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Abstract—The study aims to answer the question on the possibility of using the data on arvicoline rodent
occurrence for revealing large-scale gradients of humidity in the central part of Northern Eurasia. We classify
all arvicoline species known in the study area since the Late Pleistocene into 5 groups based on the vegetation
type and moisture balance of breeding and survival habitats of their extant representatives and assign habitat
moisture preference rates from 1 to 5 to the species associated with xero-, mesoxero-, meso- mesohygro- and
hygrophytic vegetation. The obtained ordinal variable called relative humidity of arvicoline habitats (RHA) is
estimated for paleontological and neontological datasets subdivided into geographical segments. In the
Southern, Middle and Northern segments of the Ural Mountains, the relative humidity of arvicoline habitats
increased northwards and increased over time from the Late Pleistocene to the Late Holocene. During the
Late Pleistocene—Holocene, the species of xeric habitats were less frequent on the western slope of the Ural
Mointains than on the eastern slope. However, the differences between the slopes are not detected in the neo-
ntological dataset. The data on arvicoline habitat humidity reveal the increased gradual mesophytization of
the communities in all geographical segments of the study area from the Late Pleistocene to the Late Holo-
cene. Arvicolines associated with mesophytic vegetation predominate on the western slope of the Southern,
Middle, and Northern Urals and on the eastern slope of the Middle Urals since the Early Holocene. On the
eastern slope of the Southern Urals, the arvicolines of mesic habitats predominate since the Late Holocene.
The results suggest that arvicoline rodents may be successfully used for reconstruction of spatiotemporal envi-
ronmental gradients using the data on relative humidity of their habitats. Suggested approach may contribute
to multi-proxy paleoenvironmental reconstructions for the Late Quaternary and appears to be important for
paleoarchives comprising no reliable paleobotanic data (e.g., numerous karst caves of the Ural Mountains).
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Continental-scale humidity gradients in the central
part of Northern Eurasia are determined by latitudinal
insolation changes with the southward increase of
evaporation, the moisture paths resulting from atmo-
spheric circulation, and the relief [1]. The Ural
Mountains subdivide European and Asian parts of
the continent and stretch submeridionally for more
than 2000 km serving as a barrier against the Atlantic
warm and humid air masses. The barrier role of the
Ural Mountains intensifies climatic contrast between
the adjacent territories of the East European and West
Siberian plains. On the western slopes of the Urals, the
precipitation during the year is 1000–1500 mm in the
Polar and Sub-Polar Urals, 650–750 mm in the
Northern and Middle Urals, and about 360 mm in the
Southern Urals. On the eastern slopes, the summary

precipitation is about 100–200 mm less. The differ-
ences in humidity are reflected in the amount of water
in streams and rivers, distribution of soil types, vegeta-
tion, and fauna [1–3].

Geological and geomorphological evidence sug-
gest that modern topography of the Ural Mountains
was formed in the Neogene–Quaternary [4, 5].
Numerous paleoarchives of the Quaternary have been
studied in the Urals and in its western and eastern
foothills (e.g., summarizing publications: [6–9]).
Paleontological resources are primarily found in caves
with abundant vertebrate remains but scarce paleobo-
tanical records, in lakes, bogs and peatlands yielding
detailed palynological and plant macrofossil sequences
but lacking vertebrate remains, and in f luvial archives
yielding both plant and animal fossils with the high
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rates of reworking. Paleoenvironmental reconstruc-
tions based on the fossils preserved in different types of
localities represent a complex task because tapho-
nomic factors vary both among and within localities
reducing the likelihood that a given assemblage in one
locality would simultaneously comprise both faunal
and floral components of one real ecosystem to which
they belonged. From a paleoecological perspective, a
possible way to solve the problem of discontinuities
and heterogeneity of the materials passed through dif-
ferent taphonomic filters is to improve our under-
standing of ecological requirements and functional
roles of biological species and higher taxa that we use
as biotic proxies of particular environmental charac-
teristics. The better we know the ecology of each taxo-
nomic group identified in the fossil record, the more
exact and reliable the multi-proxy environmental
reconstructions because the inferences based on dif-
ferent types of fossils might control each other to pre-
vent single-proxy biases.

