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Abstract. The objective of this study is to investigate whether small rodents in the
shrub tundra of southern Yamal exhibit density-dependent habitat use. All data were
collected through trapping species at the Erkuta Tundra Monitoring Site (N 68.2, E 69.2¢)
in three distinct habitats over a period of 16 years (2008-2023). The analyses primarily
focused on the three most abundant species, namely, narrow-headed vole (60% of
individuals caught) and Middendorf’s voles (35%) and collared lemming (5%). Overall,
there was a decrease in the presence of lemmings, which are specialized arctic species. In
contrast, the presence of narrow-headed voles, which are mostly boreal or wide-spread
species, increased and expanded northwards. A spill-over effect was observed on both
small and large scales for the narrow-headed vole, as they began to inhabit open habitats
adjacent to their preferred willow thickets more frequently at high abundance levels. The
observed shifts may be attributed to the combined impact of several environmental change
drivers, including winter and summer climate warming, spreading of shrubs as a result, as
well as increased human activity, particularly related to intensive reindeer herding and

industrial development.
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Introduction

On the Yamal Peninsula, different tundra subzones alternate. Here several species
of small rodents play a key role in the plant-herbivore-predator system. Nowadays,
terrestrial Arctic ecosystems have undergone important changes (Ims et al., 2013; Ims and
Fuglei, 2005). Climate change, namely warming, which during last 40 years occurs nearly
four times faster at high latitudes than in the globe (Rantanen et al., 2022; Chylek et al.,
2022), and is a major driver of biodiversity changes as well as other anthropogenic impacts
such as industrial development and land use which play a significant role in interactions
with climate (IPCC, 2023). Vegetation composition shifts, and in particular, shrub
expansion across the Arctic tundra is the most important and widely described responses of

high-latitude ecosystems to rapid climate warming.

Willow thickets (Salix spp) are prominent structural features in the southern Arctic
tundra, where they serve important ecological functions by providing food, shelter, and/or
breeding sites for wildlife. At the same time there is an increase in the area of willow
thickets due to climate warming (Chapin et al., 2005; Tape et al., 2006). In general,
communities of certain species prefer certain types of habitats. But with an increase in the
area of willow thickets in the Arctic, southern species related to this microhabitat can
penetrate into the tundra. So, the main habitat may not be able to accommodate all
individuals as densities increase and some animals move to neighboring habitats, which in
turn are native for local species. Therefore, one of the main predicted consequences of
climate change, which has a serious impact on the structure and functioning of tundra food
webs, is shifts in the ranges of species due to changes in their usual habitat as a result of

shrubs spreading to the north, which leads directly to changes in biodiversity.

Long-term observations and possible explanations of such shifts caused by climate
change are rare in the Arctic, while are critical for the entire food webs of terrestrial tundra

ecosystems.

The purpose of the study - is to document, evaluate and predict changes in the

small rodent’s community under spreading of willow thickets
Tasks:

o reveal the preference of different habitats by different species;



. assess the geographical patterns of long-term fluctuation density and

identify trends in the abundance of small rodents;

o check the spill-over effect in the years of increase in the abundance of

particular species;

o formulate a forecast of changes in the rodent community under the

spreading of shrubs.
Hypotheses based on the assigned tasks:

o from literature analysis - the narrow-headed vole prefers thickets, the
Middendorff's vole prefers wet tundra, and the collated lemming prefers dry tundra;

. all three study species would show spill-over effect with the growing

density (i.e. “going out from their preferred habitat™).



Materials and method
1.2 General characteristics of the Yamal Peninsula and its vegetation cover

The Yamal Peninsula is situated in the northwest of Siberia. It is a region with
multiple environmental influences, such as nomadic reindeer herding by the indigenous
Nenets, petroleum development and variable climate shifts. To the west, the peninsula
meets the Kara Sea, specifically - Baydaratskaya Bay. From the east and southeast, it is
bordered by the Ob Bay. The northern section of the peninsula is adjacent to the Malygina
Strait, which separates Bely Island from Yamal. The significant length of the Yamal
Peninsula from north to south has resulted in a distinct zonation of both climate and

vegetation cover.

The climate is determined by the presence of permafrost, the proximity of the cold
Kara Sea, and the abundance of bays, rivers, swamps and lakes. The area is generally
marked by lengthy winters that can last up to 8 months, brief summers, powerful winds,
and scant snowfall. In winter, frosts down to minus 55 or even 60 degrees are not
uncommon here. Ice drift on the rivers begins only in the second half of May, and water
reservoirs are covered with ice already in October, sometimes freezing to the bottom.
Relative humidity throughout the peninsula is high (70-90%) throughout the year. The
average annual precipitation is 320-350 mm. Most precipitation falls in the period June —

September (Yamal media. Online resource, URL.: https://yamal-media.ru/).

The territory of the district is located mainly in three climatic zones: Arctic,
subarctic and the northern zone of the West Siberian Lowland. The climate of the Arctic
part which covers the islands, the northern part of the Yamal and Gydan peninsulas, is
characterized by long, cold and harsh winters with severe storms, frosts and frequent
snowstorms, low rainfall, very short summers, and heavy fogs. The subarctic zone
occupies the southern part of the Yamal Peninsula. The climate here is sharply continental:
precipitation is in the form of rain, summer is up to 68 days. The climate of the northern
strip of the West Siberian Lowland (taiga) is sharply continental. The average temperature
here is higher, summers are quite warm and pretty humid (up to 100 days). The small
amount of precipitation in the northern part of the peninsula is mainly due to the low
humidity of Arctic air masses. The annual amount of evaporation is small here (about 250
mm per year). The number of days with snow cover is about 240 days (Official website of
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the Government of the Yamalo-Nenets Autonomous Okrug. Online resource. URL:

https://yanao.ru/).

Winter lasts 7-7.5 months, the average temperature in January is -23-25°C. Spring
is usually short (35 days) and cold, with sudden changes in weather, with frequent returns
of cold and frost. The growing season is about 70 days. Autumn is short, with maximum
instability of the pressure gradient, sudden changes in temperature and frequent early
frosts. The windiest weather is observed in autumn and winter. Southern and southeastern

winds also predominate in winter and predominantly northern winds in summer.

The Yamal Peninsula is characterized as a relatively flat and low-lying
accumulative plain, with absolute heights ranging from 0 to 70 meters, and the highest
point reaching 90 meters (Morozova and Magomedova, 2004). The relief of the peninsula
is formed by the West Siberian plate and is covered with a thick layer of sediments. It is
primarily composed of marine, alluvial, and lacustrine sediments, which consist of sandy
and clayey materials. The peninsula's geological composition primarily consists of
Paleogene deposits. The structural features and lithology of Yamal are indicative of
alternating periods of transgression and regression of the sea, as well as erosional incisions.
(Markovsky, 1975).

The continuous distribution of permafrost and its presence at the surface facilitate
the widespread development of cryogenic and karst landforms. This is associated with the
formation of tuberculate, polygonal, and spotted tundra, as well as polygonal and
hummocky swamps. The swamps in this region are typically confined to lowlands and

basins.

On the territory of Yamal there are 3 types of soils: peat, gley, alphehumus. The
first one is formed in lowlands and ravines from dying vegetation. The second one is made
of loam and moss. This layer is formed in the tundra above the permafrost layer. The third
is taiga-forest soils formed in the forest-tundra. The peculiarities of the soils are the poor
mineralogical composition of the parent rocks and waterlogging.

The peninsula is located in the tundra zone and covers three bioclimatic subzones
of the Arctic, defined on the circum-Arctic vegetation map (Walker et al., 2005). Starting
from south to north, this is shrub tundra (subzone E), then typical (subzone D) and arctic

(subzone C) tundra. These subzones differ in plant biomass, which increases from north to
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south, dominant plant species, and other vegetation characteristics, particularly the
presence of upright shrubs and willows. The arctic tundra subzone occupies 19% of the
peninsula’s territory, typical and southern 26% and 55%, respectively (Magomedova et al.,
2006). The most important components of tundra vegetation are mosses, lichens, shrubs

and grasses (Figure 1).
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Figure 1. Map of the vegetation type distribution on Yamal peninsula with Yamal

Peninsula in the center and a view (created by author, according to Walker et al., 2005).

