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Abstract: Because of their wide distribution, short life cycle, rapid reproduction, and sensitivity to
the environment, rodents can indicate changes in habitat quality and climate variables. Long-term
studies are needed to verify these changes and assumptions about their causes. We analyzed small
mammal trapping data in Lithuania, covering the period 1975-2023, with 1821 trapping sites and
57,426 small mammal individuals, with a focus on the bank vole (Clethrionomys glareolus). The aim of
this study was to assess temporal changes in the relative abundance and proportion of this species in
small mammal communities in relation to their habitats. With 21,736 captured individuals, C. glareolus
was a dominant species in the country; its proportion in general was 37.9%, with 60.0% in forests.
Open habitats, meadows and agricultural land were characterized by the lowest species proportions.
Our main findings were the confirmation of decreasing abundances and proportions of C. glareolus
since the 1990s, the absence of cyclical fluctuations in the relative abundances of the species in general
and in forest habitats, and the introduction of a south-north cline in species proportions. The status
of this temperate and boreal forest species is subject to change, with implications for the diversity of
the mid-latitude small mammal community.
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1. Introduction

Global climate change has been shown to alter species ranges and phenology, with
increases and expansions better documented than contractions [1]. The wide distribution,
short life cycle, rapid reproduction, and environmental sensitivity make small mammals
well suited to detect changes in habitat quality and climate variables [2]. However, for
small mammals, long-term studies are required to understand species responses [3], but
long-term population trends are not readily available, so this group is not often used as an
indicator of biodiversity response [4].

Greater species richness ensures ecosystem resilience [5], and this fact is considered
very important in the context of the constant turnover of natural ecosystems and their
replacement by human-altered ones. While in plants, a higher number of species stabilizes
the grassland ecosystem [6], research on small mammals usually examines the inverse
relationship, i.e., how habitat quality affects small mammal community richness [7]. Some
of these studies conclude that the main drivers of changes in small mammal communities
are not climate change or broad land use but differences in agricultural practices [4].

In this paper, we focus on the bank vole (Clethrionomys glareolus), a small rodent that
inhabits most of Europe and parts of Asia [8]. The species is mainly found in forests, riparian
areas, bushes, parks, and other densely vegetated areas. It requires dense cover [9,10]. Due
to the species’ sensitivity to habitat variation and climate change, it is used as an indicator
of environmental change [8]. The species is known to feed on various seeds and plant
parts, as well as insects and other invertebrates [11]. In some habitats altered by humans,
C. glareolus becomes omnivorous [12].
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In Lithuania, C. glareolus is characterized as a widespread and numerous species,
inhabiting not only forests but also a wide range of other habitats [13]; later, the presence
of species in agricultural and commensal habitats was confirmed [12]. Despite being
omnivorous, C. glareolus could be a pest of orchards, causing damage by gnawing young
bark [14].

Some authors wrote that, as with other small mammals in the Northern Hemisphere,
pronounced population fluctuations are a key feature of C. glareolus [15]. Similarly, the
red-backed vole (Clethrionomys rutilus) from the boreal zone of North America has been
shown to have consistent 3—4 year cycles over the last 50 years, but none of the factors
examined, except climate change, were shown to be important [16]. The climate factor
is reported to be stronger than landscape change in regulating the density of field vole
(Microtus agrestis), but for gray-sided vole (Craseomys rufocanus), habitat loss dominated
over climate in forest landscapes of Sweden [17].

In the current study, we focus on different aspects of the temporal dynamics of C. glare-
olus, including long-term and seasonal fluctuations, so we also tested whether there were
and still are cyclical changes in the relative abundance of the species. Although it is known
that the cycles of the European voles have been disappearing for four decades [18], it is still
not clear whether this is dependent on climate change. It has been proposed that trophic in-
teractions disrupt the cyclicity of the larger species of herbivorous rodents, such as Microtus,
while the cyclic fluctuations of C. glareolus are related to their natural enemies [19].

Data on the dynamics of C. glareolus abundance are not homogeneous in different lati-
tudes. A three-year vole cycle has been reported for most of Finland [15,20]. In C. glareolus,
3-year cycles disappeared for a short time in the mid-1990s in Southern Finland, at about
60° N, and then reappeared despite climate change [21]. In the Ilmeny Reserve, Russia,
at about 55° N, 2-3 year cycles of C. glareolus have been observed since 2006 [22]. In the
Pechora-Ilych Nature Reserve, 62° N, periodic 3—4 year-long periodic changes in C. glareolus
were found [23]. In Kostomuksha, Karelia, 64° N, “Sharply pronounced multi-year changes
in abundance were revealed, characterized by significant amplitude of fluctuations and
non-rhythmic replacement of short-term relatively high rises by very long and deep depres-
sions” were observed over a period of 1958-2017 [24]. Further north, in the Finnish taiga at
about 68° N, at the northern edge of the species’ range, cyclic changes in C. glareolus were
observed until the mid-1980s but later changed to a stable pattern [25]. At the same time, a
long-term decline in C. glareolus since the 1970s has been reported in Northern Scandinavia
and has been linked to forest management practices [26].