Among vertebrates preserved in the Uralian locali-
ties, micromammals are the most abundant. The col-
lected data banks and publications on micromammals
have been used for outlining the latitudinal spread of
natural zones in the central part of Northern Eurasia
during the Late Quaternary [10–12] and for inferring
large-scale spatial trends in faunal diversity [7, 9, 13].
Micromammal assemblages are dominated by arvico-
line rodents (Arvicolinae, Cricetidae, Rodentia). The
Late Neogene and Quaternary radiation of the sub-
family Arvicolinae throughout the Northern Hemi-
sphere has resulted in a rich variety of herbivorous spe-
cies. Being the first order consumers in natural ecosys-
tems, they use specific vegetation types for food and
shelter. Thus, the logical chain “herbivore–vegeta-
tion–climate” might be potentially used for inferring
the environmental properties of their habitats.

In Quaternary paleoecology, arvicoline rodents
have long been considered as markers for climatic
reconstructions in different regions of Eurasia and
North America [9, 14–24]. However, there is still no
unified view of using this group of mammal for paleo-
ecological reconstructions. There are two main view-
points in the debate over interpretation of the ecolog-
ical preferences of particular species: those who
directly link ecological preferences with abiotic factors
and those who aims at reconstructing ecosystem
parameters of different hierarchical levels (e.g., micro-
habitats, communities, ecosystems or even biomes). In
a previous study [23], we have suggested that arvico-
lines might serve as indicators of vegetation type in
their breeding and survival habitats thus being useful as
indirect proxies for assessment of environmental
moisture. Here, we further develop this approach and
suggest an index of relative humidity of arvicoline hab-
itats based on the distribution patterns of sympatric
arvicoline species along local environmental gradients
in contemporary ecosystems.
RUSSI
Water availability in natural ecosystems is not only
a function of climate, topography and other abiotic
factors [1] but is also regulated by autogenic pro-
cesses during ecological successions. In forests, water
storage results, for example, from the accumulation
of organic material on the forest f loor in later succes-
sional stages [25]. In grasslands, tussocks might favor
water accumulation by reducing transpiration during
dry periods [26]. Thus, the composition of herbivo-
rous species, such as arvicolines, is determined in
natural ecosystems by a combination of biotic and
abiotic factors. Biotic interactions at the level of par-
ticular ecosystems might potentially obscure the
effects of large-scale climatic gradients on the com-
position of arvicoline species at the local scale.

This study aims to answer the question on the pos-
sibility of using the data on arvicoline rodent occur-
rence in quaternary assemblages dated back to the
Late Pleistocene and Holocene for revealing large-
scale gradients of humidity in the central part of
Northern Eurasia. The hypothesis is that the arvico-
lines with different moisture preferences are equally
abundant on different slopes of the Ural Mountains
and the average values of relative humidity index of
arvicoline habitats remain the same in the datasets
collected along the latitudinal gradient and on the
western and eastern slopes of the Urals.

MATERIAL AND METHODS

Regional Setting

Study area encompasses the Southern, Middle and
Northern geographical segments of the Ural Moun-
tains, and the Trans-Urals. The North-South borders
of the segments are defined based on the key physical
features [1] and their approximate geographical coor-
dinates are taken here as the divides between the geo-
graphical subsets as follows. The Northern Urals
stretch between the latitudinal f low of the Shugor
River and the source of the Us’va River (63°59′–
58°59′ N). The Middle Urals are between the source of
the Us’va River and the latitudinal f low of the Ufaley
River (58°52′–55°55′ N). The Southern Urals are
between the latitudinal f lows of the rivers Ufaley and
Ural (51°–55°55′ N). The East-West divides between
the geographical subsets are confined to the border
between the western and eastern macroslopes of the
Ural Mountain Range. Based on geographic coordi-
nates and position on either western or eastern macro-
slopes of the Ural Mountains, all observations
included in paleontological and neontological datasets
are subdivided into six geographical subsets. Those are
the western and eastern slopes of the Northern Urals
(NUW, NUE), the western and eastern slopes of the
Middle Urals (MUW, MUE), and the western and
eastern slopes of the Southern Urals (SUW, SUE).
The scheme of the subsets is shown on Fig. 1.
AN JOURNAL OF ECOLOGY  Vol. 53  No. 6  2022



CAN WE INFER HUMIDITY GRADIENTS ACROSS THE URAL MOUNTAINS 487

Fig. 1. A scheme of the geographical subsets outlined by the approximate borders of the Southern (SU), Middle (MU) and North-
ern Urals (NU) and by the approximate divide between the western (W) and eastern (E) macroslopes of the Ural Mountains (solid
lines) and situation of localities included in paleontological dataset (see Supplementary 1 for details).
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Data Acquisition
The data on micromammal localities considered

in this study are taken from previously created data-
bank [27] with the addition of published [8, 28–51]
and some unpublished materials. Complete list of pale-
ontological localities is shown in Supplementary 1.

