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Regional zoogeographical zoning using species distribution
modelling by the example of small mammals
of South-Eastern Transbaikalia

Ekaterina V. Obolenskaya* & Andrey A. Lissovsky

ABSTRACT. Zoogeographical studies of regional scale always deal with incompleteness of faunal
information. Such information is usually available as a set of localities, covering the studied area as an
irregular network. At the same time, full coverage of data is needed for any spatial analysis. In this study, we
attempted to perform faunal zoning at a regional level, formalising the procedure to the greatest extent
possible. We used 47 small mammal species distribution models (SDM) as initial data for faunal zoning.
SDMs were previously constructed based on localities determined using museum labels and environmental
data with the maximum entropy method. SDMs were converted to binary values using fixed threshold. We
calculated 1-Jaccard similarity coefficients between unique sets of predicted species compositions in each
raster cell. The resulting dissimilarity matrix was analysed using hierarchical cluster analysis with the Ward
and unweighted average methods. We distinguished three large clusters with nine subclusters based the
similarity of the fauna composition. Patterns of the spatial distribution of species numbers and species
composition homogeneity were obtained. The relationships between the distribution of species richness and
the spatial heterogeneity of the fauna with latitude, longitude, altitude and environmental factors were
studied using regression and discriminant analysis. Finally, two faunas were found in South-Eastern
Transbaikalia, and a large territory in this region is occupied by a zone of their interpenetration. Analysis of
stacked SDMs proposed as important tool for investigation of regional zoogeographical heterogeneity. It is
especially useful for extrapolation of faunal data to a larger unstudied territory.
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PernoHanbHoe 3o0o0reorpacdunyeckoe panoHMpoBaHue c
MCNOJSIb30BaHUEM MOAENMPOBaHUA pacnpocTpaHeHusi BUAOB Ha
npumepe menkux mnekonurtarwwmx KOro-BoctouHoro 3abankanba

E.B. O6oneHckas, A.A. Jlncosckumn

PE3IOME. 3ooreorpadgudeckne ucciaeaoBaHus, BEITIOTHEHHBIE B PETHOHAIEHOM MacIiTade, Bcerja cTall-
KHBAIOTCS C HEMOJIHOTOW (payHucTHueckor nHpopmarmu. Takas nHGOpMaIysi, KaK PpaBUilo, MpecTaBiie-
Ha B BUJie HAOOpa JIOKAJIUTETOB, MOKPHIBAIOIINX HCCIIEIYyEMYIO0 TEPPUTOPHIO HEPETyJISipHOU ceThio. B To
JKE BpEeMsl, TIOJHOE MOKPHITHE (PayHUCTUICCKUMHU JTaHHBIMU TEPPUTOPUU HEOOXOIMMO VIS JTIFOOOTO TpPO-
CTPAHCTBEHHOI'0 aHaK3a. B 9TOM HCCIeIOBAaHMH MBI MOIBITATUCH TIPOBECTU (PAyHUCTUIECKOE PAOHUPO-
BaHHE PErMOHAIBLHOIO YPOBHS, MAKCUMAJIbHO BO3MOXKHO (hOPMAIN30BaB METOAMKY. B KauecTBe MCXOjI-
HBIX JIAHHBIX JUIsl (hayHHCTHYECKOTO PalOHUPOBAHMS MbI UCIOJB30BaIK 47 Mojeleil pacipocTpaHeHUs
MCEJIKUX MJICKOIIUTAKOIINX. Monenn IMOCTPOCHBI METOJAOM MaKCHUMaJIbHOM OHTPOIMKU HAa OCHOBAaHUHN TOYECK
HaxO0JI0K, OIPEEICHHBIX 110 My3€HHBIM dTHKETKAM, M 9KOJIOIMYECKUX TaHHBIX. MoJienu OblTi peodpaso-
BaHBI B IBOUYHBIC 3HAUCHHUSI, HCIIOIB3YsI (PUKCHPOBAHHBIN TOPOT. MBI paccunTaiu, KO3QQHUIUCHTHI pa3iiu-
yust (1-ko3dduiuent cxoncra XKakkapa) Mexy YHHUKaIbHBIMU HAOOpaMU COYETAHUN BUIOB IS KAX-
JIOH stueiiku pactpa. Pe3ynbTupyrolias MaTpriia pa3induil Obuia MPOaHATH3UPOBAHA C TOMOIIBIO Hepap-
XUYECKOro KiacTepHoro ananmmsa merogoM Yopraa 1 UPGMA. Ha ocHoBe cxoicTBa cocTaBa (ayHbI
PEruoHa Mbl BBIJACIWIN TPHU KPYITHBIX KJIaCcTEpa C ACBATHIO IMOJAKIACTEPAMU. BbUIM BBISBIIEHBI 3aKOHOMEP-
HOCTH IPOCTPAHCTBEHHOT'O PACIpeielIeHNs] KOJINYeCTBa BUIOB M OZJHOPOHOCTH BUI0BOI0 cocTasa. Biau-
MOCBSI3b MEX/Iy PacIpeICIICHUEM BHIOBOTO OOTaTCTBA M IMIPOCTPAHCTBEHHON HEOHOPOTHOCTHIO (PayHBI C
LIUPOTOH, JOJITOTO, BEICOTON MECTHOCTH HaJl YPOBHEM MOPs U (DAKTOPAMU OKpPYIKaroIeH cpebl hakro-
POB OBUIM HM3y4Y€HBI C MOMOMIBIO PErPECCHOHHOIO U JUCKPUMHUHAHTHOTO aHanu3a. B wurtore B FOro-
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Bocrounom 3abaiikanibe ObUTH OOHapy>keHbI ABe (ayHbl, U OOJbLIAs 30HA MX B3aUMOINPOHUKHOBEHUSI.
AHanu3 Mozesel pacpocTpaHeHHUs! BUJIOB TIpeylaraeTcss B KauecTBe Ba)KHOTO MHCTPYMEHTA JUIsl U3y4e-
HUSI PETHOHAJIBHON 300Te0rpauIeckoil HEOAHOPOAHOCTH. DTO OCOOEHHO TTOJIC3HO JUTS SKCTPAITOISIINT
(ayHUCTHYECKUX JAHHBIX I OOJBIIOH MaJOM3y4eHHOH TepPUTOPHU.

