 4 5 6 7

16 1.1720+ | 1.2625+ | 1.2901+ | 0.8280+ | 0.9636+ | 1.0115+ | 0.9829+
0.0423™ | 0.0815™" | 0.0236™ | 0.0397" | 0.0126™ 0.0091" | 0.0055™
17 0.9961+ | 1.0356+ | 0.8834+ | 0.9460+ | 1.0432+ | 1.3850+ | 0.9920+
0.0075" | 0.0221" | 0.0208™ | 0.0117™ | 0.0081™ | 0.0428™" | 0.0093"s
18 1.0132+ | 1.0599+ | 1.1687+ | 1.0202+ | 1.0239+ | 1.2237+ | 1.0093+
0.0065™ | 0.0142"" | 0.0223"" | 0.0088™ | 0.0083 | 0.0239"" | 0.0089"
19 1.1742+ | 1.1669+ | 1.0990+ | 0.9984+ | 05927+ | 0.7743+ | 0.9945+
0.0256™ | 0.0294™" | 0.0135™" | 0.0211Ns | 0.0045™" | 0.0047 | 0.0186MS
20 1.0407+ | 1.0138+ | 1.1080+ | 0.9958+ | 1.3036+ | 0.9287+ | 0.9993+
0.0077 | 0.0179" | 0.0168™ | 0.0074Ns | 0.0168™" | 0.0090™ | 0.0027Ns
21 1.0308+ | 1.0221+ | 1.5225+ | 0.9973+ | 1.0342+ | 1.1362+ | 1.0067+
0.0057" | 0.0157 | 0.0391™" | 0.0069™° | 0.0095™" | 0.0115™ | 0.0074NS

8 9 10 11 12 13 14

L 0.204 0.207 0.207 0.216 0.218 0.208 0.2
4.496 0.137 3.109 3.996 1.831 5.985 3.782

) 0.201 0.202 0.188 0.2 0.211 0.185 0.198
4.065 0.249 3.213 4.073 1.01 6.867 3.904
0.16 0.169 0.149 0.165 0.196 0.158 0.14

3 0.701 0.74 0.677 0.39 0.867 0.681 0.512
4 0.175 0.166 0.148 0.173 0.163 0.146 0.14
3.473 0.2 2.966 3.351 0.84 6.067 3.456

5 0.176 0.172 0.165 0.154 0.164 0.161 0.151
1.228 1.472 1.017 1.118 1.301 0.93 0.892

6 0.155 0.162 0.15 0.134 0.157 0.14 0.13
1.616 2.101 0.413 1.276 1.701 0.305 0.601

7 0.17 0.16 0.154 0.137 0.153 0.139 0.132
5.261 7.52 0.716 9.831 6.268 1.288 4.173