Due to climatic conditions and a short growing season, the plants here are stunted,
often have a creeping and cushion-like shape, and grow in patches, exacerbating the
complexity of the vegetation cover (Magomedova et al., 2006). Arctic tundra exhibits
limited plant primary productivity, a phenomenon that can be attributed to the region's cold
temperatures, brief snow-free period, and soil that is deficient in nutrients (Callaghan et al.,
2004; Ims et al., 2005).

In this region, shrubs, which are characterized as woody plants, display a variety of
growth forms, ranging from upright dwarf shrubs with heights of 0.1 to 0.4 meters to
prostrate dwarf shrubs that are less than 0.1 meters in height. (Myers-Smith et al., 2011).
Erect dwarf shrubs are the most abundant group in the low Arctic. It includes two

functional groups: deciduous shrubs and evergreen shrubs. Deciduous shrubs have a high
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leaf quality. They include Salix spp, Alnus spp Vaccinium uliginosum, and Betula nana.
Evergreen shrubs (e.g. Empetrum nigrum, Ledum decumbens) are less palatable but are
better at using organic nitrogen from the soil. Grasses and sedges are two fast-growing
functional groups of plants appreciated by herbivores. They include Carex spp, Luzula spp
and Eriphorum spp. Grasses are more palatable than sedges and have a short turnover.
They include Poa spp and Festuca spp. All these characteristics or functional traits are
important factors in plant-herbivore relationships since they can predict how plants will

react to a disturbance in the system, such as herbivory.

The difference between the two subzones D and E of the low Arctic is reflected in
the different participation of shrubs in the vegetation cover, as well as in the combination
of plant communities on the tops and slopes of watersheds. In general, willow thickets
typically grow along rivers or on slopes and are often the tallest plants in a tundra
landscape that is otherwise characterized by short plants. The predominant structural
component in this region is the shrub thicket, which demonstrates higher productivity
levels in comparison to the surrounding open tundra vegetation. Thus, in a typical tundra,
the vegetation is represented mainly by non-tussock sedge, dwarf-shrub, moss tundra and
erect dwarf-shrub tundra. Sedges, mosses and shrubs (Dryas, Cassiope tetragona, Arctous
rubra, Vaccinium spp.) are predominate here. Shrubs form low-growing thickets on the
slopes - willow thickets up to 40 cm high. Meadow-like communities in subzone D are

represented mainly by cotton grass and sedges, but are characterized by low productivity.

In the shrub tundra (subzone E), willow thickets are a more noticeable structural
element. They grow in the most productive parts of the landscape and provide food and
shelter for numerous animals. In the southern subarctic tundra, shrub tundra occupies
watersheds, including their tops, in combination with grass-moss and shrub-moss tundra.
Here shrubs overlook the watersheds. They grow in the most fertile places and can be
considered productivity hotspots in conditions of fairly low productive vegetation. Here
thickets of willow can be one to two meters high, and in some places can be higher and are
interspersed with alder (Alnus spp.). The vegetation also is dominated by wild rosemary
(Ledum decumbens), sedges, grasses, forbs, and sometimes thick moss carpets (Sphagnum
spp., Sanionia uncinata). So, in the southern tundra, the species diversity of meadows

increases, the height of plants also increases - tall grass cereal cenoses are common here.
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On the other hand, the main feature of the Arctic tundra is the virtual absence of
shrubs, some of which can be found only in the south of the subzone in some communities
near watersheds. The vegetation of subzone C consists mostly of graminoid, prostrate
dwarf-shrub, forb tundra and prostrate/ hemiprostrate dwarf-shrub tundra. The vegetation
here is mainly represented by grasses, sedges (Carex spp., Eriophorum spp.), mosses (e.g.,
Polytrichum sp., Sphagnum sp.) and forbs. Erect willows of at most 15 cm height are also
found (Sokolova et al., 2024). Grass-moss tundra and grass-moss swamps play a
significant role in the structure of vegetation cover. Meadow-like communities form in

river valleys.

1.2. Community of small rodents on the Yamal Peninsula

In the category of small herbivores, voles and lemmings have distinct dietary
preferences. Voles, specifically the Microtus species, consume a variety of grasses, sedges,
and forbs, while lemmings primarily feed on sedges and mosses. Dicrostonyx lemmings,
for instance, have a diet that consists mainly of grasses and shrubs. Small rodents have
burrows and feeding areas, which are usually connected by well-trodden paths along which

there are numerous feeding areas (Figure 2).

Figure 2. Example of holes and trodden paths of small rodents (photo is taken by the

author on the study units of Erkuta tundra monitoring site)
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The community of small rodents in the shrub tundra zone of the Yamal Peninsula is
quite rich in species and includes several species of voles, the most numerous of which are
Middendorf's voles (Microtus middendorffii) and Narrow-headed voles (Microtus
gregalis), also the red-backed vole (Cl. Rutilus), as well as lemmings — collared lemmings
(Dicrostonyx torquatus) and Siberian lemmings (Lemmus sibiricus). Arctic lemmings and
voles are unique in that they remain active throughout the year, even during the winter
months when they are beneath the snow. Additionally, they possess remarkably high

metabolic rates.

The Microtus species are morphologically similar but exhibit distinct distribution
patterns. Thus, M. Gregalis (narrow-headed vole) has a disjunctive distribution and is
found in both the Arctic and Subarctic regions of Russia, as well as in steppe regions. In
Yamal, it primarily inhabits river valleys, water meadows, and willow thickets. Its diet
consists of various sedges, grasses, forbs, and shrubs. These voles typically live in colonies
comprising individual burrows connected by paths and underground passages. The narrow-
headed vole in the tundra retains some ecological characteristics indicative of its steppe
origin, such as building deep burrows, which limits the range of suitable biotopes and
consequently, its distribution in the tundra (Sokolova et al., 2024). Overall, the availability
of natural shelters for M. Gregalis in the steppe and tundra zones is limited, and their
placement largely depends on the presence of durable turf formed over many years.

In contrast, M. middendorffii has a limited distribution range that is confined to the
Russian Arctic and subarctic regions, including forest-tundra and shrub tundra. This
species is commonly found in lower-lying humid tundra areas, particularly in swampy
habitats where mosses, dwarf birch, and sedges are prevalent. The diet of the Middendorf's
vole primarily consists of the roots and shoots of cereals, with a preference for sedges and
woodlands (Sokolova et al.,2024).

The red-backed vole is a boreal species, although it is also found in the lower Arctic
- usually in floodplains near thickets of willows and alders. Their diet consists of herbs,

berries, mosses, lichens and mushrooms (Sokolova et al., 2024).

Unlike voles, lemmings are characterized by an arctic distribution (Figure 3).
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Figure 3. The distribution area of collared lemmings, Middendorf’s voles and
Narrow-headed voles (A.N. Severtsov Institute of Ecology and Evolution. Data
base. Online resource, URL:

http://www.sevin.ru/vertebrates/index.html?Mammals/162.html )

Lemmus sibiricus exhibits a preference for humid tundra areas, typically found in
low relief forms and almost exclusively in moss-dwarf birch tundra. They feed on sedges
and mosses, with occasional consumption of dwarf birch shoots and willows. Collared
lemmings inhabit preferentially moss-dwarf birch tundra (Dunaeva, 1948). They feed on
various types of deciduous and evergreen shrubs, but their diet also includes sedges,
grasses, and forbs. Lemmings construct nests and dig an intricate network of holes in the
sub-root layer of snow to access food resources. Besides, lemmings have undergone co-
evolution with the tundra biome since the beginning of the Pleistocene epoch, resulting in
their ability to withstand the harsh conditions of the Arctic environment. Through
convergent adaptations, they have become well-suited to life beneath the snow. These
adaptations include the growth of large claws for efficient digging, as well as the
development of sturdy teeth, powerful jaws, and large guts. These features enable them to

subsist on low-nutrient plant matter (Ehrich at al., 2020).