KJIFOUEBBIE CJIOBA: menkue MIEKONUTAIONIUE, MOJIEITUPOBAHUE PACTIPOCTPAHEHHsI BUJIOB, TIPUPOI-
HbIe (pakTophl, 3abaiikaibe, 300reorpadhuueckoe paioOHUPOBAHUE.

Introduction

Since the first attempts at faunal zoning, one of the
main tasks of zoogeography has been the development
of methods (Sclater, 1858; Wallace, 1876; Severtsov,
1877; Semenov-Tyan-Shanskiy, 1936; Darlington,
1957; Hagmeier & Stults, 1964; Simpson, 1964; Hag-
meier, 1966; Kimoto, 1966; Udvardy, 1975; Skulkin &
Puzachenko, 1986; Marquez et al., 1997; Olivero et al.,
2013; Ravkin ef al., 2013). In comparison with global
scale zoogeographical studies, regional or local scale
studies present unique questions and methodological
problems. If the study of thousands of distribution rang-
es worldwide is amenable to local scale generalisation,
then the construction of detailed range boundaries based
on a limited set of known locations is a separate and
complicated problem.

Analyses of publications on regional theriofaunal
zoning have demonstrated a notable diversity of meth-
odologies (Kucheruk, 1959; Afanasyev, 1960; Maty-
ushkin et al., 1972; Chernyavskiy, 1978; Tupikova,
1982; Neronov & Arsenyeva, 1980; Shvetsov et al,
1984; Skulkin & Puzachenko, 1986; Varshavskiy et al.,
1997; Badgley & Fox, 2000; Lyamkin, 2002; Xiang et
al., 2004; Heikinheimo et al., 2007; Escalante et al.,
2010; Nobrega & Marco, 2011). Unlike studies on the
zoning of all terrestrial areas or Palearctic, ecological
approaches have been predominant in zoogeographical
studies conducted on a local or regional scale (Banni-
kov, 1954a,b; Matyushkin, 1972; Yudin ef al., 1979;
Lyamkin, 2002). This approach is quite logical because
regional-level zoning is more often associated with
species ranges, which are largely determined by land-
scape-zonal conditions.

One of the methodological problems, based on the
analysis of publications, is the primary choice of spatial
units for zoogeographical analysis. In practice, this
problem is often solved in two ways. First, units of
previous physiographic or zoogeographic zoning can
be taken as primary units for analysis (Yudin et al.,
1979; Shvetsov et al., 1984; Marquez et al, 2001;
Xiang et al., 2004). Second, networks of regular squares
have been successfully used in studies on regional scale
zoning in the USA, Canada, Iran, Afghanistan, Mongo-
lia, China, Europe and other regions (Hagmeier & Stults,
1964; Simpson, 1964; Kaiser et al., 1972; Wilson,
1974; Neronov, 1976; Neronov & Arsenyeva, 1980;
Skulkin & Puzachenko, 1986; Marquez et al., 1997,
Heikinheimo et al., 2007; Escalante et al., 2010; Bar-
bosa et al., 2012).

Another methodology problem affecting the study
of regional zoogeography is the heterogeneous distri-
bution of faunal information in the territory of the
region under consideration. Faunal information is usu-
ally available as a set of localities, covering the studied
area as an irregular network. At the same time, full
spatial coverage of faunal data is needed for typifica-
tion or faunal zoning. When working on a global scale,
we can roughly estimate ranges as continuous polygo-
nal objects; the fine «lace» of the range with all of its
gaps and isolates is the core value itself when studying
a small territory.

Most zoning methods suppose a subdivision of a
territory into a set of units that contain information on
the local fauna. However, it is virtually impossible to
collect “complete” information on faunal distributions
within “regions” such as Mongolia, Kazakhstan or north-
east Siberia. Researchers must restrict themselves to a
limited number of reference points and extrapolate the
data contained therein.