Based on the absolute and relative dating methods,
the dataset is divided into the Late Pleistocene (LP),
Early (EH), Middle (MH), and Late Holocene (LH)
subsets. In some cases, radiocarbon dates are used to
show particular time intervals within the Late Pleisto-
cene. Radiocarbon dates are shown in Supplementary 1
as they were presented in cited publications.

For comparative purposes, we created a neontolog-
ical dataset comprising the lists of arvicoline species
occurring in natural reserves, protected areas and
long-term monitoring plots in the Southern, Middle
RUSSIAN JOURNAL OF ECOLOGY  Vol. 53  No. 6  2
and Northern Urals [52–86]. A complete list of local-
ities included in neontological dataset is shown in
Supplementary 2.

Arvicoline Rodents as a Proxy
of Environmental Humidity

Our previous review has shown that humidity is one
of the factors limiting the distribution of arvicolines in
natural ecosystems, and moisture regime of breeding
and/or survival habitats may serve as one of several
possible criteria for classification of arvicolines as
paleoenvironmental proxies [23]. The difference of
our classification from other approaches existing in
paleoecological literature is summarized as follows.
We strongly suggest avoiding classifications of arvico-
lines based on the occurrence in the existing terrestrial
biomes (e. g., tundra species, steppe species, etc.)
022
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Table 1. Classification of extant arvicoline species of the central part of Northern Eurasia by the relationship of their breed-
ing and survival habitats with environmental humidity (modified after [23]) and ecological groups (1–5), defined in this
study by the moisture preference rates

(a) Non-initial stages of ecological successions when the amounts of humidity in terrestrial ecosystems (or amounts of oxygen in semi-
aquatic ecosystems) are regulated by autogenic processes; (b) initial stages of successions starting in the environments with particular
levels of humidity.

Ecological characteristics
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Succession stages preferred
by the species

a b a b a b a b a b

Habitat types classified 
by moisture content

Xeric Xeric-mesic Mesic Mesic-wet Wet

Moisture preference rate, k 1 2 3 4 5
because voles and lemmings are capable of spreading
from one biome to another using extrazonal, azonal
and intrazonal landscapes [sensu 86]. Instead, ecolog-
ical requirements of arvicolines should be classified by
the properties of their habitats. Among the variety of
biotopes in which a species might occur, we focus on
those used for breeding and/or seasonal survival.
When considering habitat properties, we focus on the
herbaceous layer because of direct relatedness of this
stratum with arvicoline activity in terrestrial ecosys-
tems. Among abiotic factors, the relationship of arvi-
coline species with environmental moisture appears
the most clear, though indirect. Feeding primarily on
plants and living in local environments formed by
plants, arvicoline species occupy local gradients of
humidity in terrestrial ecosystems following the distri-
bution of habitats with different amounts of water. The
amount of water in a habitat determines one of three
major types of vegetation (xero-, meso- or hydro-
phytic) and each of those are used by different arvico-
line species with different levels of intensity. More-
over, there are arvicolines tolerating different degrees
of wetness (either between xeric and mesic or between
mesic and wet habitats). Thus, the types of moisture
regime of arvicoline habitats might be designated
using traditional ecological classifications of plants
[e.g., 87] based on the attitude to moisture.

Here, we further develop the previously suggested
approach of using arvicoline rodents to infer habitat
humidity and identify five ecological species groups
based on the relation to xero-, mesoxero-, meso-,
RUSSI
mesohygro-, and hygrophytic vegetation and xeric,
xeric-to-mesic, mesic, mesic-to-wet, and wet condi-
tions respectively (Table 1). First group includes the
species capable of surviving and reproducing in xero-
phytic plant communities even in the absence of
mesophytic vegetation. Second group contains the
species, whose breeding and/or survival habitats are
either confined to areas of mesoxerophytic vegetation
or vary from meso – to xerophytic depending on local
or seasonal conditions. Third group comprises the
species whose breeding nests and survival locations are
confined to mesophytic habitat types. Fourth group
includes the species whose breeding and/or survival
habitats are associated with sufficiently moist environ-
ments and vegetation types varying from mesohygro-
phytic to mesophytic. Fifth group is for semi-aquatic
species capable of utilizing hydrophytes and reproduc-
ing in wetland biotopes with hygrophytic and hydro-
phytic vegetation.