Thus, the long-term decline and loss of population cycles of small rodents is a
widespread recent phenomenon. The population cycles of keystone herbivores are de-
clining across Europe [19,27]. In boreal landscapes, long-term habitat changes have been
shown to contribute to declines in biodiversity and changes in the structure of small mam-
mal communities, and changes at the population level may have cascading effects at the
ecosystem level. The reduced abundance of voles could affect their predator populations,
alternative prey species [28], and pathogen distribution [29].

In northern populations, voles” cycles are most likely dependent on their trophic
interactions [30,31], especially those of rodent with vegetation [32,33]. In Central Europe,
where C. glareolus is mainly found in deciduous forests, outbreaks in these habitats are less
regular [15]. Forestry activities are thought to have contributed to the dampening of small
mammal population cycles in Latvia during the last two decades, although the authors
would like to see more research on this topic [34]. Based on the monitoring data, these
authors did not find regular fluctuations in the abundance of C. glareolus in the country
during the period of 1991-2016. In the shorter period of 2013-2019, no abundance cycles
were recorded in Estonia either [35].

South of Lithuania, in Poland, cyclic abundance dynamics with a 3-year lag were
found for the common shrew (Sorex araneus) and the root vole (Alexandromys oeconomus),
while the striped field mouse (Apodemus agrarius) was not cyclic. The bank vole was not
a dominant species in this study [36]. Further south, in Central and Southern Germany,
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an alternation of high and low abundance of C. glareolus was observed every other year
in 2010-2013 [37]. However, in Central and Western Germany, 43 years of trapping data
show considerable annual variation in species abundance, which is more pronounced in
1993-2010 than in 1952-1976 [38].

Publications from studies of C. glareolus in Lithuania are not numerous. In the
study of meadow—forest succession, the proportions of the species changed in three
habitats—meadow, re-growing meadow, and forest, but the period (2007-2013) was too
short to assess whether there are any regularities [39]. Changes in the abundance and
community structure of small mammals analyzed in flooded meadows in 2008-2020, in the
western part of Lithuania, showed a decrease in the relative abundance of small mammals
every fourth year (2009, 2013, and 2017). However, this was not observed for C. glareolus,
as this species was only captured sporadically in this habitat [40].

In our previous analyses [41,42], which were the only long-term studies of small
mammals in the country, we indicated that C. glareolus was the dominant species in small
mammal communities and that their proportions decreased during the last 5 decades in
Lithuania. However, the relative abundance of small mammals and the habitats of the
species were not shown. In recent years, we have added not only new (2022-2023) data of
small mammals but also recovered unpublished retrospective data of trappings from the
earlier period, mostly 1990-2000.

Land use change in Lithuania is undoubtedly dependent on radical political, economic,
and social developments that have taken place in the country over the last half-century [43].
Currently, 45.6% of the country’s territory is covered by arable land, 33.5% by forests, 6.21%
by meadows and natural pastures, 5.2% by wetlands, 5.4% by built-up areas, and 4.09%
by other types of land [44]. Although there have been attempts to model the effects of
climate change on the country’s forests [45], different elements of forest activities, such
as temporal and spatial characteristics and intensity of forest harvesting, the conversion
of other land types to forest, etc., cannot be automatically analyzed with respect to small
mammal communities and their changes. In addition, land use and climate change may
have synergistic or disjunctive effects on these animals [46,47].

The aim of this study was to assess all aspects of temporal changes in relative abun-
dance and proportions of C. glareolus in small mammal communities in Lithuania (Northern
Europe, Baltic Sea region) in relation to their habitats, but not habitat dynamics or land use
changes. We tested if this species decreased in general and in forests, their main habitat.

2. Materials and Methods
2.1. Study Site and Habitats

Small mammals were studied in Lithuania from 1975 to 2023, with 177 trapping
sites distributed throughout the country (Figure 1). Equal trapping effort across sites and
habitats could not be ensured in the long term [41,42]: the number of trapping sessions
ranged from 1 to 88 per site, 1822 in total. Most of the trapping data were collected from
published sources (see [41]). The database was supplemented with unpublished data
from small mammal monitoring and 2022-2023 trapping data. The trapping sites were
georeferenced, except in a few cases where data were related to multiple trapping sites,
and sampling by site was not possible.

Habitat descriptions in the capture sites varied in categories and details, as there was
no standard habitat classification used in small mammal studies in Lithuania. To be as
compatible as possible with other small mammal studies, we categorized habitats into nine
groups: agricultural, commensal, disturbed, forest, meadow, mixed, riparian, shrub, and
wetland. This classification includes some of the CORINE level 3 habitats [48].
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Figure 1. Location of small mammal trapping sites in Lithuania, 1975-2023, with indication of forests,
the main habitat of bank vole.