We can distinguish at least two theoretical approach-
es to the extrapolation of faunal data (Ferrier & Guisan,
2006). The first method is the analysis of faunal data
only from localities with available faunal information.
In this case, the extrapolation can be performed at the
level of the fauna identified during the analysis. How-
ever, in this case, an a priori limit is determined by the
set of faunas (lists of taxa) that were directly observed
by the investigator. In practice, the identification of a
complete species list for any particular territory is an
extremely difficult task. Thus, this approach has a cer-
tain initial error. The second method is the extrapola-
tion of the distribution of each species, with a conse-
quent analysis of the spatial heterogeneity of the stacked
distributions. Algorithms for spatial extrapolation are
well developed within the modern framework of the
“species distribution modelling” approach.

The choice of a faunal typification method is a more
technical task that has not substantially changed since
the work of Wallace. Currently, this approach involves
searching for a method to compare lists of taxa. One of
the traditional methods of typification is cluster analy-
sis using similarity indices, such as the Jaccard (Jac-
card, 1901) or Simpson (Simpson, 1960) coefficients,
as distance metrics.

In this study, we attempted to perform faunal zoning
at a regional level, formalising the procedure to the
greatest extent possible. We used species distribution
models as the initial data, formal networks as the terri-
torial units, and cluster analysis as the classification
method.
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Figure 1. South-Eastern Transbaikalia. The map is presented using the Kavraiskiy conical intermediate projection.

We chose South-Eastern Transbaikalia as a model
territory. The natural conditions of South-Eastern Trans-
baikalia are largely dependent on the mountainous re-
lief (Vosskresenskiy & Postolenko, 1967; Olyunin,
1975). This includes notable differences in the river
network density between the northern and southern
parts of the region. The region is also characterised by a
continental climate regime (Arefyeva et al, 1965;
Shpolyanskaya, 1978) and is positioned at the junction
of Euro-Siberian dark coniferous and East Siberian
light coniferous forests with the steppes of Mongolia
and the Far East (Peshkova, 1985; Tahtadzhan, 1986;
Galanin et al., 2009), resulting in notable patchiness
and distinct landscapes (Mikheev & Ryashin, 1967,
Isachenko, 1985). These factors affect the diversity of
the regional fauna.

Small mammal faunas in the study region were
actively studied beginning in the 18" century (Pallas,
1788; Radde, 1861; Cherkasov, 1867; Kuznetsov, 1929;
Skalon, 1935; Fetisov, 1944; Nekipelov, 1960). The
amount of faunal data varies with locality. Large areas
within the region lack faunal studies primarily because
they are remote areas without a transportation network.

Materials and methods

We analysed a part of Transbaikalia, located within
the Amur River basin and the undrained area of the

Uldza-Torey Plain. This territory is bounded in the
west and north by the line of the Amur watershed, in the
east by the 123° E meridian, and in the south by the
national boundaries between Russia, Mongolia and
China (Fig. 1). Southern artificial boundary was chosen
because of sharp difference in data abundance between
states.

Mammal data and species distribution mod-
elling

We used 47 species distribution models of repre-
sentatives of the orders Eulipotyphla, Chiroptera, Ro-
dentia and Lagomorpha from our previous study (Liss-
ovsky & Obolenskaya, 2015) as our initial data for
zoning: Daurian hedgehog Mesechinus dauuricus (Sun-
devall, 1841); tundra shrew Sorex tundrensis Merriam,
1900; Siberian large-toothed shrew Sorex daphaeno-
don Thomas, 1907; flat-skulled shrew S. roboratus
Hollister, 1913; Laxmann’s shrew S. caecutiens Lax-
mann, 1788; taiga shrew S. isodon Turov, 1924; Eur-
asian least shrew S. minutissimus Zimmermann, 1780;
eastern water bat Myotis petax Hollister, 1912; Brandt’s
bat M. brandti (Eversmann, 1845); steppe whiskered
bat M. aurascens Kuzyakin, 1935; brown long-eared
bat Plecotus auritus (Linnaeus, 1758); northern bat
Eptesicus nilssoni (Keyserling et Blasius, 1839); parti-
coloured bat Vespertilio murinus Linnacus, 1758; Asian
particolored bat Vespertilio sinensis (Peters, 1880);
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flying squirrel Pteromys volans (Linnaeus, 1758); Eur-
asian red squirrel Sciurus vulgaris Linnaeus, 1758;
Siberian chipmunk Tamias sibiricus (Laxmann, 1769);
long-tailed ground squirrel Spermophilus undulatus
(Pallas, 1778); Daurian ground squirrel S. dauricus
Brandt, 1843; tarbagan marmot Marmota sibirica (Rad-
de, 1862); Mongolian five-toed jerboa Allactaga sibir-
ica (Forster, 1778); striped hamster Cricetulus bara-
bensis (Pallas, 1773); Campbell’s dwarf hamster Phodo-
pus campbelli (Thomas, 1905); Amur brown lemming
Lemmus amurensis Vinogradov, 1924; wood lemming
Myopus schisticolor (Lilljeborg, 1844); gray red-backed
vole Myodes rufocanus (Sundevall, 1846); northern
red-backed vole M. rutilus (Pallas, 1779); Maximov-
icz’s vole Alexandromys maximowiczii (Schrenck,
1859); Mongolian vole Microtus mongolicus (Radde,
1861); reed vole A. fortis (Biichner, 1889); narrow-
headed vole Lasiopodomys gregalis (Pallas, 1779);
Brandt “s vole L. brandtii (Radde, 1861); North China
zokor Myospalax psilurus (Milne-Edwards, 1874);
steppe zokor M. aspalax (Pallas, 1776); Armand’s zokor
M. armandii Milne-Edwards, 1867; Mongolian gerbil
Meriones unguiculatus (Milne-Edwards, 1867); brown
rat Rattus norvegicus (Berkenhout, 1769); house mouse
Mus musculus Linnaeus, 1758; striped field mouse
Apodemus agrarius (Pallas, 1771); Korean field mouse
A. peninsulae (Thomas, 1906); harvest mouse Micromys
minutus (Pallas, 1771); northern pika Ochotona hyper-
borea (Pallas, 1811); Manchurian pika O. mantchurica
Thomas, 1909; Hoffmann’s pika O. hoffinanni Formos-
ovetal., 1996; Daurian pika O. dauurica (Pallas, 1776);
mountain hare Lepus timidus Linnaeus, 1758; tolai hare
L. tolai Pallas, 1778. Below, we briefly describe the
methods used to obtain these models because they are
closely related to the methods used in this study.