Lemmings and voles are renowned for their population cycles that occur every 3-5
years, characterized by significant periodic outbreaks that result in boom-and-bust
dynamics. These cycles have substantial implications for the entire vertebrate tundra food
web. However, the duration of these cycles can vary, with some populations displaying
shorter cycles, such as the 3-year cycle of Siberian lemmings on the Taimyr Peninsula

(Summers and Underhill, 1987), or longer cycles, such as the more than 4-year cycle of
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Norway lemmings in northern Norway (Angerbjorn et al., 2001). Numerous theories have
been put forth to account for these cycles, with the most widely accepted one suggesting
that food availability and predation are critical factors (Fauteux et al., 2015). Nevertheless,
climate shifts, particularly changes in snow conditions, may also influence the cyclic
dynamics of small mammals, as they spend the majority of the year living, feeding, and

reproducing beneath the snow (Ims et al., 2008; Fauteux et al., 2015).

1.3 Study area

The study is conducted at the Erkuta Tundra Monitoring Site located in the south of
the Yamal Peninsula, Russia (68.22° E; 69.15° N). Erkuta belongs to the Low Arctic zone
(bioclimatic zone E) (Figure 4).

Circumpolar Arctic Bioclimate Subzones of = A

”~ -
Yamal-Nenets Autonomous District
i 2

Legend :

% Erkuta monitoring site
' Blocllmagé Silbzones
[ Glaciers = .|
v DA" e ‘ S,
C sy
B D

HE

] Non-Arctic

Figure 4. Map (A) of the Yamalo-Nenetskiy Autonomous District in Northwest

Siberia (Russia) with Yamal Peninsula in the center and a view (B) of the studied area. The
five bioclimatic subzones of the Arctic (A high arctic tundra, B northern arctic tundra, C
southern arctic tundra, D northern hypo arctic tundra, E southern hypo arctic tundra) are

shown in various shades of green (created by author according to Walker et al., 2005)

The area is also characterized by a gently sloping tundra landscape with low hills

typically around 30 meters in height, and several steep slopes and sandy cliffs along the
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banks of rivers and lakes (Fufachev et al., 2019). The study area is also located near the

confluence of the Payutayakha and Erkutayakha rivers.

The dominant vegetation types here are erect dwarf shrub and low shrub tundra,
according to Circumpolar Arctic Vegetation Map (CAVM) (Walker et al., 2005). The
landscape is primarily composed of continuous shrubland, with shrubs ranging from 50 cm
to 2 meters in height. These shrubs can be deciduous or evergreen, usually surrounded by
graminoids, forbs, true mosses and lichens. Low shrub tundra is more prevalent in this area
than the drier, lichen-rich upright shrub tundra. Dense stands of willow (Salix spp.) and
alder (Alnus fruticosa) are found along rivers and lakes, and numerous bodies of water also
create extensive wetlands. On dry ridges, vegetation cover can be sparse (5-50%), but
usually continuous (80—100%) (Walker ey al., 2005). The study area is also located in the
permafrost zone, resulting in the presence of tuberculate, polygonal, and spotted tundra, as

well as polygonal and hummocky swamps.

1.4 Method of snap trapping and abundance of small rodents

Small rodent dynamics were monitored from 2008 to 2023 by snap trapping, which
was carried out according to the small quadrat method (Myllymaéki et al., 1971). All
trapping of small rodents was undertaken under the scientific plan of IPAE, and approved
by its Bioethics Commission (IPAE, Bioethics Commission (protocol #014 dated
12/05/2023). Online resource, URL.: https://ipae.uran.ru/information/bioethics_comission).
Snap trapping method is widely used for study the habitat and dynamics of boreal
populations and Arctic rodent communities. To compare data obtained on lines with
different numbers of traps, the abundance index is used, which is calculated as the number
of animals caught per 100 trap-nights (Sheftel, 2018).

As described in Myllymiki et al. (1971), the small quadrat method is designed to
encompass the home range of the resident rodents within a defined habitat. Thus, it is can
be used to estimate relative rodent densities and has been used extensively for both short-

and long-term rodent population monitoring.

Small rodents were trapped in three habitat types (willow thicket edge, mesic dwarf

shrub tundra, and wet-lands), defined as the key landscape elements for the study area:

e Wet (W) — moist areas in flat, low-lying tundra or in small valleys, dominated by

thick layers of Shagnum moss together with Carex spp u Eriphorum spp tussocks;
16



e Dry (D) — dwarf-shrub tundra on hillsides or in the upland tundra (but not in the
driest places, like on the tops of ridges), with predominance by lichens and evergreen

woody shrubs, sometimes together with B. nana and Eriophorum spp;

e Thicket (T) - willow thicket edge at least 0,5 m high (Salix glauca-Carex aquatilis
type or Salix lanata-Myosotis nemorosa).

The selection of all sites was based on a visual evaluation of the habitat, in
accordance with the specified criteria. These sites were situated in areas that are not prone
to flooding during the spring season. Such types are already used for rodents’ monitoring

on the station for many years.

The overall study area is divided into units called K, L and R, which are separated

by approximately 5 km from each other (Figure 5).

Map of the study area with the trapping plots

* Erkuta monitoring site (camp) Units Habitat type
O K Aem Dry
o L aem Thiket
A R ©r Wet

Figure 5. Map giving the location of the three study units (K, L, R) with 18 trapping
plots (quadrats) in each. The symbol form represents the unit, its color — the habitat type.
The location of a station is shown with a red star dot (Erkuta, Yamal, N 68,2°, E 69,2°)

(created by an author).

The 2 sessions were complete during the 2023 year, namely in second part of June
and the beginning of August. Each trapping session extended over two days and traps were
17



checked once per day, resulting in two checks per session (2 x 12 = 24 trap nights per
quadrat plot per session).However, from 2008 to 2011, permanent small quadrats were
placed only in two spatial units, namely K and R units, for two nights per season resulting
in 2 x 3 x 6 = 36 quadrats in total (in details: 2 units x 3 habitats X 6 quadrats x 12 traps x
2 nights x 2 sessions = 1,728 trap nights per year). In 2012, a third unit L consisting of
quadrats in the same habitat types was established resulting in a total of 2,592 trap nights
per year. So, with occurrence of third L unit, it started to be 54 quadrats in total for each
trapping session in each year. In 2016, only one session was carried out for logistic

reasons.

In each of the study sites, traps were positioned within small 15 x 15 m quadrats,
with the four corners of the quadrat serving as the sampling locations for the traps. At each
of these corners, three traps were arranged within a 2-meter radius, resulting in a total of 12
traps per sampling square. In cases where thickets were present, two of the corners were
situated within the thickets, typically 1 meter inside, while the remaining two corners were
located outside the thickets. (Figure 6).

Wet and Dry plots Thicket plots
Traps within 2 m from the corner Traps within 2 m from the comer

15m

15m
15m

(= &) JLI I )y

— T » P

Traps within 2 m from the comer Traps within 2 m from the corner

Figure 6. Snap-trapping method in various habitats. (with contributions from
O.Pokrovskaya). (IPAE, Bioethics Commission (protocol #014 dated 12/05/2023). Online

resource, URL.: https://ipae.uran.ru/information/bioethics_comission )
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The vegetation adjacent to the thickets consisted of productive meadows dominated
by forbs and grasses or of dwarf shrub tundra. Traps were placed along natural paths for
rodents or in front of their burrows and fed with raisins and oats.