Arable land, fallow land, crops, complex cropping patterns, orchards, and berry plan-
tations were included in the agricultural habitat group. Individual houses and yards, farm-
steads, farms and their outbuildings, and industrial and commercial areas were considered
commensal habitats for small mammals. Trappings in closed landfills and under-breeding
colonies of Great Cormorants (Phalacrocorax carbo) were assigned to disturbed habitats and
characterized by natural or anthropogenic disturbance. Forests included all types and ages
of forest; this habitat group was the most variable. Grasslands included all grassland types
(dry, wet and flooded, natural, seeded, and irrigated). All studied habitats, such as forests,
shrubs, meadows, or wetlands within 50 m of the shoreline (island, lake, or river), were
characterized as riparian. In the CORINE database, we characterized transitional forest—
shrub as shrub habitats but also included shrubby meadows in this group. All wetland
types, such as peat bogs, marshes, swamps, bogs, transitional wetlands, and reedbeds, were
included in the wetland group. We further distinguished the case where a trap line covered
several different habitats. These fragmented habitats, regardless of their composition, were
characterized as mixed habitats.

2.2. Small Mammal Trapping and Sample Size

We analyzed material from small mammal trapping between 1975 and 2023. We used
7 x 14 cm wooden snap traps arranged in lines of 25 traps 5 m apart, with 1-12 lines per
habitat. In a few trapping sessions, plastic or metal 7 x 14 cm snap traps or 5 x 10 cm
metal traps were used. Traps were baited with brown bread and crude sunflower oil, set
for three days, and checked once or twice a day, either in the morning or in the morning
and evening. There were also cases where the traps stayed in place for 1-2 days, depending
on the weather. The bait was replaced after rain or when it was absent for any reason. As
indices based on line trapping have a tradition of more than 50 years in Lithuania, the
results are directly comparable.

The total trapping effort was more than 500 thousand trap nights (Table 1). Equal
trapping effort across decades was not ensured in the long term. However, the trapping
effort and the number of individuals captured in each decade were sufficient to ensure
the representation of all species and their diversity. Individual rarefaction shows that the
threshold of about 500 trapped individuals ensures 13-14 small mammal species in the
sample, and for characterization of diversity, it is sufficient to trap about 300 individuals
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(Figure S1). Even in the 2020s, with three years of trapping, this threshold was exceeded at
least 6 times.

Table 1. Trapping effort (TE, trap-days) and number of trapped specimens (N) according to decade.

1970s 1980s 1990s 2000s 2010s 2020s Total
TE 27,930 90,690 126,335 143,256 83,993 37,860 510,064
N 3637 4466 16,447 18,416 11,017 3443 57,426
Equal trapping effort across habitats was also not ensured (Table 2), but the minimum
sample size of 352 trapped individuals in shrub habitats was sufficient to record at least
10 small mammal species (Figure S2). Therefore, the trappability of the dominant C. glareolus
did not suffer.
Table 2. Trapping effort (TE, trap-days) and number of trapped specimens (N) according to habitat:
Agr—agricultural, Com—commensal, Dis—disturbed, For—forest, Mea—meadow, Mix—mixed,
Rip—riparian, Shr—shrub, Wet—wetland habitats.
Agr Com Dis For Mea Mix Rip Shr Wet Total
TE 36,806 26,516 19,525 110,075 125,865 137,040 9069 4200 40,968 510,064
N 2556 4993 2016 11,700 11,464 20,218 1203 352 2924 57,426

2.3. Data Analyses

Relative abundance (RA) of C. glareolus and all small mammal species as a whole was
expressed per trap-day by dividing the number of individuals captured by the number
of trap days. Proportions of C. glareolus in the small mammal community were expressed
as percentages.

We tested these two variables, the relative abundance of C. glareolus and the species
proportion in the small mammal community, for normality. Both variables were not
normally distributed. The distribution of the relative abundance of C. glareolus was best
approximated by a gamma function (Kolmogorov-Smirnov d = 0.0265, df = 5, NS).

Based on this function, two GLM analyses were conducted with decade, season,
and habitat as categorical factors and trapping effort (number of trap days) and relative
abundance of all small mammals as continuous predictors. The first model used the relative
abundance of C. glareolus, and the second used the proportion of C. glareolus in the small
mammal community as a dependent variable. Significance of factors was assessed using F
and p, and effect size was assessed using partial eta-squared (52). Graphical presentation
was performed using mean and 95% confidence intervals (CI). The differences in dependent
variables between categories of categorical factors were determined using post hoc analysis
(Tukey HSD with unequal N). The minimum significance level was set at p < 0.05.

The consistency of the observed numbers of C. glareolus in different habitats with the
expected numbers was tested using the x? statistic. We formulated the hypothesis HO that
the distribution of the number of individuals is independent of the habitat type and depends
only on the trapping effort, while H1 was that the distribution of the number of individuals
of C. glareolus is dependent on the habitat type, i.e., in some habitats, the observed number
of trapped individuals exceeded that expected from the trapping effort. The null hypothesis
is rejected at p < 0.05. Individual rarefaction was also used to test whether differences in
C. glareolus numbers were influenced by sample size in different habitats.

The cyclicity of C. glareolus’s relative abundance was assessed visually from the plot of
annual averages and confirmed by autocorrelation analysis.