Localities for the 47 species were used to construct
the distribution models. We combined these taxa under
the conditional name “small mammals”. All of the in-
formation used for the study was obtained from muse-
um specimen labels. We analysed approximately 3000
specimens from five museums, which had been collect-
ed by 81 zoologists from the middle of the 19" century
to the present (Lissovsky & Obolenskaya, 2015).

Since museum data have some limitations as initial
data for species distributions modelling (Newbold,
2010), we checked species identification for every spec-
imen and paid special attention to identification of
localities’ coordinates.

We determined the coordinates for 453 specimen
localities (Appendix 1) using publications (field routes
descriptions, publications mentioning collecting points)
and topographic maps (beginning in the 19" century)
with scales of 1:200 000 and 1:100 000. Some speci-
mens (including ours) had already been assigned GPS
coordinates.

The maximum entropy method (Phillips et al., 2006;
Phillips & Dudik, 2008; Elith ef al., 2011) was selected
for the species distribution modelling. We used the
environmental variables described below for distribu-
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tion extrapolation. A special raster layer, characterising
the “availability” of the territory for zoologists, was
used to avoid the calculation shift caused by the irregu-
larity of visits to different parts of the region by the
collectors.

Each model was built 10 times based on random
sampling (60%) from all localities available for every
species. We calculated the final model as the average of
the results of the 10 iterations described above. We
performed additional checks on the models during the
2011 field season (Lissovsky & Obolenskaya, 2015).

Distribution models constructed for 37 of 47 spe-
cies were considered successful and corresponded to
all of the available data on small mammal distributions
in South-East Transbaikalia. Six distribution models:
Brandt “s vole, Mongolian gerbil, Maximovicz’s vole,
reed vole, northern pika and Manchurian pika deviated
from the observed distribution of the species in nature.
The models for Brandt’s vole and the Mongolian gerbil
included uninhabited enclaves. The distributions of the
remaining four species were interdependent with close-
ly related species or “competitors”. The data of these
six models included the removal of the unpopulated
enclaves and transferring one part of Maximovicz’s
vole range model of the upper Onon River to the Reed
vole model. These alterations successfully transformed
these models. Another four distribution models of spe-
cies known in the region that were based on only 2-3
reported occurrences: northern bat, Amur brown lem-
ming, Hoffmann’s pika, flying squirrel deviated from
the reported distribution in nature (Lissovsky & Obo-
lenskaya, 2015). However, these four models apply to
very small areas and do not significantly shift the zon-
ing results.

Environmental data

The total area of South-Eastern Transbaikalia is
269 602 km?. A raster network with a pixel size 0 0.02°
was selected for species distribution modelling and
faunal typification of the region. This pixel size reflects
the scale of the initial environmental data and reduces
potential errors arising from incorrect geographical co-
ordinate identification decoding the museum labels.
The average area of the raster cells (analysed territorial
units — ATU) was 3.2 km?.

The environmental data comprised the following:

1) A remote survey from the scanning system MO-
DIS of the Terra satellite with a resolution of 500 m
(http://glcfumiacs.umd.edu/data/). We used generalised
average monthly data for February, July and October,
2001. Our choice of these months reflects the three
principal seasons in South-Eastern Transbaikalia. Sev-
en sets of spectral brightness, corresponding to the
seven bands of the scanning system, were obtained for
each of the three seasons. We also calculated the norm-
alised difference vegetation index (NDVI) (Carroll et
al., 2003) for summer (Appendix 2).