This study considers the species known in the cen-
tral part of Northern Eurasia since the Late Pleisto-
cene until present. The list of species comprises all
arvicolines occurring in the Ural Mountains and
Western Siberia [23] and also Terricola subterraneus
and Microtus socialis inhabiting adjacent regions.
Being related to final succession stages of forest eco-
systems [88], T. subterraneus might benefit from soil
water storage resulted from the accumulation of
organic material on the forest f loor during succession
(for cases of increasing soil water reserves in late stages
of forest successions see [25]). For ecological prefer-
AN JOURNAL OF ECOLOGY  Vol. 53  No. 6  2022
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ences of M. socialis, we refer to the publication on the
occurrence of this species during the landscape change
from desert to steppe [89].

We assign habitat moisture preference rates from 1
to 5 to each species according to the ecological group,
in which the species is a member in Table 1. The lowest
rate of moisture preference (rate 1) is for the species of
xeric habitats (Table 1). Ellobius talpinus tends to get
independent of succession stages in arid and semi-arid
environments; it might occur in any stage of succes-
sion due to its underground mode of life and it
depends on the presence of the well-developed soils.
Lagurus and Eolagurus are associated with mature
xerophytic grasslands. M. socialis exists in early stages
of succession that starts in xeric environments.

Moisture preference rate 2 is assigned to the species
of moderately dry habitats. Those are C. rufocanus that
tolerates moderately dry stages of forest successions
due to the use of the protective properties of nanore-
lief, D. torquatus as the inhabitant of shrublands and
heaths, and Lasiopodomys gregalis living in meso-
xerophytic grasslands on well-drained soils that are
not prone to over-drying.

Inhabitants of primarily mesic habitats are consid-
ered as the species with the moisture preference rate 3.
They are either associated with the later stages of eco-
logical successions when autogenetic processes regu-
late water availability by creating mesic microhabitats
on the surface of soil (3a) or occur in early stages of
succession that starts in mesic environments (3 b). In
the group 3a, T. subterraneus is associated with dead
organic material on the forest f loor, M. agrestis
requires well-developed grass layer or tussocks in open
and semi-open patches, C. rutilus exists in various
types of ground cover in forests that enable sufficient
but not exceeding water content in a habitat (moss,
microrelief, undecomposed tree litter).

The species of moderately wet and humid micro-
habitats (moisture preference rate 4) are either tolerant
to excessive water content in soil due to diminished
relationship of nests with the soil layer (Alexandro-
mys) or associated with vegetation of humid micro-
habitats (Lemmini).

The highest rate of moisture preference (rate 5) is
assigned to semi-aquatic species capable of feeding on
hydrophytes (ecological relationships with moderately
eutrophic water bodies and reedbeds).

Ecological requirements of species are assumed
stable within the time interval considered in this study
(from the Late Pleistocene to the Holocene and pres-
ent). In paleontological dataset, chronospecies of
Dicrostonyx and forms identified as Dicrostonyx sp.
are assumed to show the same requirements as their
living descendant, D. torquatus. Morphologically and
ecologically similar sibling species Microtus arvalis
and M. rossiaemeridionalis are considered together as
M. arvalis sensu lato. For the sake of completeness, we
include an introduced species Ondatra zibethicus in
RUSSIAN JOURNAL OF ECOLOGY  Vol. 53  No. 6  2
the classification table because this species might be
found in the most recent layers of the micromammal-
bearing localities in the study area. However, we do
not include O. zibethicus in calculations and focus on
native species only.

Taxonomic interpretations at the level of species are
taken from published species lists. In cases of different
scientific names used for the same taxon, we unify tax-
onomic designations according to the nomenclature
suggested by Abramson and Lissovsky [90] with the
only exception of generic name Clethrionomys Tile-
sius, 1850 used here istead of Myodes Pallas, 1779 (see
[91] for details).