Three focus groups of rodents were selected for the study: the narrow-headed vole,
the Middendorff's vole, and the collared lemming. Then, based on the results of trapping
from 2008 to 2023, data was summarized as total number of individuals of lemmings and

voles respectively, trapped per 100 trap nights and averaged over units and habitats.

Abundance indexes were calculated for each rodent in each habitat type for each

unit. The abundance of rodents is calculated using the following formula:
V=(N * 100)/ n*d (individuals/100 trap-nights)

Where, V - abundance; N - number of individuals caught in the trap; n - number of

traps in the line; d - number of days.

Thus, it was examined whether the study species were trapped in their typical
habitats—the narrow-headed vole in a thicket habitat, the Middendorff's vole in a wet
habitat, and the collared lemming in a dry habitat—or in other nontypical habitats, and
whether this dominance changed with increasing numbers of voles, season, and year,

thereby testing predictions about the relationship between habitat use and abundance.

All statistical analyses were carried out in R version 3.3.0 +. At the scale of the
study area, predictions about the relationship between habitat use and abundance were
tested with Fitting Generalized Linear Models. It is used to fit generalized linear models,
specified by giving a symbolic description of the linear predictor and a description of the

error distribution.

1.5 Climate data

The Yamal region is very sensitive to climate warming over the past 30 years.
Forbes has reported an increase in average air temperature of 1-2°C (Forbes and Stammler,
2009).

Many studies have noted that the Arctic region has experienced a stronger warming
trend in recent decades than much of the rest of the globe. It can be seen how climate

change has affected the Yamal Peninsula region over the past 40 years (Figure 7).
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Mean yearly temperature, trend and anomaly, 1979-2023.
Yamal Peninsula 70.82°N, 69.87°E.
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Figure 7. Yearly Temperature Change on Yamal Peninsula (dashed blue line is the
linear climate change trend, each colored stripe represents the average temperature for a
year - blue for colder and red for warmer years.) (Climate Change Yamal Peninsula.

Meteoblue. Online resource, URL: https://www.meteoblue.com/en/climate-change/yamal-

peninsula russia 114976977?month=7)

The graphs presented in this study were generated using data from ERAD5, the fifth-
generation atmospheric reanalysis of the global climate produced by the European Centre
for Medium-Range Weather Forecasts (ECMWF). ERA5 provides a comprehensive
dataset spanning the years 1979 to 2021, with a spatial resolution of 30 km. This dataset is
made available by the Copernicus Climate Change Service (C3S) at ECMWF. According
to this graph, it can be said that the mean temperature for the region was -5.5 C. The
hottest year over the last decade was 2020 with the mean temperature of -4.3. It could be
seen the since nearly 2010 the trend and the temperatures has changed significantly and

now only warmer years can be seen.

Moreover, published research shows that “longer, warmer summers are promoting
the growth and northward expansion of willow thickets” (Mekonnen et al., 2021;

MyersSmith et al., 2011, Heijmans, M. M., 2022).
1.6 Shrubs expansion

Shrub expansion occurs across large parts of the tundra biome, and its potential
ecological consequences are widely debated. Many research supports the increase and
spread of both deciduous shrub species such as birch (Betula spp.), willow (Salix spp.), and
alder (Alnus spp.), as well as prostrate evergreen shrubs in response to warming in the
Acrctic region (Wilson and Nilsson, 2009; Vowles et al., 2017; Myers-Smith et al., 2020).
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The present-day distribution of shrubs in the Arctic is consistent with past episodes
of vegetation change. Paleoecological findings suggest that shrub species are highly adept
at colonizing and/or expanding their range within tundra ecosystems during periods of
optimal growing conditions. Pollen data reveal that alder, birch, and willow species were
more prevalent in mid- and upper Arctic circumpolar ecosystems during post-Last Glacial
Maximum periods, which were characterized by warmer and wetter conditions than those
of the present day (Myers-Smith et al., 2011).

Thereby, shrubification (expanding of shrubs northward) can be divided into three
categories, involving either changes in vegetative growth or recruitment (clonal or
vegetative) (Myers-Smith et al., 2011) (Figure 8).

R a) é} b)

Figure 8. The three general categories of shrub increase including (a) infilling of

existing patches, (b) increase in growth and (c) an advancing shrubline (Myers-Smith et al.,
2011)

The three categories of shrub expansion are: (a) infill, which involves lateral
growth of existing shrubs and recruitment between established sites, resulting in increased
shrub cover; (b) enhanced growth potential, which includes changes in growth habit, such
as increased canopy height of shrub cover; and (c) range expansion, which refers to the

colonization of areas beyond the previous range limit, also known as advanced shrubline.
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Results

In total, over 16-year study period, 1169 individuals of three selected small rodents’
species were trapped, including: 705 (60%) - narrow-skulled vole, 407 (35%) -
Middendorff's vole, 57 (5%) - collared lemming. Thus, the focus groups were the
Middendorff's vole and the narrow-headed vole - they were the most common. Overall,
vole abundance was lower in 2016-2019, increased in 2020, peaked in 2021, and declined
slightly by 2023. The graph illustrates the absolute number of species trapped in the three
habitats by year (Figure 9).

140 Species

D. torquatus
B M. middendorfi
B M. gregalis

120

Ji‘l‘l":]il]‘ii

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Quantity

~
S

Year

Figure 9. The absolute number of each species trapped in summer in the years
2008-2023 at the Erkuta tundra monitoring site (Yamal, Russia).

Data of the number of small rodents trapped per 100 traps/nights (abundance index)

in each habitat type were also plotted (Figure 10-12).
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Number of small rodents per 100 trap/ nights in "Dry" plots
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Figure 10. Number of small rodents per 100 trap/ nights in “Dry” plots (habitat
type).
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Figure 11. Number of small rodents per 100 trap/ nights in “Wet” plots (habitat
type).
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Number of small rodents per 100 trap/ nights in "Thicket" plots
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Figure 12. Number of small rodents per 100 trap/ nights in “Thicket” plots (habitat

type).

Thus, the graphs show that the preferred habitat for the collared lemming is Dry
plots. It was occasionally trapped in alternative habitats. Middendorf's vole also remained
in its usual habitat for a long time, but in recent years it has begun to move a little more
into the dry and thicket tundra. The graphs also confirm the narrow-headed vole’s
adherence to thicket habitats throughout all years of traps. However, it can be seen that its
penetration into alternative neighboring habitats is much higher compared to the two
previous species. Almost every year, part of its quantity per 100 traps/day was accounted

for in dry and wet biotopes.

Linear models were also constructed: the ratio of the abundance index of the
narrow-headed vole, Middendorff's vole and collared lemming to adjacent biotopes. Thus,
the collared lemming (p value<0.001; KS test = 0.09; Dispersion test = 0.9; Outlier test =
0.16) and Middendorft’s vole (p value<0.001; KS test = 0.09; Dispersion test = 0.9; Outlier
test = 0.16) do not show a tendency to spread to other biotopes.

So, according to the results of traps in three fundamentally different biotopes (wet
tundra, dry tundra, willow thickets), the narrow-skulled vole is mainly caught in thickets,

but quite often this species is present in the other two biotopes.
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To assess the extent to which the narrow-skulled vole is able to move beyond its
typical habitat, two analyzes were carried out: the tendency to disperse at scales up to 15 m
from willow thickets (Figure 13) and the tendency to disperse to alternative habitats
(Figure 14).

The plots for trapping in willow thickets are oriented in a way that one side of a
15m*15m square is located directly on the border of the thickets, extending 1-2 meters into
the thickets, the opposite side is in an open area (productive meadow or shrub tundra). To
assess the tendency to dispersal at a level of up to 15 m from the willow thickets, a
generalized linear model with a binomial distribution was built. A binomial variable was
used as the dependent variable, which reflects the occurrence of the narrow-headed vole on
the open side in the capture plot. The abundance index of the narrow-headed vole for the
year from all biotopes was used as an independent variable. The independent variable of
narrow-headed vole abundance was transformed on a logarithmic scale to better distribute

the model residuals.