2) WorldClim global climate data with a resolution
of 30” (>1 km) (http://www.worldclim.org) (Hijmans
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et al., 2005). We used 19 “bioclimatic” variables (Ap-
pendix 2) that were hypothetically relevant to the distri-
bution of biological objects. These variables are com-
monly used for species distribution modelling (Hij-
mans et al., 2005; Nobrega & Marco, 2011).

3) A GIS layer (“maxentpopul”) comprising region-
al objects that indicate settlements (created based on a
map with a scale of 1:1000000). We used this layer
together with environmental variables solely for model-
ling the synanthropic species distribution (Appendix 2).

Initial standardized variables were transformed into
mutually orthogonal variables using principal compo-
nent analysis (climate and satellite data were trans-
formed separately). These principal components, which
together described the natural conditions of the region,
were considered as the environmental factors. Only
factors with non-random spatial distribution were se-
lected for further analysis (Lissovsky & Obolenskaya,
2015) (Appendix 2).

Clustering methods

We recoded the relative likelihood values from
Maxent to convert the modelled ranges to binary form
(“1” — suitable area, “0” — unsuitable area). The
lower tenth percentile of the relative likelihood of the
species detection in the training set was taken as the
threshold. The relative likelihood values lower than the
threshold were set to zero, and those higher than the
threshold were set to one. Fixed threshold in our study
with standard methods of animals capture simulates a
kind of detectability.

All information on the distribution model was sum-
marised in a table containing 47 columns (species) and
83551 rows (ATUs). Each table cell contained either a
“1” or “0”. We condensed the table for further analysis
by selecting a set of rows with a unique set of species
(elementary faunas — EFs). There were 29331 EFs.
Due to technical limitations of the software as well as
the zoogeographic reasonableness, we excluded EFs
that occurred on the regional map as only 1, 2 or 3
ATUs. The resulting table contained 3348 rows.

We calculated 1-Jaccard similarity coefficients (Jac-
card, 1901) to assess the dissimilarity of the EFs. We
conducted typification of fauna using hierarchical clus-
ter analysis with the Ward and unweighted average
(UPGMA) methods. Cluster membership of excluded
EFs that occurred on the map as only 1, 2 or 3 ATUs was
determined using a canonical discriminant analysis.

Distribution of fauna in the spaces of envi-

ronmental factors

Analysis of the spatial distribution of small mammal
species across the region (the number of species in each
ATU and the area occupied by each FE) was conducted
using the GIS package Mapinfo 11.0.

Recoding of the modelling results (converting prob-
abilities to binary) was performed using the GIS pack-
age ScanEx Image processor 3.0. We used the GIS

package DIVA-GIS 7.3.0 for data visualisation. Map-
ping was performed using the GIS package Mapinfo
11.0. All maps were designed using Kavrayskiy’s equi-
distant conic projection.

We calculated Jaccard coefficients (using original
script), standardized variables, cluster analysis, dis-
criminant analysis, correlations between the number of
species and the latitude, longitude, altitude and regional
environmental factors; the relationship between the spa-
tial heterogeneity of the regional fauna (faunal clusters
and subclusters) and distribution of environmental fac-
tors using Statistica 8.0 (StatSoft, 2007).

Results

Spatial distribution of species

Each EF contained from 1 to 29 species with an
average of 11.4 + 4.4 species. Species richness estimat-
ed from stacked SDM seems to be overestimated (Trot-
ta-Moreu & Lobo, 2010; Guillera-Arroita ef al., 2015),
however we can use our result as relative estimate. The
smallest number of species occurred in the taiga (Fig.
2). Watersheds and peaks of mountain ranges in the
taiga showed the poorest species distribution. A greater
number of species inhabits the intermountain basins in
the forest zone. Flood-lands and forest-steppe showed a
greater diversity of fauna. Steppes are inhabited by a
greater number of species compared to taiga and forest-
steppe territories. The maximum number of species was
found in the steppe along the Argun’ River.

The correlation between the species number and
latitude, longitude or altitude was poor (r =-0.13, —0.53
and —0.25, respectively). Humid summer conditions
showed the highest correlation between species num-
bers and environmental factors (r = 0.68). The absolute
values of the correlation coefficients for the other envi-
ronmental factors were less than 0.45.

The area occupied by each EF varied between 1 to
791 ATUs. The average area inhabited by each EF in
the region was 2.8 + 12.3 ATUs. A considerable pro-
portion (70%) of the EFs occurred on the map only
once, with 12% occurring in two ATUs and 5% occur-
ring in three ATUs. In general, those faunas inhabiting
a larger area were more rare.

EFs occurred on the map once, twice or thrice
occupied the steppe and forest-steppe areas in the re-
gion within a wide band (Fig. 3). These EFs also oc-
curred in the taiga. EFs with maximally occupied areas
were located in the taiga or the mountain taiga in the
northern, north-eastern and eastern parts of the region.