Chi-square, test for normality of BCI distribution, and autocorrelation were calculated
using PAST version 4.13 (Museum of Paleontology, Oslo College, Oslo, Norway) [49]. All
other calculations were performed using Statistica for Windows, version 6.0 (StatSoft, Inc.,
Tulsa, OK, USA) [50].
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3. Results

The first model explained 57% of C. glareolus RA and was significant (F =111.7, df = 22,
p <0.0001). All factors except for trapping effort were significant. The strongest was the RA
of all small mammals (F = 1359.6, p < 0.0001, ;72 = 0.43), followed by the habitat (F = 31.2,
p <0.0001, 4% = 0.12). Temporal factors were much weaker, although both significant:
decade (F = 9.2, p < 0.0001, 52 = 0.025) and season (F = 4.6, p < 0.0001, % = 0.018).

The second model explained 35% of the proportion of C. glareolus in small mammal
communities. The most important factor was the habitat (F = 85.9, p < 0.0001, 52 = 0.28).
The influence of the decade (F = 11.1, p < 0.0001, #? = 0.03) and RA of all small mammals
(F=23.6,p <0.0001, 172 = 0.013) was both highly significant but weak. The influence of the
trapping effort (F = 0.0001, NS) and season (F = 1.2, NS) was not significant.

In both models, partial eta-squared showed the relative importance of different factors
in a multivariate context by measuring the effect size for a particular factor after controlling
for other variables in the model.

3.1. Main Habitats of Bank Vole in Lithuania

To remove the influence of trapping effort on the number of C. glareolus individuals
retained, we calculated the expected catches from the data in Table 2 and compared them
with the observed ones.

The number of C. glareolus captured in each habitat was significantly different from the
predicted number (x> = 18,046, df = 8, p < 0.0001). The number of C. glareolus captured was
1.54 times higher than expected in forest habitats, 1.52 times higher in riparian habitats, and
1.47 times higher in mixed habitats. These habitats are the most important for C. glareolus in
Lithuania. In disturbed, commensal, and shrub habitats, the number of captured C. glareolus
differed from the expected number by 0.96-1.20 times, i.e., these habitats are neutral.
Finally, the least important habitats for C. glareolus were meadows (the number of captured
individuals was 4.17 times less than expected), agricultural areas (3.71 times less), and
wetlands (the number of captured voles was 1.34 times less than expected). It should
be noted that the best habitats are forested, while the worst are open. The presence of
C. glareolus in commensal habitats requires further investigation.

3.2. Habitat Influence on C. glareolus Relative Abundance and Proportion

The average relative abundance of C. glareolus in Lithuania, regardless of season and
habitat, was 0.036 £ 0.001 individuals per trap-day (Table 3).

Table 3. Relative abundances (individuals per trap-day) and proportions (% of total number of
individuals) of C. glareolus in the small mammal community according to habitats. TS—number of
trapping sessions.

Relative Abundance Proportion
Habitat TS : :
Mean + SE Min-Max Mean + SE Min-Max

Agricultural 180 0.014 + 0.003 0-0.367 86+t15 0-100.0
Commensal 100 0.042 + 0.005 0-0.270 225 +21 0-81.3
Disturbed 38 0.050 + 0.008 0-0.280 46.7 + 4.6 0-100.0
Forest 507 0.059 + 0.003 0-0.533 60.0 1.6 0-100.0
Meadow 537 0.012 + 0.001 0-0.260 119+ 1.0 0-100.0
Mixed 156 0.061 + 0.004 0-0.323 37.8 +2.0 0-100.0
Riparian 49 0.051 + 0.009 0-0.210 341 +4.1 0-96.0
Shrub 28 0.044 + 0.011 0-0.187 53.0 6.7 0-100.0
Wetland 227 0.036 + 0.003 0-0.247 465+ 2.7 0-100.0
Total 1822 0.036 + 0.001 0-0.533 34.04+ 0.9 0-100.0

Based on the post hoc tests, we identified three habitat complexes with different
relative abundances of C. glareolus. The highest RA, 0.042-0.061 ind./trap-day, was found
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in mixed, forest, riparian, disturbed, shrub, and commensal habitats. The mean RA was
characteristic of wetlands. The lowest RA of C. glareolus, 0.012-0.014 ind. / trap-day, was
found in meadows and agricultural habitats. Thus, all the habitats with the highest RA
except for commensal and shrubs are forested, and those with the lowest RA are open
(Table 3).

As shown by the GLM, habitat had a significant influence on the relative abundance
of C. glareolus (Figure S3A) and on the proportion of this species in the small mammal
community (Figure S3B) when all other covariates were evaluated. Taking into account
the long-term and seasonal dynamics, the highest RA of the species was in the wooded
habitats, with the maximum in forests, and the lowest RA was in open agricultural habitats
and meadows.

The average proportion of C. glareolus in small mammal communities, regardless of
habitat, was 34 £ 0.9%, with the highest proportion in forests and the lowest in agricultural
habitats (Table 3). Taking into account covariates (Figure S3B), the group of habitats with
the highest proportion of the species includes forests, shrubs, and disturbed habitats
(46.7-60.0%); the medium proportion is characteristic of commensal habitats, wetlands,
mixed habitats, and riparian habitats; and the smallest proportion of the species was found
in open agricultural habitats and meadows.