1.0,

0.8

00— ®

Occurrence on non thicket side per year

individuals per 100 t/n in year

Figure 13. Tendency of dispersal of the narrow-headed vole to alternative biotopes
at scales up to 15 m from the border of willow thickets (independent variable - index of
narrow-headed vole abundance for the year from all biotopes, dependent variable -
occurrence of narrow-skulled vole on open side in the catch square, the dots reflect annual

abundance indexes)
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o Estimate = 0.4794, Std. Error = 0.2190. P value = 0.028
o Number of Fisher Scoring iterations: 4
o Ks test = 0,361, Dispersion test = 0,9, Outliner test=1

To assess the tendency for the narrow-headed vole to disperse to alternative
biotopes, the abundance indexes of the narrow-headed vole in each biotope were calculated
in June and August for each year. Next, a linear model was built, where the index of
abundance in alternative biotopes was used as the dependent variable, and the abundance
index of the narrow-headed vole in willow thickets was used as the independent variable
(from 0 to a maximum value of 33). Both variables were transformed by square root

transformation to better distribution of the model residuals.

5 5

% X

> 47

2 x

£ s x

o

o

T 24 -

[}

7 X

T 14 X XX X

= X X X

> 0K X X X

2 - X XXX X X XX

= | | T | | | | 1
0 5 10 15 20 25 30 35

Individuals per 100 t/n in thicket

Figure 14. Tendency of dispersal of the narrow-headed vole into alternative
biotopes (“Wet” and “Dry” plots) (independent variable - index of abundance of narrow-
headed vole in willow thickets, dependent variable - index of abundance in alternative

biotopes, crosses reflect 1 catch in 1 season July/August on thicket sites in 1 unit)
e Estimate =0.174453, Std. Error = 0.032713, P value <0,001

o KS test = 0,09, Dispersion test = 0,95, Outlier test = 0,16
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Standard Error is 0.17 £0.03. Thus, with an increase in the abundance index of the
narrow-headed vole by 1, the M.gregalis index on non-Thicket plots increases by 0.17
individuals per 100 trap/nights. The maximum value for the narrow-headed vole in

alternative biotopes is 1 individual per 100 trap/nights.

Thus, both models indicate that the probability of trapping a narrow-headed vole in
other biotopes, including on the non-Thicket side, increases with a rise in the total number
of rodents caught per year. The results support the prediction that high density leads to
expansion into less preferred habitat for the narrow-headed vole, including at the local

scale of sites.

Based on data from the CRU TS 4.01 spatial climatic dataset (Harris et al., 2014),
and local HOBO meteostation the graph of mean annual summer temperature on Erkuta

tundra monitoring site from 2008-2023 was obtained (Figure 15).
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Figure 15. Mean annual summer temperature on Erkuta tundra monitoring site
from 2008-2023 (the dash line is the linear climate change trend) Based on data from the
CRU TS 4.01 spatial climatic dataset (Harris et al., 2014) and local HOBO meteostation

(created by author).
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It is noticeable that mean July temperature during the study period was 12,7°C and
mean August temperature was 10,8°C. Here we also see an increase of mean summer
temperature from 9,3 up to 11,6 degrees. In general, there are wave-like peaks of

temperature rise in summer approximately every 3 years. The trend line is marked as
positive.
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Discussion

The study revealed a decline in the population of lemmings and an expansion of
certain vole species. The habitat preferences of these species are largely in line with others
previous research (Dunaeva, 1948), as swampy plains with mosses and dwarf birch are
prevalent in the study area. At the same time, the narrow-headed vole was observed to
inhabit willow thickets in river valleys, feed in neighboring productive meadows, and

construct extensive burrow systems in the well-drained soil of river banks.

In the Erkuta territory, the narrow-headed vole was also observed on steep slopes
with well-drained soils and diverse herbaceous vegetation, but without willow thickets,
which aligns with other studies conducted at the Erkuta monitoring station over many
years (Sokolova et al., 2014; Sokolova et al., 2024). It is possible that this species selects
landscape features that are frequently associated with willow thickets, but not necessarily
exploiting the thickets themselves. Furthermore, these studies also indicate an increase in
the occurrence of narrow-headed voles in Yamal across all three tundra subzones
(subzones C, D, and E). Consequently, this species is currently the most prevalent
throughout the peninsula, with its distribution recorded up to the northern region of the

Yamal Peninsula (Sokolova et al., 2024).

Prior research conducted on Erkuta has also documented the northward expansion
of Middendorff's vole (Sokolova et al., 2024). Although the vole was infrequently
observed in subzone D, recent findings indicate its presence in the high latitudes of the
Arctic, with the first trapping in subzone C recorded in 2015 and again in 2022.
Furthermore, a water vole, predominantly a boreal and temperate species, was trapped for
the first time in the territory of the Erkuta station in 2020 in subzone E (Sokolova et al.,
2024). 1t is also noted that in the southern tundra, Middendorf's voles were the most
prevalent species until 2007, after which narrow-headed voles became dominant (Fufachev
etal., 2019).

In contrast to voles, early studies, including those at the Erkuta Monitoring Site,
note that the occurrence of Siberian lemmings has decreased in all four bioclimatic
subzones (Sokolova et al., 2024). Such tendency is also observed in other parts of Arctic
like Alaska (Plein et I., 2022). And when a species declines to a level where it is only

found in very low numbers, it loses its ecological functions. In this study, Siberian
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lemmings were encountered in a small number in 2009, 2010, 2012 and 2014, after which
they were not observed to be captured and were therefore not included in the statistical

analysis.

The occurrence of collared lemmings was more stable. A significant decrease was
observed only in the forest-tundra according to long-term stationary studies (Sokolova et
al., 2024). Other sources report that until 1990, small rodents of Southern Yamal were
characterized by 3-5-year high-amplitude cycles. Moreover, both species of lemmings
reached high numbers in the south of Yamal until the 1990s, including in areas located
more than 100 km south of the study area (Balakhonov et al., 1997; Danilov, 2000).

Many studies confirm that climatic shifts influence significantly on the rodents’
distributions — on the predominance of some species over the others, on their habitual

changes from typical biotops into the adjacent ones.

The decline in lemming populations is linked to changes in winter climate. It was
noted that specifically shorter seasons with unstable weather in autumn and winter are
more often can be met in the Arctic (Malkova et al., 2022). Warm rains and elevated
temperatures result in soil icing, while warm weather and strong winds in autumn or snow
rains at the end of winter lead to the formation of hard basal snow at the base of the snow
cover. This hard basal snow restricts access to food and impedes reproduction, ultimately
leading to low spring and summer populations. Studies conducted in Fennoscandia, where
precipitation is significantly higher, and the climate is much warmer than in the high

Acrctic, provide support for this hypothesis (Domine et al., 2018).

Furthermore, a negative correlation has been documented between the hardness of
the lower layer of snow and the growth of lemming populations in both the high latitudes
of the Arctic (Domine et al., 2018) and the mountain tundra of Fennoscandinavia (Kausrud
et al., 2008). In other regions of the Arctic, changes in winter climate, particularly in the
physical properties of snow and shorter winter seasons, have been found to have adverse
effects on lemmings that typically breed under snow (Poirier et al., 2019). These conditions
are particularly detrimental to lemmings, which rely on winter breeding under snow to
achieve high population densities, compared to voles (Domine et al., 2018). In contrast,

soft snow enables access to food and promotes reproduction under the snow, resulting in a
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large population at snowmelt and creating favorable conditions for a population irruption
(Fauteux et al., 2015).