Analysis
The moisture preference rates for each species are

taken from Table 1 and are treated as the values of an
ordinal variable in quantitative analyses. We consider
that variable to reflect relative humidity of arvicoline
habitats and use its arithmetic mean and mode as two
measures of central tendency, both meaningful in our
data. To show the mode and range of the moisture
preference rates we use bar and line charts reflecting
the ecological structure of the assemblages, communi-
ties or spatiotemporal datasets.

The arithmetic mean of the moisture preference
rates of all arvicolines in any unit of the analysis
(assemblage, community, or spatiotemporal dataset)
is suggested as the index of relative humidity of arvico-
line habitats, RHA. Although the values of RHA are
meaningless for inferring actual moisture, they are
useful for comparing arvicoline assemblages, commu-
nities or spatiotemporal datasets to each other in terms
of relative humidity.

The index of relative humidity of arvicoline habi-
tats is calculated using the formula:

where ∑ is the notation of sum, i runs from 1 to 5 and
designate ecological groups according to Table 1, N is
the number of times each ecological group is recorded
in the unit of analysis, and k is the moisture preference
rate specified for each ecological group in Table 1.

In our study, the unit of analysis is a large-scale
spatiotemporal set of data. Thus, in paleontological
dataset, N is the number of strata in which the species
included in each ecological group are recorded within
the specified limits of geological time and geographi-
cal extent regardless of the number of remains in those
strata. In neontological dataset, N is the number of
sessions and plots used in cited publications to collect
census data on micromammals regardless of the num-
ber of individuals of each species recorded at a time.

In this study, we undertake analysis on the large-
scale longitude-latitude grid (Fig. 1) subdividing both
paleontological and neontological datasets into spatial
units of the analysis (=geographic subsets NUW,

A
*RH ,i i iN k N=  
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Table 2. Results of the Kruskal-Wallis tests comparing variation in the values of relative humidity index of arvicoline habi-
tats (RHA) in neontological and paleontological datasets

Factor H DF N p

Neontological dataset

Geographical segment (SU, MU, NU) 16.2 2 49 0.0003

Macroslope (W, E) 3.1 1 49 >0.05

Paleontological dataset

Geological age (LP, EH, MH, LH) 14.8 3 2272 0.0020

Geographical segment (SU, MU, NU) 26.6 2 2272 0.0000

Macroslope (W, E) 12.6 1 2272 0.0004
NUE, MUW, MUE, SUW, SUE), and paleontologi-
cal dataset into temporal units (= temporal subsets LP,
EH, MH, LH). When considering temporal patterns,
the data on recent arvicolines is used for qualitative
comparisons but not included in statistical testing
because of the different sampling methods.

Three null hypotheses are as follows. 1 – The val-
ues of relative humidity index of arvicoline habitats
remain the same in the temporal datasets from the
Late Pleistocene to the Early, Middle and Late Holo-
cene. 2– The values of relative humidity index of arvi-
coline habitats remain the same in the datasets col-
lected along the latitudinal gradient in the Urals. 3 –
Arvicolines with different moisture preferences are
equally abundant on different slopes of the Ural
Mountains.

To test the hypotheses of this study, non-para-
metric Kruskal-Wallis analysis of variance is used
because the distributions of moisture preference rates
exhibit significant deviations from the normal pat-
tern. The analysis relies on Statistica Software v.10
(StatSoft Inc., 2011).

RESULTS
In neontological dataset collected along the latitu-

dinal gradient on both slopes of the Urals, the differ-
ences among NU, MU, SU are significant (Table 2)
suggesting that arvicolines with different moisture
preferences are not equally abundant in different lati-
tudinal segments. Pairwise tests suggest that SU is dif-
ferent from MU (H (1, N = 1) = 11.9, p = 0.001) and
NU (H (1, N = 34) = 8.7, p = 0.003), however, there is
no significant difference between MU and NU. There
is also no difference between different slopes of the
Urals (Table 2).

Analysis of the paleontological dataset suggests
that differences in arvicoline habitat humidity are sig-
nificant for factors geological age, geographical seg-
ment and macroslope (Table 2). The null-hypotheses
are rejected and the species with different moisture
RUSSI
preferences rates are not equally abundant in the geo-
graphical and temporal subsets of the paleontological
dataset.