8 0.15 0.107 0.115 0.135 0.103 0.098
4.452 1.661 1.306 2.522 3.242 1.811

9 1.0111+ 0.132 0.132 0.107 0.112 0.108
0.0077* 3.083 4.115 1.184 5.857 3.686

10 1.0061+ | 0.9705+ 0.098 0.131 0.082 0.079

0.0288Ns | 0.0042" 2.273 2.517 0.504 1.3

1 1.0184+ | 1.0544+ | 1.0848+% 0.08 0.121 0.083
0.0125" | 0.0158™ | 0.0196™" 6.202 2.27 1.484
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Table 4. Continuing.
Ta6ua. 4. [Ipogomkenue.
8 9 10 11 12 13 14
12 1.0123+ | 1.0798+ 1.0016+ | 1.0516% 0,112 0.11
0.0188Ns | 0.0255™" | 0.0138“S | 0.0065™" 4.841 2.466
13 1.0623+ | 1.0043+ 1.1512+ | 0.9948+ | 1.0325+ 0.064
0.0118™" | 0.0047™s | 0.0233" | 0.0271Ns | 0.0119™ 2.442
1.0183+ | 0.9746+ | 0.9846+ | 1.1056+ | 1.0119+ | 1.1239+
14 0.0101" 0.0169" 0.0078" | 0.0140™ | 0.0156™ | 0.0260"
15 1.0101+ | 0.9795+ 1.4328+ | 1.0087+ | 1.0103+ | 0.8889+ 0.9997+
0.0167NS | 0.0043™ | 0.0425™ | 0.0100Ms | 0.0140M | 0.0211™ | 0.0033"s
16 1.0232+ | 1.3902+ | 0.9819+ | 1.1189+ | 0.9654+ | 1.0060+ 1.0108+
0.0079™" | 0.0656™ | 0.0041™" | 0.0304™ | 0.0242" 0.0045 0.0211™s
1.0638+ | 0.9577+ | 0.8974+ | 1.1577+ | 0.9558+ | 1.0109+ 1.1437+
17 0.0183"" | 0.0081™" | 0.0124™" | 0.0387"" | 0.0171™ | 0.0080° | 0.0307""
18 1.1640+ | 1.0078+ | 0.9314+ | 1.1198+ | 1.0174+ | 1.0622+ 0.9724+
0.0477 | 0.0081Ns | 0.0116™" | 0.0132™" | 0.0224"s | 0.0069"" | 0.0255"
19 1.0798+ | 1.0653+ | 0.9578+ | 1.2202+ | 0.8738+ | 1.0215% 1.1132+
0.0174 | 0.0152™ | 0.0072"" | 0.0420™" | 0.0338"" | 0.0103™ | 0.0181™"
20 1.0115+ | 1.0010+ | 0.9894+ | 1.0466+ | 1.0193+ | 1.0009+ 0.9845+
0.0043~ | 0.0078Ns | 0.0029™ | 0.0123™" | 0.0063™ | 0.0026M° 0.0121"
21 1.0139+ | 1.0617+ 1.0302+ | 1.1181+ | 1.0433+ | 1.0431+ 1.0374+
0.0195Ns | 0.0087" | 0.0087 | 0.0708" | 0.0375" | 0.0053™" | 0.0073"
15 16 17 18 19 20 21
1 0.211 0.185 0.198 0.212 0.211 0.205 0.21
4513 0.189 4.434 4712 13 2.659 4.08
) 0.19 0.183 0.179 0.202 0.224 0.202 0.186
4.701 0.325 481 4.67 1.596 2.953 3.238
3 0.159 0.146 0.128 0.167 0.18 0.156 0.155
0.778 0.664 0.654 0.648 0.309 0.625 0.567
4 0.17 0.144 0.15 0.18 0.165 0.155 0.157
4.329 0.078 4.285 4.068 131 2.66 2.77
5 0.169 0.168 0.173 0.19 0.165 0.18 0.184
1.058 1.337 1.007 1.012 0.424 0.824 1.176
6 0.159 0.139 0.153 0.167 0.153 0.143 0.166
0.639 1.958 0.456 1.025 0.47 1.24 1.207
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Table 4. Ending.
Ta6u. 4. OxoHuanue.