These climatic changes are particularly harmful to Siberian lemmings, which can be
attributed to the fact that collared lemmings develop large claws on their front legs in early
winter, enabling them to dig through hard snow more effectively. While Siberian lemmings
prefer fertile open swamps as their winter habitat, collared lemmings favor snow thickets
on steep slopes with dwarf birch trees in low Arctic conditions (Dunaeva, 1948) - a habitat
where the snow is likely to remain loose. This explains the low abundance of lemmings in
the southern part of the peninsula and the decline in their population, as evidenced by long-

term trapping data.

Therefore, current and previous research on Erkuta indicates that Siberian
lemmings are no longer the primary prey for specialized predators in southern Yamal
(Fufachev et al., 2019), and it is likely that they no longer serve a significant role as
herbivores (Baubin, 2016).

Moreover, numerous studies indicate that longer, warmer summers are facilitating
the growth and northward expansion of willow thickets in certain regions of the Arctic
(Mekonnen et al., 2021; Myers-Smith et al., 2011). Shrub expansion, also known as
shrubification (where tall shrubs, primarily willow thickets, are advancing northward), has
positive feedback loops on climate warming. These feedback loops include a decrease in
the albedo of the vegetation surface, changes in nutrient circulation (Sokolov et al., 2012;
Koltz et al., 2022), and acceleration of carbon cycling, which ultimately leads to further

warming.

Additional research has also demonstrated that extended growing seasons and
increased average summer temperatures are causing alterations in plant communities,
specifically an increase in the growth of erect shrubs and a decrease in less competitive
groups such as lichens and mosses (Berner et al., 2020; Mekonnen et al., 2021). These
changes, in turn, facilitate the expansion of bird and mammal species that are closely
associated with willow forests as their primary habitat (Sokolov et al., 2012). Other
observational evidence also suggests that rapid climate warming over the past few decades
has led to such shifts in phenology (Myneni et al. 1997, McManusy et al. 2012, Prevei et
al. 2019, Bjorkman et all 2020).

31



For instance, a recent study has identified a positive correlation between the
summer heat index and plant biomass on a large-scale transect over Yamal (Ermokhina et
al., 2023). Consequently, ongoing warming could potentially have a beneficial impact on
both plant species diversity and biomass northward of the peninsula. This could result in
grass- and forb-dominated vegetation replacing the low-productivity moss-dominated
habitats that are common in subzones D and C and typical for Siberian lemmings.
Simultaneously, such changes could expand potential habitats for voles. Furthermore, a
recent study has shown a northward shift of 50-100 km in the boundary between the upper

and lower Arctic in Yamal (Ermokhina et al., 2023).

Other studies have also linked the effects of warming climate on the cycles of small
rodents, which typically change every 3-5 years. Thus, it is noted that warming leads to
periods with damped amplitudes and the absence of typical years of peak abundance
(Cornulier et al., 2013; Ims et al., 2008). At the Erkuta site, such changes also occur - at the
beginning of the study, two peaks were observed in lemmings with an interval of 5 years,
but subsequently their density remained low (Fufachev et al., 2019). The loss of regular
lemming peaks could have catastrophic consequences for specialist predators. For
example, such consequences are already happing to snowy owls (Bubo scandiaca) in
eastern Greenland (Schmidt et al., 2012) or arctic foxes (Vulpes lagopus) in northern
Scandinavia (Ims et al., 2017). These changes are especially unfavorable on Yamal too,
since rodents are the key to the reproductive success of all predators. Thus, on Yamal the
abundance of mythages (Arctic foxes, Buzzards, Skuas, gulls, snowy owls) and the success
of their reproduction directly depend on the population density of lemmings and also have

a cyclical nature.

Moreover, this climate influence is further dramatized by the fact that since the
peak number of lemmings occurs in April, by the time the predators begin breeding, food
for reproduction is already available. When voles breed in the summer, their numbers
reach their peak in August - at this time predators no longer breed. As their numbers
decline, predators will be forced to switch to other food, for example, geese or bird eggs.

And that would lead to the reorganization of the whole food web.

It is important to acknowledge the impact of reindeer herding and industrial

development on the peninsula, which are also contributing factors to the changes in
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Yamal's vegetation. These activities can result in damage or even complete loss of lichen
cover, suppression of shrub growth, and the emergence of secondary plant communities
dominated by grasses (Forbes and Stammler, 2009; Spiegel et al., 2023). Such plant

conditions are advantageous for voles.

In addition, the indigenous Nenets residing in Yamal have also reported a general
trend of expansion and increased growth of willow thickets on the peninsula (Forbes and
Stammler, 2009).
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Conclusion

The aim of this work was to document, evaluate and predict changes in the small
rodent’s community under spreading of willow thickets. As the results it was recorded that
the rodent community in the shrub tundra of Southern Yamal was dominated by two
species: the Middendorff's vole and the narrow-headed vole, which were the most
numerous species in the trapping areas. The narrow-headed vole was trapped mainly in
areas located at the edge of willow thickets, when, as for the Middendorff's vole, the
mostly wet tundra with a thick layer of sphagnum moss was the most preferred habitat. The
predominance of collared lemmings has been documented in dry tundra. Hence, it supports
the 1st hypothesis of this study.

Narrow-headed voles have shown a statistically significant tendency of moving out
of their preferred habitat (thickets) not only to neighboring meadows, but even into the
alternative types of biotopes (wet and dry areas of tundra). Contrary, two native arctic
species (colored lemming and Middendorff' vole) doesn’t show such significant trend
despite of their high abundance in some years. That conclusion is partly contrary to 2nd

hypothesis of the study.

The obtained long-term climatic data also support positive trend and increase of
mean summer temperatures on the study area and in the region (from 9,3 up to 11,6
degrees). At the same time many studies confirm the positive relation between climate
change (namely warming) and the expansion of shrubs. Many studies confirm the increase
and spread of both deciduous shrub species such as birch (Betula spp.), willow (Salix spp.),
and alder (Alnus spp.), as well as prostrate evergreen shrubs in response to warming on
Yamal and in other parts of Arctic. And since narrow-headed and Middendorff's voles feed
on grasses and forbs, their increasing distribution is most likely caused by the growth of

shrubs, forbs and grasses due to longer and warmer summers.

To reach our task about formulating a forecast of changes in the rodent community
under the condition of spreading shrubs, our findings allow us to predict explosion further
to the north of more southern species (narrow-headed vole) into the tundra, where it
possibly can negatively affect native arctic species in their preferred habitats. It will
ultimately affect the entire food webs of terrestrial arctic ecosystems, namely abundance

and breeding performance of symbolic arctic species, such as snowy owls and arctic foxes.

34



Acknowledgements

I would like to thank Alexander A. Sokolov and his research staff for hospitality
and opportunity to participate in the work at the Erkuta field station and for giving me the
benefit of their invaluable experience and knowledge as part of my research work. | want
to enounce my gratitude to Alexander A. Egorov for the support on the way and useful
remarks. Also, | like to thank my colleges Alexandra Semenova and Ludmila Khokhlova

for their help and support in field work.

35



References
Angerbjorn, A., Tannerfeldt, M., & Lundberg, H., 2001. Geographical and temporal
patterns of lemming population dynamics in Fennoscandia. Ecography, 24(3): 298-
308.

A.N. Severtsov Institute of Ecology and Evolution. Data base. Online resource, URL:
http://www.sevin.ru/vertebrates/index.htmlI?Mammals/162.html

Balakhonov, V. S., Danilov, A. N., Lobanova, N. A., & Chibiryak, M. V., 1997.
Population dynamics of small mammals in southern Yamal. In P. A. Kosintsev (Ed.),
History and present state of the fauna of the north of Western Siberia. Chelyabinsk,
Collection of scientific papers, 43-59.

Baubin, C., 2016. The impact of different size herbivores on plant biomass in Yamal

(Russia). Master's thesis, UiT Norges arktiske universitet, 59 p.