Paleontological data reveal stepwise increase in the
values of arvicoline habitat humidity from SU to MU
and NU, and also from W to E. There is also temporal
change in the values of RHA from LP to EH subsets
(Fig. 2). The results show that relative humidity of arvi-
coline habitats increased from the Late Pleistocene to
the Late Holocene; relative humidity of arvicoline hab-
itats increased with the increasing latitude and the spe-
cies of xeric habitats were more frequent on the eastern
slope of the Ural Mountains than on the western one.

Collectively, the results suggest that the Urals
played a noticeable role in shaping the west-east dif-
ferences in habitat humidity during the Late Quater-
nary. However, in present, there is no difference in
relative humidity of arvicoline habitats between the
eastern and western slopes of the Urals. In modern
fauna, arvicolines associated with mesophytic vegeta-
tion (mesic habitats) predominate (or co-dominate) in
all geographic segments (Fig. 3, gray columns). The
frequency of this ecological group increased since the
Early Holocene to the Late Holocene in all geographic
segments of the study area (Fig. 3, red curves). Meso-
phytization of the communities was accompanied by
the stepwise decline of arvicolines associated with
xerophytic vegetation. The latter ecological group of
Arvicolinae went extinct in the NUW segment in the
Middle Holocene and then the decline proceeded until
their recent disappearance in NU and MU (Fig. 3).

Ecological grouping of arvicoline species based on
the habitat moisture preferences appears to be useful
when considering the spatiotemporal dynamics of the
arvicoline faunas and the history of particular ecologi-
cal groups (Fig. 4). Visualizing temporal changes on
line charts with the inclusion of available radiocarbon
dates (compiled materials from [29, 34]), we observe a
decline of the species related to mesophytic vegetation
at about 16–17 ka BP on the western and eastern slopes
AN JOURNAL OF ECOLOGY  Vol. 53  No. 6  2022
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Fig. 2. Mean values and 95% confidence intervals of the values of relative humidity index RHA estimated for the datasets of arvi-
coline occurrence in the Late Pleistocene (LP), Early (EH), Middle (MH) and Late (LH) Holocene on the western and eastern
slopes of the Southern (SU), Middle (MU) and Northern Urals (NU) (reference values of RHA calculated for recent arvicolines (R)
included in neontological dataset are shown as open markers).
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of the Southern Urals. That decline might be associated
with dry and cool conditions of the Oldest Dryas.

DISCUSSION

Arvicoline rodents have long been used for infer-
ring moisture regimes of terrestrial ecosystems based
on the frequency of indicator species associated with
wet (e.g., intrazonal) or dry (e.g., steppe) environ-
ments [14, 16, 21, 92] or using multi-species biocli-
matic modelling [93, 94]. Attempts have been also
made to develop morphological criteria, which distin-
guish the species growing in either dry or humid envi-
ronments [24, 95]. Our study further develops the first
traditional approach because we use the frequency of
arvicolines with different moisture preferences. How-
ever, the principal novelty is that we avoid focusing on
indicator taxa but include all arvicoline species occur-
ring in the fauna of the central part of Northern Eur-
asia and assign habitat moisture preference rates from
1 to 5 to each species (according to the association
with xero- mesoxero-, meso, mesohygro- and hygro-
hyte vegetation). By doing so, we can treat the mois-
ture preference rate as an ordinal variable in quantita-
tive analyses. We call this variable relative humidity of
arvicoline habitats, or RHA. In contrast to bioclimatic
modelling, we do not make attempts to infer precipita-
tion in mm because RHA is not a proxy of climate itself
but rather a biotic characteristic of the environment.
RUSSIAN JOURNAL OF ECOLOGY  Vol. 53  No. 6  2
In paleoecology, various proxy methods exist to
reconstruct environmental humidity and each method
has its strengths and limitations (e.g., [96–100]). The
obvious limitation of our approach (and any approach
based on rodents) is that the relationship between her-
bivorous mammals and climate humidity is mediated
by vegetation. The effects of atmospheric moisture
and precipitation might not be distinguished from the
effects of biotic self-regulation during ecological suc-
cessions. In Table 1, we provide information on the
beneficial stages of the succession for each arvicoline
species that could be used for further development of
the approach. The understanding of successional
stages favorable for the species might potentially be
useful when analyzing the patterns of habitat parti-
tioning between the species with equal moisture pref-
erence rates. In each ecological group defined in our
study, the species associated with the later succes-
sional stages (subgroups a in Table 1) might be also
considered as relatively more demanding on the stabil-
ity of habitat moisture (or water availability in case of
muskrats) than those included in subgroups b.