Faunal cluster results

The commonly used UPGMA method of clustering
(Hagmeier & Stults, 1964; Neronov, 1976; Neronov &
Arsenyeva, 1980) yielded distances between clusters
that were too small, and therefore, it was difficult to
elucidate the cluster structure. We applied the Ward
method, which is also commonly used (Simpson, 1964;
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Figure 2. Potential species richness based on distribution model predictions in South-Eastern Transbaikalia. The map is

presented using the Kavraiskiy conical intermediate projection.
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Figure 3. Faunistic homogeneity of the territory of South-Eastern Transbaikalia. ATU is analysed territorial unit. The map is

presented using the Kavraiskiy conical intermediate projection.
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Figure 4. Dendrogram of similarity of elementary faunas of South-Eastern Transbaikalia using 1-Jaccard coefficients. Ward
method; hierarchical cluster analysis. A, B, C: strong boundary; 1-9: weak boundary.
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Figure 5. Spatial localisation of faunal clusters (A, B, C) on the territory of South-Eastern Transbaikalia. The map is presented
using the Kavraiskiy conical intermediate projection.

Kaiser et al., 1972; Wilson, 1974; Skulkin & Puzachen- EFs from cluster A included eight species occurring
ko, 1986; Xiang et al., 2004; Heikinheimo et al., 2007).  only within this cluster, we propose to call them exclu-

Cluster analysis of EFs revealed three large clusters  sive species (by analogy with Braun-Blanquet classifi-
with nine subclusters (Fig. 4) showing a clear spatial ~ cation); seven species occurring in more than 70% of
localisation (Fig. 5). ATUs in this cluster, we propose to call them selective
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Table 1. Description of the faunal clusters A, B and C (qualitative and quantitative composition).

Faunal

Exclusive species
clusters

Selective species

Spatial localisation of
the analysed territorial
units

Preferential species

Striped field mouse, tarbagan
marmot, Mongolian gerbil,
Daurian ground squirrel,

A | Campbell's dwarf hamster,
Hoffmann’s pika, steppe
whiskered bat, Armand’s
zokor

Particoloured bat,
tundra shrew, striped
hamster, Daurian
pika, Daurian
hedgehog, harvest
mouse, Mongolian
five-toed jerboa

Brown rat, brown
long-eared bat,
narrow-headed vole,
tarbagan marmot,
Brandt’s vole,
Siberian large-
toothed shrew

South steppes: along the
Argun River, on the
Uldza-Torey Plain, in
the upper stream of the
Onon River

Siberian chipmunk,
Korean field mouse,
tundra shrew

Forest-steppe territories
in the South of the
Argun-Shilka
interfluve; the valleys
within basins of the
Onon River and the
Ingoda River; the upper
stream of the Shilka
River

Maximovicz’s vole,
striped hamster,
harvest mouse,
brown rat, long-tailed
ground squirrel, gray
red-backed vole

C | Brandt's bat

Siberian chipmunk

Plain and mountain
taiga in the basins of the
Ingoda River, the Shilka
River, the Argun-Shilka
interfluve

Laxmann’s shrew,
gray red-backed vole,
taiga shrew, Korean
field mouse

species; six species occurring in more than half of the
ATUs in this cluster, we propose to call them preferen-
tial species (Allaby, 2004). Cluster B had no exclusive
species but included three selective species and six
preferential species. Cluster C had one exclusive spe-
cies, one selective species and four preferential species
(Tab. 1).

Clusters A and B together had several species that
do not live outside of this aggregated area, including
the Mongolian five-toed jerboa, the Daurian hedgehog,
Brandt “s vole, tolai hare and the Daurian pika. By
combining clusters B and C, the following exclusive
species were obtained: the flying squirrel, the Northern
pika and the taiga shrew.

No exclusive species occurred in any of the nine
subclusters. The lowest number of selective species
occurred within subclusters BS and C9. Selective spe-
cies were absent from subcluster C7; this subcluster
showed the lowest number of species.

EFs covering minor areas (1-3 ATUs) were distrib-
uted between clusters A, B and C in nearly equal pro-
portions: 7569, 9315 and 9099 ATUs in clusters A, B
and C, respectively.

Distribution of fauna in the space of envi-

ronmental factors

Territories covered with EFs from clusters A, B and
C were successfully localised in a multidimensional
hyperspace of environmental factors (Fig. 6) (Wilks =
0.17,p <0.01). Territories of clusters A and C could be

distinguished by discriminant analysis with an accuracy
of 0.98. Summer humidity conditions (correlation with
the first canonical axis r = 0.77), NDVI values (r =
0.77) and the ecosystems humidity characteristic (r =
0.62) had the greatest impact on this discrimination.
The general resolution of the system with three clusters
was 0.87. The accuracy of the determination of the
territory of cluster B was 0.71. The territory of cluster B
widely overlapped with the territories of two other clus-
ters in the hyperspace of environmental factors (Fig. 6).
Territories of subclusters could be explained by environ-
mental factors with a lower accuracy (Tab. 2).

Discussion

The weak differentiation of clusters using the UPG-
MA method indicates an absence of sharp spatial bor-
ders between faunas. The EFs of cluster A evidently
reside in the steppe zone, whereas the EFs of cluster C
occur in the taiga; from an ecological perspective, the
exclusive and selective species of clusters A and C are
steppe (Kucheruk, 1959) and taiga (Kulik, 1972) spe-
cies, respectively.