Berner, L. T., Massey, R., Jantz, P., Forbes, B. C., Macias-Fauria, M., Myers-Smith,
I, ... & Goetz, S. J., 2020. Summer warming explains widespread but not uniform

greening in the Arctic tundra biome. Nature Communications, 11(1), 4621.

Bjorkman, A. D., Garcia Criado, M., Myers-Smith, I. H., Ravolainen, V., Jonsdottir, 1.
S., Westergaard, K. B., ... & Normand, S., 2020. Status and trends in Arctic
vegetation: Evidence from experimental warming and long-term monitoring. Ambio,
49: 678-692.

Callaghan, T. V., Bjorn, L. O., Chernov, Y., Chapin, T., Christensen, T. R., Huntley,
B., ... & Sitch, S., 2004. Effects of changes in climate on landscape and regional
processes, and feedbacks to the climate system. AMBIO: A Journal of the Human
Environment, 33(7): 459-468.

Chapin I1I, F. S., Sturm, M., Serreze, M. C., McFadden, J. P., Key, J. R, Lloyd, A. H.,
... & Welker, J. M., 2005. Role of land-surface changes in Arctic summer warming.
Science, 310(5748): 657-660.

Chylek, P., Folland, C., Klett, J. D., Wang, M., Hengartner, N., Lesins, G., & Dubey,
M. K., 2022. Annual mean Arctic amplification 1970-2020: Observed and simulated
by CMIP6 climate models. Geophysical Research Letters, 49(13), e2022GL099371.

36


http://www.sevin.ru/vertebrates/index.html?Mammals/162.html

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Climate Change Yamal Peninsula. Meteoblue. Online resource, URL:

https://www.meteoblue.com/en/climate-change/yamal-

peninsula russia 11497697?month=7

Cornulier, T., Yoccoz, N. G., Bretagnolle, V., Brommer, J. E., Butet, A., Ecke, F., ...
& Lambin, X., 2013. Europe-wide dampening of population cycles in keystone
herbivores. Science, 340(6128): 63-66.

Danilov, A. N., 2000. Dynamics and spatial distribution of tundra rodents in southern
Yamal. PhD thesis, Institute of Plant and Animal Ecology of Ural Branch of Russian

Academy of Sciences.

Domine, F., Gauthier, G., Vionnet, V., Forbes, D., Dumont, M., & Barrere, M., 2018.
Snow physical properties may be a significant determinant of lemming population
dynamics in the high Arctic. Arctic Science, 4(4): 813-826.

Dunaeva, T. N., 1948. Comparative ecology of the tundra voles of Yamal Peninsula.
The Proceedings of the USSR Academy of Sciences, 41: 78-143.

Ehrich, D., Schmidt, N. M., Gauthier, G., Alisauskas, R., Angerbjorn, A., Clark, K., ...
& Solovyeva, D. V., 2020. Documenting lemming population change in the Arctic:
Can we detect trends? Ambio, 49: 786-800.

Epstein, H. E., Walker, D. A., Frost, G. V., Raynolds, M. K., Bhatt, U., Daanen, R., ...
& Timling, 1., 2020. Spatial patterns of arctic tundra vegetation properties on different
soils along the Eurasia Arctic Transect, and insights for a changing Arctic.
Environmental research letters, 16(1), 014008.

Ermokhina, K. A., Terskaia, A. I., Ivleva, T. Y., Dudov, S. V., Zemlianskii, V. A.,
Telyatnikov, M. Y., ... & Abdulmanova, S. Y., 2023. The High—Low Arctic boundary:

How is it determined and where is it located?. Ecology and Evolution, 13(10), e10545.

Fauteux, D., Gauthier, G., & Berteaux, D., 2015. Seasonal demography of a cyclic
lemming population in the ¢ anadian a rctic. Journal of Animal Ecology, 84(5): 1412-
1422.

Forbes, B. C., & Stammler, F., 2009. Arctic climate change discourse: the contrasting
politics of research agendas in the West and Russia. Polar Research, 28(1), 28-42.

37


https://www.meteoblue.com/en/climate-change/yamal-peninsula_russia_11497697?month=7
https://www.meteoblue.com/en/climate-change/yamal-peninsula_russia_11497697?month=7

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Fufachev, I. A., Ehrich, D., Sokolova, N. A., Sokolov, V. A., & Sokolov, A. A., 2019.
Flexibility in a changing arctic food web: Can rough-legged buzzards cope with
changing small rodent communities?. Global change biology, 25(11): 3669-3679.

Harris, 1. P. D. J., Jones, P. D., Osborn, T. J., & Lister, D. H., 2014. Updated
high-resolution grids of monthly climatic observations-the CRU TS3. 10 Dataset.
International journal of climatology. Online resource, URL:
https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_3.10/Release Notes CRU_TS4.03.txt

Hartig, F., & Lohse, L. (2022). DHARMa: Residual diagnostics for hierarchical
(multi-level/mixed) regression models. R package version 0.4.5.0nline resource,
URL.: https://CRAN.R-project.org/package=DHARMa

Heijmans, M. M., Magntsson, R. I., Lara, M. J., Frost, G. V., Myers-Smith, I. H., van
Huissteden, J., ... & Limpens, J., 2022. Tundra vegetation change and impacts on

permafrost. Nature Reviews Earth & Environment, 3(1), 68-84.

IPAE, Bioethics Commission (protocol #014 dated 12/05/2023). Online resource,
URL.: https://ipae.uran.ru/information/bioethics comission

Ims, R. A., Ehrich, D., Forbes, B., Huntley, B., Walker, D., & Wookey, P. A. 2013.
Terrestrial ecosystems. In H. Meltofte, A. B. Josefson, & D. Payer (Eds.), Arctic
biodiversity assessment. Status and trends in Arctic biodiversity. Akureyri, The
Conservation of Arctic Flora and Fauna (CAFF)., 384-440.

Ims, R. A., Fuglei, E. V. A., 2005. Trophic interaction cycles in tundra ecosystems and

the impact of climate change. Bioscience, 55(4): 311-322.

Ims, R. A., Henden, J. A., & Killengreen, S. T. (2008). Collapsing population cycles.
Trends in Ecology & Evolution, 23(2): 79-86.

Ims, R. A., Killengreen, S. T., Ehrich, D., Flagstad, @., Hamel, S., Henden, J.-A., ...
Yoccoz, N. G., 2017. Ecosystem drivers of an Arctic fox pop- ulation at the western

fringe of the Eurasian Arctic. Polar Research, 36: 8.

Kausrud, K. L., Mysterud, A., Steen, H., Vik, J. O., Ostbye, E., Cazelles, B., ... &
Stenseth, N. C., 2008. Linking climate change to lemming cycles. Nature, 456(7218):
93-97.

38


https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_3.10/Release_Notes_CRU_TS4.03.txt
https://cran.r-project.org/package=DHARMa
https://ipae.uran.ru/information/bioethics_comission

30.

31.

32.

33.

34.

35.

36.

37.

38.

Koltz, A. M., Gough, L., & McLaren, J. R., 2022. Herbivores in Arctic ecosystems:
Effects of climate change and implications for carbon and nutrient cycling. Annals of
the New York Academy of Sciences, 1516(1), 28-47.

Lee, H., Calvin, K., Dasgupta, D., Krinner, G., Mukherji, A., Thorne, P., ... & Park,
Y., 2023. IPCC, 2023: Climate Change 2023: Synthesis Report, Summary for
Policymakers. Contribution of Working Groups I, 1l and 1l to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change [Core Writing Team, H.

Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland.