Local variability was very high because, in each habitat, there were trapping sessions
where C. glareolus was absent and others where only bank voles were trapped.

3.3. Seasonal and Monthly Changes in C. glareolus Relative Abundance and Proportion

Seasonal changes indicate an upward trend in C. glareolus RA from a minimum in
spring to winter, with abundance doubling by summer and being five times higher in fall
and winter (Table 4). Long-term and habitat covariates did not alter this trend (Figure S4A).
According to the post hoc, RA in fall and winter are similar, but other differences between
seasons are significant. The proportion of C. glareolus remained constant in all seasons
(Table 4, Figure S4B).

Table 4. Relative abundances (individuals per trap-day) and proportions (% of total number of indi-
viduals) of C. glareolus in the small mammal community by season. TS—number of trapping sessions.

Relative abundance Proportion

Season TS : -
Mean + SE Min-Max Mean + SE Min-Max
Spring 467 0.010 + 0.001 0.000-0.107 33.0+ 1.9 0.00-100.0
Summer 366 0.024 + 0.002 0.000-0.323 31.04+2.0 0.00-100.0
Autumn 875 0.051 £ 0.002 0.000-0.533 350+ 1.1 0.00-100.0
Winter 23 0.055 + 0.010 0.000-0.160 252 + 3.6 0.00-54.5

The monthly trend in RA of C. glareolus shows maximum values in November and
December, then a steady ninefold decrease until April (Table 5). This minimum RA was
found to last until June, doubled in July, and remained similar until November. The same
dynamics were found when accounting for the influence of season and habitat covariates
(Figure S5). Monthly changes in C. glareolus abundance did not show a regular pattern and
were characterized by high variability between trapping sessions (Table 5).

Table 5. Monthly relative abundances (individuals per trap-day) and proportions (% of total number
of individuals) of C. glareolus in the small mammal community. TS—number of trapping sessions.

Relative abundance Proportion

Month TS B 5
Mean + SE Min-Max Mean + SE Min-Max
January 7 0.054 +0.010  0.018-0.091 28.5+6.0 12.5-51.2

February 7 0.021 £ 0.007 0.000-0.044 17.8 £ 4.6 0.0-29.3
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Table 5. Cont.
Relative abundance Proportion
Month TS : :
Mean + SE Min-Max Mean + SE Min-Max
March 6 0.019 £ 0.007  0.000-0.050 20.0+£5.8 0.0-41.7
April 8 0.010 £0.005  0.000-0.033 8.6+£33 0.0-20.0
May 451 0.010 £+ 0.001 0.000-0.107 33.5£20 0.0-100.0
June 5 0.011 +£0.008  0.000-0.040 26.6 £19.0 0.0-100.0
July 192 0.026 £ 0.003  0.000-0.260 45.7 £3.2 0.0-100.0
August 51 0.061 +£0.009  0.000-0.323 314 £3.7 0.0-100.0
September 159 0.054 +0.005  0.000-0.373 323+22 0.0-100.0
October 542 0.058 £0.003  0.000-0.533 413+15 0.0-100.0
November 28 0.090 £0.015  0.000-0.280 42.8 £4.9 0.0-84.8
December 8 0.091 +£0.024  0.000-0.160 231+63 0.0-44.9

3.4. Long-Term Changes in C. glareolus Relative Abundance and Proportion

Long-term trends in RA of C. glareolus and species proportions in the small mammal
community both decreased (Table 6). Post hoc analysis shows that the decrease in RA of C.
glareolus in the 1980s (p < 0.02), 2010s (p < 0.05), and 2020s (p < 0.02) is significant compared
to the 1970s, as well as the decrease in RA in the 2010s and 2020s compared to the 1990s and
2000s (all p < 0.01). Compared to the 1990s, the RA of C. glareolus was two times lower in
the 2020s. The same trend was observed when controlling for season and habitat covariates
(Figure S6A).

Table 6. Relative abundances (individuals per trap-day) and proportions (% of total number of
individuals) of C. glareolus in the small mammal community, independent of habitat, and in the forest
habitat by decade. TS—number of trapping sessions.

d TS Relative Abundance Proportion Proportion in Forest

Decade Mean + SE Min-Max Mean + SE Min-Max TS Mean + SE =~ Min-Max
1970s 8 0.108 +0.049  0.003-0.373 429 +10.7 1.3-70.1 1 66.5 66.5
1980s 563 0.028 +0.002  0.000-0.323 446+ 1.8 0.0-100.0 198 704+ 2.6 0.0-100.0
1990s 245 0.048 +£0.004  0.000-0.500 359 +21 0.0-100.0 68 56.5 + 4.2 0.0-100.0
2000s 547 0.046 +0.003  0.000-0.533 340+14 0.0-100.0 179 555 +25 0.0-100.0
2010s 245 0.030 £ 0.003  0.000-0.280 203+17 0.0-100.0 40 46.4 + 3.9 0.0-100.0
2020s 214 0.024 +0.003  0.000-0.260 194+18 0.0-100.0 21 364+7.0 0.0-100.0