Faunal clustering

Three large clusters, each with its own internal
structure, can be distinguished at the first hierarchical
level. We could not determine the next lowest hierar-
chical level of the EF spatial distribution using the
dendrogram alone. Thus, we describe the most discrete
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Figure 6. Distribution of members of faunal clusters in the canonical space of environmental factors.

Table 2. Separation of the faunal subclusters by canonical discriminant analysis based on environmental factors

Pairs of faunal % of correct Maximal correlation Discriminating environmental factors
subclusters determination with environmental
factors
Al and A2 94 0.6 Daily temperature difference
B3 and B4 89 0.53 Ecosystems humidity characteristic
B3 and B5 0.52 Biological productivity of vegetation
86.5 0.7 Characteristics of vegetation cover
B4 and BS 0.6 Daily temperature difference
Differences in the physical objects in the visible part of
C9 and C6 93.4 0.44 the spectrum (rocks, water bodies, anthropogenic
objects, etc.)
C9 and C7 93.4 0.44 Summer humidity conditions
C9 and C8 934 0.57 Biological productivity of vegetation
C6 and C7 77 0.45 Summer humidity conditions
C6 and C8 77 0.55 Winter moisture reserves in the ecosystem
C7 and C8 77 0.44 Characteristics of vegetation cover

variant with nine units to discuss ways to unite these
subclusters based on faunal similarity.

There are fewer fauna in subcluster A2 than in Al,
and these units differ in their composition. The two
subclusters include both shared and selective species.

The faunas of subclusters B4 and B5 are highly
similar (they differ in three species per subcluster). In

general, the shared species (the gray red-backed vole,
Maximovicz’s vole, the striped hamster, the long-tailed
ground squirrel, the Siberian chipmunk, the Korean
field mouse, Laxmann’s shrew, and the tundra shrew)
are characteristic of the interpenetration zone of the
steppe and taiga faunas in South-Eastern Transbaikalia.
Exclusive species in subclusters allow western and east-
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Figure 7. Zoogeographical zoning (0.02° grid cells) using species distribution modelling with the example of small mammals
of South-Eastern Transbaikalia. The map is presented using the Kavraiskiy conical intermediate projection.

ern variants of the interpenetration zone to be differen-
tiated.

The faunas of subcluster B3 differ considerably from
the subclusters B4 and BS. The faunas of subcluster B3
lack three of the eight species listed above as characteris-
tic of the interpenetration zone. Additionally, six species
are shared with the steppe faunas A1 and A2 (B4 and B5
have only three such steppe species). Thus, subcluster
B3 differs more from subclusters B4 and BS than sub-
clusters B4 and B5 differ between themselves.

The differences between the four subclusters in C
are minor. Subclusters C6 and C8 differ with respect to
two species: subclusters C7 and C8 differ with respect
to one species, and subcluster C9 differs from C6 and
C8 with respect to one species. Thus, faunas in C6, C7
and C9 are only specific variants of the C8 fauna. The
absence of exclusive species within any of the nine
subclusters reflects their low faunistic rank.

Finally, we can turn from the discussion of clusters
to units of spatial typification of the regional fauna. We
can consider clusters A, B and C as spatial groups of
fauna. According to our results (Tab. 1; Figs 4-6) on
the qualitative and quantitative composition of the clus-
ters (exclusive, selective, preferential species), as well
as their spatial locations, we can, for convenience,
name the faunal groups A, B and C as the steppe, the
taiga-steppe and the taiga faunal groups, respectively.

We believe that it is rational to also assign two ranks
of lower hierarchy. Larger differences between sub-
clusters, such as between subclusters A1 and A2 or B3
and B4 and B5, may be considered as faunal subgroups.
Minor differences of 1-3 species can be assigned to a
lower hierarchical level and considered as faunal vari-
ants. Such a difference occurs in subclusters B4 and
BS5; the group of subclusters consists of C6, C7, C8 and
C9 (Fig. 7).

Considering species lists in the absence of a spatial
context reveals that the taiga-steppe faunal group has a
mixed composition, indicated by an absence of exclu-
sive species, a mixed set of selective species, and a
notable increase in exclusive species in the pairs A + B
and C + B. In fact, the taiga-steppe faunal group has no
unique elements but comprises elements of the steppe
and taiga faunal groups.

Thus, there are two independent faunas in South-
Eastern Transbaikalia, “steppe” and “taiga”, whereas
considerable territory is occupied by an interpenetra-
tion zone.