Magnusson, A., Skaug, H., Nielsen, A., Berg, C., Kristensen, K., Maechler, M., van
Bentham, K., Bolker, B., & Brooks, M. E., 2021. gimmTMB: Generalized linear
mixed models using template model builder. R package version 1.1.2.3. Online

resource, URL.: https://cran.r-project.org/web/packages/ gimmTMB/index.html

Magomedova, M. A., Morozova, L. M., Ektova, S. N., Rebristaya, O. V.,
Chernyadyeva, I. V., Potemkin, A. D., & Knyazev, M. S., 2006. Yamal Peninsula:
vegetation cover. Tyumen, City Print, 360 p

Malkova, G., Drozdov, D., Vasiliev, A., Gravis, A., Kraev, G., Korostelev, Y., ... &
Tsarev, A., 2022. Spatial and temporal variability of permafrost in the western part of
the Russian Arctic. Energies, 15(7): 2311.

Markovsky N.I., 1975. Buried river mouths and ancient reefs as zones of intensive oil
and gas accumulation. VNIGRI, 170: 78-84.

McManus, K. M., Morton, D. C., Masek, J. G., Wang, D., Sexton, J. O., Nagol, J. R.,
... & Boudreau, S., 2012. Satellite-based evidence for shrub and graminoid tundra
expansion in northern Quebec from 1986 to 2010. Global Change Biology, 18(7):
2313-2323.

Mekonnen, Z. A., Riley, W. J., Berner, L. T., Bouskill, N. J., Torn, M. S., Iwahana, G.,
.. & Grant, R. F., 2021. Arctic tundra shrubification: a review of mechanisms and
impacts on ecosystem carbon balance. Environmental Research Letters, 16(5),
053001.

Morozova, L. M., & Magomedova, M. A., 2004. Structure of vegetation cover and

plant resources of the Yamal Peninsula. Ekaterinburg, Ural State University, 63 p

39



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T., Blok, D., ...
& Hik, D. S., 2011. Shrub expansion in tundra ecosystems: dynamics, impacts and
research priorities. Environmental Research Letters, 6(4): 045509

Myers-Smith, I. H., Kerby, J. T., Phoenix, G. K., Bjerke, J. W., Epstein, H. E.,
Assmann, J. J., ... & Wipf, S., 2020. Complexity revealed in the greening of the
Arctic. Nature Climate Change, 10(2), 106-117.

Myllymédki, A., Paasikallio, A., Pankakoski, E., & Kanervo, V., 1971. Removal
experiments on small quadrats as a means of rapid assessment of the abundance of

small mammals. Annales Zoologici Fennici, 8: 177-185.

Myneni, R. B., Keeling, C. D., Tucker, C. J., Asrar, G., & Nemani, R. R., 1997.
Increased plant growth in the northern high latitudes from 1981 to 1991. Nature,
386(6626): 698-702.

Nill, L., Griinberg, 1., Ullmann, T., Gessner, M., Boike, J., & Hostert, P., 2022. Arctic
shrub expansion revealed by Landsat-derived multitemporal vegetation cover fractions
in the Western Canadian Arctic. Remote Sensing of Environment, 281, 113228.

Official website of the Government of the Yamalo-Nenets Autonomous Okrug. Online

resource. URL.: https://yanao.ru/

Plein, J., Clark, R. W., Arndt, K. A., Oechel, W. C., Stow, D., & Zona, D., 2022.
Response of vegetation and carbon fluxes to brown lemming herbivory in northern
Alaska. Biogeosciences, 19(11): 2779- 2794

Poirier, M., Fauteux, D., Gauthier, G., Dominé, F., & Lamarre, J. F., 2021. Snow
hardness impacts intranivean locomotion of arctic small mammals. Ecosphere, 12(11),
e03835.

Prevéy, J. S., Rixen, C., Riiger, N., Hoye, T. T., Bjorkman, A. D., Myers-Smith, I. H.,
. & Wipf, S., 2019. Warming shortens flowering seasons of tundra plant
communities. Nature ecology & evolution, 3(1): 45-52.

Ramalho, Q., Vale, M. M., Manes, S., Diniz, P., Malecha, A., & Prevedello, J. A,
2023. Evidence of stronger range shift response to ongoing climate change by
ectotherms and high-latitude species. Biological Conservation, 279, 109911.

40


https://yanao.ru/

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Rantanen, M., Karpechko, A. Y., Lipponen, A., Nordling, K., Hyvérinen, O.,
Ruosteenoja, K., ... & Laaksonen, A., 2022. The Arctic has warmed nearly four times

faster than the globe since 1979. Communications earth & environment, 3(1): 168.

Roy, A., Gough, L., Boelman, N. T., Rowe, R. J., Griffin, K. L., & McLaren, J. R,
2022. Small but mighty: Impacts of rodent-herbivore structures on carbon and nutrient

cycling in arctic tundra. Functional Ecology, 36(9), 2331-2343

Schmidt, N. M., Ims, R. A., Haye, T. T., Gilg, O., Hansen, L. H., Hansen, J., & Sittler,
B., 2012. Response of an arctic predator guild to col- lapsing lemming cycles.

Proceedings of the Royal Society B-Biological Sciences, 279(1746): 4417-4422.

Sheftel, B. 1., 2018. Methods for counting the number of small mammals. Russian

journal of ecosystem ecology, 3: 1-21.

Sokolov, V., Ehrich, D., Yoccoz, N. G., Sokolov, A., & Lecomte, N., 2012. Bird
communities of the Arctic shrub tundra of Yamal: habitat specialists and generalists.
PLoS One, 7(12), e50335.

Sokolova, N. A., Fufachev, I. A., Ehrich, D., Shtro, V. G., Sokolov, V. A., & Sokolov,
A. A., 2024. Expansion of voles and retraction of lemmings over 60 years along a

latitudinal gradient on Yamal Peninsula. Global Change Biology, 30(2): e17161.

Sokolova, N. A., Sokolov, A. A, Ims, R. A., Skogstad, G., Lecomte, N., Sokolov, V.
A., ... & Ehrich, D., 2014. Small rodents in the shrub tundra of Yamal (Russia):
Density dependence in habitat use? Mammalian Biology, 79: 306-312.

Spiegel, M. P., Volkovitskiy, A., Terekhina, A., Forbes, B. C., Park, T., &
Macias-Fauria, M., 2023. Top-Down Regulation by a Reindeer Herding System Limits
Climate-Driven Arctic Vegetation Change at a Regional Scale. Earth's Future, 11(7),
€2022EF003407.

Summers, R. W., & Underhill, L. G., 1987. Factors related to breeding production of
Brent Geese Branta b. bernicla and waders (Charadrii) on the Taimyr Peninsula. Bird
Study, 34(2): 161-171.

Tape, K. E. N., Sturm, M., & Racine, C., 2006. The evidence for shrub expansion in
Northern Alaska and the Pan-Arctic. Global change biology, 12(4): 686-702.

41



59.

60.

61.

62.

63.

64.

van Beest, F. M., Beumer, L. T., Andersen, A. S., Hansson, S. V., & Schmidt, N. M.,
2021. Rapid shifts in Arctic tundra species’ distributions and inter-specific range
overlap under future climate change. Diversity and Distributions, 27(9), 17061718

Vowles, T., Gunnarsson, B., Molau, U., Hickler, T., Klemedtsson, L., & Bjork, R. G.,
2017. Expansion of deciduous tall shrubs but not evergreen dwarf shrubs inhibited by

reindeer in Scandes mountain range. Journal of Ecology, 105(6): 1547-1561.

Walker, D. A., Raynolds, M. K., Daniéls, F. J., Einarsson, E., Elvebakk, A., Gould, W.
A, .. & Yurtsev, B. A., 2005. The circumpolar Arctic vegetation map. Journal of
vegetation science, 16(3): 267-282.

Wan, X., Yan, C., Zhenyu, W., & Zhang, Z., 2022. Sustained population decline of
rodents is linked to accelerated climate warming and human disturbance. BMC
Ecology and Evolution, 22(1), 102

Wilson, S. D., & Nilsson, C., 2009. Arctic alpine vegetation change over 20 years.
Global Change Biology, 15(7): 1676-1684.

Yamal media. Online resource, URL: https://yamal-media.ru/

42


https://yamal-media.ru/