Three periods of two decades were identified by analyzing the proportion of C. glare-
olus in small mammal communities. The highest proportion of the species, over 40%,
was observed in the 1970s-1980s; the middle proportion, about 35%, was characteristic
of the 1990s-2000s and decreased to about 20% in the 2010s-2020s (Table 6). According
to the post hoc, the difference in proportion between the 1980s and 1990s is significant at
p <0.02, and all others at p < 0.001, while within the three periods, there were no significant
differences. The decrease in C. glareolus proportions was significant after accounting for
habitat and seasonal covariates (Figure S6B). We also compared C. glareolus proportions in
forest habitats only and obtained the same significant trend; proportions decreased from
approximately 70% to 46.4% in the 2010s and further to 36.4% in the 2020s (Figure S6C).

To test whether there were cyclic changes in the abundance of C. glareolus and all small
mammal species, we analyzed trends in relative abundance in the fall, regardless of habitat,
and in the forest habitat. Visual inspection showed no regular cycles in both the RA of
C. glareolus (Figure 2A) and the small mammal community (Figure 2B) in all habitats, as
well as no regular cycles in forests (Figure 3A,B). In forest habitats, variations in RA of
C. glareolus were not pronounced, and CI overlapped. The absence of cycles was confirmed
by autocorrelation analysis (Figure S7).
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Dynamics of the annual relative abundance of C. glareolus (A) and total relative abundance
Our main findings relate to (1) the distribution of C. glareolus numbers in multiple
habitats, identifying the most attractive for this species; (2) habitat-based differences in

1scussion

D

and (3) temporal changes in these two parameters. These results are further discussed in

relative abundances and species proportions of C. glareolus in small mammal communities;
the context of the species” distribution in Europe.

of all small mammal species (B) in autumn in forest habitat. Vertical bars denote 95% Cls.

Figure 3.
4.
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4.1. Bank Vole Habitat Preferences

We found that habitat was the main factor explaining C. glareolus numbers in Lithuania,
with the most preferred being wooded habitats—forests, riparian, and mixed habitats, the
last two including forest fragments. The numbers of C. glareolus in open habitats, such as
meadows, agricultural areas, and wetlands, were lower than expected according to the
trapping effort. Our previous study documented an increase in C. glareolus numbers in
succession from meadow to forest [39], in accordance with the general picture.

The above is fully consistent with the general characterization of C. glareolus as a wood-
land species [8,10]. In agricultural landscapes in the southern range of the species, this vole
is associated with woodland patches [51]. The species was not found in grasslands, alfalfa,
and maize crops when forest patches were present [52]. Further north, a multi-habitat study
also characterized C. glareolus as absent in crops, avoiding grasslands and preferring mature
and middle-aged forests [35]. Therefore, the number of C. glareolus in agricultural areas of
Lithuania [12], and especially the number of this species in commensal habitats, coupled
with their diet [53] and good body condition [42], requires further attention. Additional
data should include a south-north gradient.

It should be noted that the absolute majority of the cited studies did not focus on
microhabitat details. It is known that C. glareolus prefers dense forest cover [5]. However,
although the thickness of fine litter was very important for C. glareolus, “the choice of
microhabitat parameters is subordinate to that of macro-habitat characteristics, mainly
tree and shrub cover” [51]. In general, fine-grained habitat inventory is not carried out in
small mammal trapping, so very few studies really consider litter parameters or under-
storey complexity [54]. As a positive factor, the presence and density of undergrowth are
mentioned [55,56], or, finally, the roughness of the undergrowth as a derived measure was
shown to have a positive influence on the capture probability of C. glareolus [54].

4.2. South—North Cline in Bank Vole Proportion in Forests

We found that C. glareolus was generally the most abundant small mammal species
in Lithuania, with an average proportion of 34.0% in small mammal communities. In the
forest and other wooded habitats, these proportions ranged from 46.7% to the highest of
60.0% in forests.

The proportion of C. glareolus in forest habitats fits into a broader picture covering
different European countries (Table 7). Although the presented dataset covers a long period
of time and is not designed to compare long-term trends, it is clear that the representation of
C. glareolus in forest small mammal communities follows a geographical gradient, increasing
from south to north. In the northernmost area, the species is absolutely dominant in late
successional forests [26]. It should be noted that such comparisons have drawbacks and
uncertainties, as the habitat is not adequately described (see the footnotes of Table 7). Thus,
while the decline in C. glareolus in small mammal communities can be predicted from the
articles of different authors, the concept of the cline itself has not been applied so far. We
consider this to be one of the most important results of this study.

Table 7. Proportion of C. glareolus in forests from countries of different latitudes. A. fla—A. flavicollis,
% Dom.—dominant species and its proportion in small mammal community, % C. gla.—proportion
of C. glareolus in small mammal community.