15 16 17 18 19 20 21
7 0.163 0.138 0.157 0.165 0.157 0.149 0.165
0.336 6.838 3.188 3.258 1.3 5.645 4.908
8 0.118 0.138 0.114 0.054 0.145 0.119 0.109
2.596 3.925 1.642 1.026 1.235 5.315 1.242
9 0.146 0.125 0.128 0.156 0.096 0.145 0.133
4.473 0.185 4.372 4.622 1.306 2.587 3.955
10 0.052 0.108 0.094 0.108 0.137 0.107 0.107
0.261 2.893 0.869 1.028 0.84 1.967 1.803
1 0.094 0.125 0.082 0.108 0.123 0.086 0.081
3.886 3.785 2.852 2.296 0.761 2.134 0.546
12 0.138 0.126 0.128 0.134 0.054 0.123 0.116
3.678 1.028 3.243 3.008 1.064 1.946 2.057
13 0.088 0.103 0.079 0.109 0.111 0.084 0.077
0.608 5.316 1.335 1.67 0.854 3.645 3.116
1 0.086 0.102 0.058 0.098 0.106 0.083 0.074
2.124 3.311 1 0.643 0.582 2.365 1.138
15 0.108 0.1 0.115 0.137 0.112 0.099
4.21 1.53 1.681 1.053 3.086 2.716
16 0.9697+ 0.119 0.145 0.121 0.117 0.135
0.0034™ 3.944 4.095 1.214 2.272 3.006
17 0.9567+ 0.9741+ 0.115 0.12 0.085 0.077
0.0065"" | 0.0108™ 0.437 0.671 221 1777
18 1.0087+ 1.0326+ 1.2029+ 0.145 0.113 0.11
0.0075" | 0.0087"" | 0.0382"™ 0.717 2.225 1.527
19 0.9415+ 1.0085+ 1.0906+ 1.1350% 0.13 0.119
0.0130™ | 0.0138Ms | 0.0202"" | 0.0113™ 0.302 0.774
20 0.9792+ 1.0554+ 0.8394+ 1.0217+ 1.1631+ 0.091
0.0035"" | 0.0116™ | 0.0407™" | 0.0040" | 0.0212" 2.307
1 0.9984+ 1.1017+ 1.1017+ 1.0661+ 1.2263+ 1.0328+
0.0066 | 0.0093™" | 0.0140™ | 0.0117"" | 0.0141™ | 0.0039™"

Species / Buapi. 1 — Ch. gud, 2 — Ch. lasistanius, 3 — Ch. nivalis, 4 — Ch. roberti, 5— M. (A.) agrestis,
6 — M. (A)) levernedii, 7 — M. (A.) rozianus, 8 — M. (T.) brachycercus, 9 — M. (T.) daghestanicus,
10— M. (T.) duodecimcostatus, 11 — M. (T.) felteni, 12 — M. (T.) fingeri, 13 - M. (T.) gerbei, 14 —
M. (T.) liechtensteini, 15— M. (T.) lusitanicus, 16 — M. (T.) majori, 17 — M. (T.) multiplex, 18 — M.
(T.) savii, 19 — M. (T.) subterraneus, 20 — M. (T.) tatricus, 21 — M. (T.) thomasi.

Significance levels as in Table 2 / YpoBun 3naunmoctu kak B Taoum. 2.
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Table 5. Estimations of niche divergence (below diagonal, mean + SD), genetic
divergence (first row above diagonal) and geographic range difference (sec-
ond row above diagonal) among some Palaearctic species of Arvicolini.

Taou. 5. OueHky AUBEpreHIMK HUII (HIDKS AHArOHad, CpenHee + CTaHmaapT-
HOE OTKJIOHEHHE), TCHETHUECKOM AUBEpreHiun (fepBasi CTPOKa BBIIIE THa-
TOHAJIM) UPA3JINYKil B MOJOKCHUHU apeasioB (BTOpasi CTPOKA BBIIIE [UArOHA-
JIM) MEKTy HEKOTOPBIMH TTajieapKTHUecKuMu Buaamu Arvicolini.

1 2 3 4 5

L 0.102 0.165 0.171 0.151
0.15 1.811 0.353 0.533
11511 + 0.151 0.166 0.156
2 0.0243™ 1.011 0.233 0.297
3 0.9426 + 1.0951 + 0.176 0.197
0.0038™" 0.0060™" 1.179 0.672
4 1.2930 + 1.7887 + 0.9486 + 0.218
0.0506™" 0.0429™ 0.0065™ 0.348

1.1653 + 1.5690 + 11333 1.7646 +

° 0.0202™ 0.0185™ 0.0078™ 0.0424™

Species/Buapl. 1 — A. middendorffi, 2 — A. oeconomus, 3 — Ch. nivalis, 4 — L. (S.)
gregalis, 5 — M. (A.) agrestis.
Significance levels as in Table 2. / YpoBuu 3naunmoctn kax B Tab. 2.
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