The steppe faunal group has the largest number of
species, clear subdivisions, and the largest number of
exclusive species. Thus, the steppe group is richer,
spatially heterogeneous and more isolated; i.e., a larger
number of steppe species do not penetrate into the area
inhabited by the taiga faunal group than vice versa.
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The taiga faunal group, on the contrary, is poorer in
species composition, more spatially homogeneous, and
less isolated. Such characteristics occur for the taiga
faunal species including the northern red-backed vole,
the gray red-backed vole, the Siberian chipmunk, and
Laxmann’s shrew (Kulik, 1972) that are widely distrib-
uted in South-Eastern Transbaikalia among species of
the “steppe” fauna. This phenomenon can be observed
in the steppe slope region, on steppe river floodplains
or in pine forests with steppe vegetation in the grass
cover. Only the Flying squirrel, the northern pika, the
taiga shrew and Brandt’s bat can be recognised among
species occurring only in the area where taiga fauna
occur.

Fauna and environmental factors

Although species richness in the region has no strong
correlation with environmental factors, some of our
units of spatial typification of fauna of South-Eastern
Transbaikalia could be successfully explained by the
multidimensional distribution of environmental factors.
However, only two units with the highest rank could be
specified using environmental data with a probability
greater than 95%. The interpenetration zone was poorly
correlated with the distribution of environmental fac-
tors. The poor correlation could be explained in part by
technical problems. Obviously, if the territory mosa-
icism is higher than the selected size of the ATU, the
environmental data in raster cells will reflect an “aver-
age” of the steppe and taiga parameters.

Lower rank spatial typification units were even more
poorly correlated with the distribution of environmen-
tal factors (Tab. 2). The best prediction of faunal units
by environmental data was possible only using a pair-
wise comparison. The total resolution of the discrimi-
nant analysis of several subclusters together (even from
one bigger cluster) was very low.

We return here to the methodological problem of
extrapolating faunal data. Using an extrapolation of
each species distribution, we obtained 29331 EFs (and
3348 EFs occurring more than three times). If faunal
zoning without species distribution modelling is to be
performed with the same level of accuracy, it will be
necessary to identify a large number of species combi-
nations in nature or using an analytical approach. Even
if some level of accuracy is possible, faunal extrapola-
tion based on environmental data will yield a weak
resolution.

Thus, the species distribution modelling approach
allows us to manage the problem of discrete faunal data
extrapolation to a larger territory. Modelling methods
can be further improved by obtaining a complete match-
ing of models and a real distribution of animals. How-
ever, even in the modern environment, the use of such
models is considerably better compared with visual
filling of spatial units with lists of taxa. Raster cells of
the same size in modelling and further cluster formation
allow the avoidance of additional calculation inaccura-
cy. Concluding, analysis of stacked distribution models

could be an important tool for investigation of regional
zoogeographical heterogeneity.
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Appendix 1. Initial data used for species distribution modelling. The map is presented
using the Kavraiskiy conical intermediate projection (Figure Appendix 1).
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Appendix 2. Description of the environmental factors calculated based on the remote
survey of the MODIS scanning system of the Terra satellite (Cosm), Global climate data
WorldClim (Clim) and a GIS layer comprising regional objects indicating settlements
(maxentpopul).

Factors
(% of general
dispersion)

Correlation with initial variables

Generalized physiographic interpretation

Cosm 2 (21.1)

1-4 bands of October scene

Characteristics of vegetation cover

Cosm 3 (13.79)

1-5 bands of July scene

Differences in the physical objects in the
visible part of the spectrum (rock outcrops,
water bodies, anthropogenic objects etc.)

Cosm 4 (9)

6, 7 bands of February scene

Winter moisture reserves in the ecosystem

Cosm 5 (7.13)

1-5 bands of July scene, NDVI

Condition of vegetation cover

Cosm 6 (3)

5-7 bands of October scene

Autumn moisture reserves in the soil and
vegetation

Cosm 7 (2.39)

3-7 bands of July scene

Summer distribution of common vegetation
types by the moisture content

Cosm 8 (1.11)

6, 7 bands of February scene

Winter moisture reserves in the ecosystem

Cosm 9 (0.95)

2 band of July scene

Summer biomass reserve

Cosm 11 (0.18)

6, 7 bands of February scene

Winter moisture reserves in the ecosystem

Cosm 12 (0.09)

7 bands of February scene

Winter moisture reserves in the ecosystem

Cosm 13 (0.08)

7 band of October scene

Autumn moisture reserves in the soil

NDVI

Normalized Difference Vegetation Index (B2- B1/
B2+ Bl)

Biological productivity

Clim2 (22.5)

Annual mean temperature; precipitation of the wettest
month; maximal temperature of warmest month;
mean temperature of the wettest quarter; mean
temperature of the warmest quarter

Summer humidity conditions

Clim4 Max temperature of the warmest month; mean .
Summer temperature conditions

(4.6) temperature of the warmest quarter

(C;T)] > Mean diurnal range temperature Daily temperature difference

Clim8 Precipitation of the driest month; precipitation of the . - .

(0.3) driest quarter; precipitation of the coldest quarter Winter humidity conditions

Clim9 . L . Annual distribution of the range of

(0.2) Mean diurnal range of temperature; isothermality temperature fluctuations

Clim10 Pr§c1p1tat10n of the' drles} month; precipitation of the Winter humidity conditions

(0.1) driest quarter; precipitation of the coldest quarter

Maxentpopul Location of the human settlements For modeling of synanthropic species

distribution