Latitude Country Year Habitat % Dom. % C. gla Refs Footnotes

417°N Spain 1995-1997  forest and scrubland A”"gg’gi/‘s P 14.95% [57] 1

42.3°N Bulgaria 2019 oak forest A. fla 52.9% 47 1% [52] 2
deciduous and

454° N Romania 2002-2006 mixed forest at A. fla 40.2% 36.5% [58] 3

various altitudes
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Latitude Country Year Habitat % Dom. % C. gla Refs Footnotes

44-49° N Romania 2000-2018 deciduous and A. fla 56.9% 18.8% [59] 4
coniferous forests
48.6° N Slovakia 2006-2007 mixed forest 51.3% [55] 5
489° N Czech Republic 2016 old growth forest 41.5% [60] 6
493°N  CzechRepublic  2006-2011 deciduous, mixed, g 59 10, 29.4% [56] 7
and coniferous forest
53.8° N Poland 1977-2006 agricultural and >50% [61] 8
forest mosaic

54-54.5° N Poland 2004-2006 mixed forests 40.8-66.4% [62] 9
56.7° N Latvia 1991-2005 forests 59.1% [63] 10
58.5° N Estonia 2012-2019 forest and grassland ~ A. fla 47.9% 34.3% [35] 11
57.1°N Germany 2009 forest edge 70.5% [64] 12
60.2° N Norway 1979-2017 old natural forests 67.2% [65] 13
65° N Finland 2006-2010 various forest stands 71.3% [66] 14
65.7° N Sweden 1998-2000 coniferous forests 94.0% [26] 15

All footnotes are related to C. glareolus. 1: Best habitats were Alnus forests on riverside; 2: proportions depend on
altitude; 3: no negative response to forest logging; 4: best represented in mixed and spruce forests; 5: positive
reaction to clearings with dense undergrowth; 6: negative reaction to clearings; 7: depends on the presence of
undergrowth; 8: dominated most of the time in forest and all time on lakeshore habitats; 9: positively related
to habitat productivity; 10: proportion did not differ during the population peak and low years; 11: associated
with mature and middle-aged forests; 12: dominating forest edges; 13: cyclic changes of abundance (11 cycles
during 39 years); 14: highest numbers in mature forests, but abundant in all other stages; 15: positively correlated
with forest age; the number of snags; and the cover of the tree layers, mosses, and epixylic lichens—that is,
late succession.

Similar to the relative abundance, the proportions of C. glareolus found in open habitats
(8.6% in agricultural areas and 11.9% in meadows) are consistent with the neighboring
region. In Latvia, the species was not recorded in grasslands [63], 0 to 6-15% in grasslands
of Poland [61], and 4% in meadows [36], while in grasslands of Estonia, this proportion
was 26.9% [35]. The last two figures are not based on a long time period.

4.3. Relative Abundance of Bank Vole Is Typical to the Region

Comparisons of relative abundances require more in-depth analysis because (1) it
is not clear in which phase of population change the survey was conducted over a short
period of time, (2) it is not always clear whether trapping methods had an influence (e.g.,
type of trap, trap placement, bait, frequency of control, etc.), and (3) the habitats are not
all described in the same way, and according to our results, the differences between RAs
between the two habitats are apparent.

In Lithuania, the mean relative abundance of C. glareolus, independent of season and
habitat, was 0.036 individuals per trap-day, 0.059 individuals per trap-day in the forest,
with a maximum of 0.533 individuals per trap-day. These numbers are in line with many
other countries. In neighboring Latvia, the average RA was 0.056, and 0.064 ind./trap-day
in mixed forests [63].

South of Lithuania, in Poland, the mean RA of C. glareolus in seven large forests ranged
from 0.037 to 0.085 ind./trap-day. It was positively related to the proportion of deciduous
stands, which was 29.7% and 82.4%, respectively [62]. Further south, in deciduous stands
of Germany, RA is reported to be between 0.02 and 0.20 ind. /trap-day [37]. These values
correspond to the long-term variation of C. glareolus in Germany, which was in the range of
0.01-0.18 during 1950-2010 [38]. In the oak forest of Bulgaria, the RA of C. glareolus was
0.069 ind./trap-day [52].

North of Lithuania, in Sweden, the relative abundance of the species in 1970-2015
ranged from 0 to 0.013 ind. /trap-day and fluctuated markedly, with 12 distinct cycles in the
mentioned period [29], but with no general average data from the authors. Further north,
the average RA was 0.067, with a maximum of 0.20 ind./trap-day [66]. In the northernmost
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study, in Finnish Lapland, the annual relative abundance of C. glareolus varied from zero to
0.30 ind. /trap-day in 1970-2000 [25].

4.4. Short- and Long-Term Changes in Population Indices of C. glareolus

We observed monthly and seasonal differences of RA in C. glareolus (see Tables 4 and 5),
which remain valid, taking into account the influence of long-term and habitat covariates.
Maximum RA was observed in November and December, then decreased until April and
remained at a minimum until July. An increase in RA from May to mid-July was reported
by M. Mazurkiewicz [67] or from April to October by A. Bajer et al. [68], both in similar
latitudes; however, these authors, as most of the others, do not catch small mammals in
the non-vegetation period. References confirming this statement can be found in [66,69].
Therefore, our data on monthly changes in C. glareolus RA are sufficiently original not only
for the country but also regionally. Seasonal changes of RA, with an upward trend from
minimum in spring to winter, only confirm the monthly dynamics on a coarser scale.