In all geographical subsets of the paleontological
dataset, the arvicoline habitat humidity increased
from the Late Pleistocene to the Late Holocene. This
trend principally coincide with the inferences from
paleobotanical data for Northern Eurasia [99, 100]. In
our study, climatic f luctuations during the Holocene
might not be revealed because of the large-scale gen-
eralization of the paleontological dataset. However, a
022
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Fig. 3. Percentages of the occurrence of arvicoline groups of wet, wet-to-mesic, mesic, mesic-to-xeric and xeric habitats on the west-
ern (W) and eastern (E) slopes of the Southern (SU), Middle (MU) and Northern Urals (NU) during the Late Pleistocene – Holo-
cene (curves) and in present (columns). 
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climatically-driven event might be hypothesized at
16–17 ka BP by the ecological turnover in the arvico-
line assemblages of the Southern Urals (based on
compiled data from [29, 34]). During that time, the
species associated with mesic habitats experienced a
decline in both SUW and SUE segments of the Urals.
The species associated with mesoxerophyte vegetation
were predominating on the western slope and the spe-
cies of xeric habitats prevailed on the eastern slope of
the Southern Urals. These changes in the arvicoline
fauna might be associated with dry and cool condi-
tions of the Older Dryas. Interestingly, this period
appears to be more severe for the arvicoline asssem-
blages in the Southern Urals than the Last Glacial
Maximum when the frequency of the species of mesic
habitats was higher than at 16–17 ka BP. Further stud-
RUSSI
ies are necessary to obtain a more nuanced record of the
arvicoline fauna transformation because the knowledge
of the composition of particular ecological groups may
reveal the critical periods in the history of regional
biota, which, in turn, might be correlated with the Qua-
ternary climate transitions on a larger scale.

The relationship between arvicoline occurrence
and habitat humidity considered in this study might
potentially shed new light on the problem of extinction
of the species associated with xerophyte and mesox-
erophyte vegetation observed in the central part of
Northern Eurasia during the Holocene and in histori-
cal time [22, 37, 92]. The increased role of the species
associated with mesic habitats (e. g., M. arvalis sensu
lato) and disappearance of the species of xeric and
mesic-to-xeric habitats (for example, the extinction of
AN JOURNAL OF ECOLOGY  Vol. 53  No. 6  2022
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Fig. 4. Temporal changes in the composition of ecological groups of arvicolines reflecting habitat wetness on the western (W) and
eastern (E) slopes of the Southern (SU), Middle (MU) and Northern Urals (NU). See Supplementary 1 for localities included is
spatiotemporal subsets and radiocarbon dates used to specify the intervals within the Late Pleistocene (where available). 
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L. gregalis on the eastern slope of the Middle Urals)
have been interpreted as the consequences of the nat-
ural development of the forest zone and agricultural
activity in steppe ecosystems [101]. Generalization of
the data on arvicoline occurrence over the large-scale
spatial grid makes it visible that the process of disap-
pearance of the species with moisture preference rates 1
and 2 preceded the onset of agriculture in the Urals
RUSSIAN JOURNAL OF ECOLOGY  Vol. 53  No. 6  2
and started in the Early Holocene. Most probably, the
primary cause of that disappearance was the degrada-
tion of the Late Pleistocene biomes with a gradual
decline of xeric and mesoxeric habitats. Autogenic
processes in the newly developed ecosystems might
have had a coherent negative effect together with
human impact on the exclusion of the species of xeric
and mesoxeric habitats first from the more humid
022



494 MARKOVA et al.
western slope and then from the NU segment of the
eastern slope. For the species associated with mesic
habitats, the effects of autogenic regulation in Holo-
cene ecosystems was positive (as could be seen from
the common trend to mesophytization in all segments
of the Urals considered in our study).