Our results did not show a regular pattern of monthly changes in C. glareolus propor-
tions (see Table 5), but they were constant in all seasons (Table 4, Figure S4B). Again, most
of the cited authors compare only two seasons, spring and fall [66,70], sometimes three,
including summer [55,61,67], but rarely in winter [69].

We did not find cyclic changes in the relative abundance of C. glareolus in general,
regardless of habitat, nor in the forest habitat. Visually, two periods can be observed:
1981-1990 and 2017-2023, both marked by relatively low and stable densities of C. glareolus,
and 1991-2016, characterized by higher but fluctuating densities independent of habitat, as
illustrated in Figure 2. Similar patterns are noted in forest habitats (Figure 3). Despite these
fluctuations, the long-term trend for C. glareolus is decreasing and non-cyclic, as shown in
Figures 56 and S7. The absence of abundance cycles of this species fits into a more general
picture—cyclic fluctuations in the northern part of the range [15,23,24,31,71], absence or
dampening of RA fluctuations in Latvia and Estonia [34,35,63], and irregular outbreaks in
the south [36,37,61]. The alternation of low and high abundance, as well as outbreaks, are
related to summer temperatures and masting [38]. In the current study, we do not analyze
weather parameters and food of voles, focusing only on the picture of population changes.

The other strong finding of this study is the decreasing long-term trend in both RA
of C. glareolus and species proportions in the small mammal community (see Table 6).
Compared to the 1990s, RA was two times lower in the 2020s, and accounting for the
covariates of season and habitat did not change the trend (see Figure S6A). In terms of
proportion, there were three periods of decreasing C. glareolus proportion in the small
mammal community: the species comprised over 40% in the 1970s-1980s, about 35% in
the 1990s-2000s, about 20% in the 2010s—2020s, and these differences were significant after
accounting for covariates of habitat and season (see Figure S6B). In the forest habitat, the
proportion of C. glareolus almost halved during the whole period (see Figure S6C).

A decreasing proportion of C. glareolus was observed in Latvia after the 1990s [63]. Ac-
cording to the data presented in [61], the proportions of the species in two different habitats
in Poland remained stable. Long-term trends of C. glareolus proportions in Fennoscandian
studies are not clear, but based on abundance data, proportions are highest in remnant
semi-natural old-growth forests compared to not only middle-aged stands but also older
cultivated stands [65].

There are also marker differences in the temporal synchrony of RA changes in dif-
ferent small mammal species, with interspecific synchrony not observed in Latvia [34,63]
and Lithuania [40]. However, this is characteristic of small mammal communities in the
north [72]. These differences may be related to differences in the postglacial history of the
species. Based on dispersal from different glacial refugia, C. glareolus populations in Lithua-
nia, Latvia, and Poland are a mix of Carpathian and Eastern lineages [73]. These lineages
differ not only in their ecological niche requirements but also phenotypically [74]. However,
there is no way to genetically test processed individuals, as our data are all retrospective.
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The reciprocal relationship between dominance and diversity in communities is a
well-known phenomenon [75,76], and it is not only for small mammals [77]. As shown
in the example of a flooded meadow in Lithuania, the absence of small mammals in the
post-flood area allows non-dominant species to reach high relative abundances [40]. A
decrease in the diversity of the small mammal community in Sweden was related to an
increase in the proportion of C. glareolus [29]. And vice versa, we related the increase in
small mammal diversity in Lithuania to a decrease in dominance in their community, which
in turn was related to a decrease in the proportion of C. glareolus [41].

5. Conclusions

According to the proportion of this species in forest small mammal communities,
C. glareolus in Lithuania is in the middle of a south-north increasing cline. On the basis
of long-term trapping data, we found that C. glareolus is not cyclic and is decreasing in
proportion and in relative abundance. The increasing diversity of small mammals in the
country in recent decades can be attributed to these changes.
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different decades; Figure S2: Accumulation curves of species (A) and diversity (B) of the small
mammal community in relation to the number of specimens trapped in different habitats; Figure S3:
Habitat effect of relative abundance (A) and proportion of C. glareolus in the small mammal community
(B), calculated by evaluating covariates at their means. Vertical bars denote 95% CI; Figure S4:
Seasonal changes in relative abundance (A) and proportion of C. glareolus in the small mammal
community (B), calculated by evaluating covariates at their means. Vertical bars denote 95% CI;
Figure S5: Monthly changes of the relative abundance of C. glareolus, calculated by evaluating
co-variates at their means. Vertical bars denote 95% CI; Figure S6: Long-term changes in relative
abundance (A), the proportion of C. glareolus in the small mammal community in all habitats (B) and
in the forest habitat (C), calculated by evaluating the covariates at their means. Vertical bars denote
95% CI; Figure S7: Autocorrelation of annual relative abundances of C. glareolus in autumn in forest
habitats with different lag periods.
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