The predominance of the species of mesic habitats
on the western slope of the Southern, Middle and
Northern Urals, and on the Eastern slope of the Middle
Urals was first achieved in the Early Holocene. On the
eastern slope of the Southern Urals, the predominance
of the inhabitants of mesic biotopes was established rel-
atively recently (since the Late Holocene). Thus, the
arvicoline-based data on habitat humidity suggest that
the ecosystems of the Southern, Middle, and Northern
Urals have experienced gradual mesophytization since
the beginning of the Holocene and this process was
faster in the SUW, MUW, NUW, and MUE segments
of the study area than in SUE and NUE.

In the Late Pleistocene and Holocene, the latitudi-
nal gradient of the northward increase in arvicoline hab-
itat humidity was clearly pronounced and the differ-
ences between the slopes were statistically significant.
The average values of arvicoline habitat humidity were
higher on the western slopes of the Southern, Middle
and Northern Urals. This result indirectly confirms the
role of the Ural Mountains in shaping the west-east
humidity gradient during the Late Pleistocene – Holo-
cene. In neontological dataset, only the latitudinal gra-
dient might be revealed using the RHA variable, which is
significantly lower in the Southern Urals than in the
Middle and Northern Urals. The absence of W–E dif-
ference in neontological dataset (by contrast with pale-
ontological data) could be explained as either artifact
resulting from sampling difference between the datasets
or a natural trend towards the formation of continuous
longitudinal biomes. All paleontological localities along
the mountain range of the Urals are confined to caves of
either western or eastern slopes and the divide between
the slopes appears to coincide with the pattern of sam-
pling. The data on extant arvicolines represent contem-
porary biomes rather than formal subdivision of the
macroslopes and some trapping plots are situated very
close to the W-E divide so that their attribution to the
slope is rather formal. However, the disappearance of
the difference between the slopes in the values of RHA
might also be natural and reflect the formation of con-
tinuous biomes in NU and MU segments, because it
follows the trend of stepwise changes in the composition
of ecological groups of arvicolines from the LP to LH.

CONCLUSIONS

Ecological grouping of arvicoline species by mois-
ture preference rates provides insights into the propor-
tion of particular habitat types in the ecosystems. Geo-
graphical segments of the Urals exhibited contrasting
distribution patterns of the species with different mois-
RUSSI
ture preferences during the Late Pleistocene. During
that time, arvicolines associated with xerophyte vegeta-
tion prevailed in SUE; inhabitants of mesic habitats
prevailed in SUW, MUW; the species of wet/mesic and
mesic/xeric habitats prevailed in NUW, NUE, MUE.
Those differences among W-E geographical segments
levelled off during the Holocene.

Calculation of the index of relative humidity of arvi-
coline habitats, RHA as the average value of moisture
preference rates of all arvicoline species in spatiotempo-
ral units of the analysis appears to be useful for recon-
structing the gradients of humidity in terrestrial ecosys-
tems. In the Ural Mountains, the relative humidity of
arvicoline habitats increased over time from the Late
Pleistocene to the Late Holocene, and with the increas-
ing latitude. During the Late Pleistocene – Holocene,
the species of xeric habitats were more frequent on the
eastern slope of the Ural Mointains than on the western
slope. However, the differences between slopes are not
detected in the neontological dataset.

The data on arvicoline habitat humidity reveal the
increased mesophytization of the communities in all
geographical segments of the study area from the Late
Pleisocene to the Late Holocene. The predominance
of arvicolines associated with mesophytic vegetation
was established in the Early Holocene on the western
slope of the Urals (all segments) and on the eastern
slope of the Middle Urals. On the eastern slope of the
Southern Urals, the arvicolines of mesic habitats pre-
dominate since the Late Holocene.

The results suggest that arvicoline rodents may
serve as indicators of habitat humidity. The data on
their occurrence can be used to reveal both the struc-
ture of habitats with different moisture content in ter-
restrial ecosystems and the gradients of humidity over
large spatial scales. When interpreting those gradients,
both abiotic and biotic factors must be taken into
account because the relationship between arvicolines
and humidity is mediated by vegetation.

From a paleoecological perspective, the approach
based on arvicolines may contribute to multi-proxy
paleoenvironmental reconstructions and appears to be
especially important for paleoarchives comprising no
reliable paleobotanic data (e.g., numerous karst caves
of the Ural Mountains). The understanding of relation-
ship between arvicolines and their habitat humidity
might also shed light on the problem of extinction of the
species associated with xerophyte vegetation observed
in some segments of the study area in historical time.
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