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Abstract Changes in climate, land-use and pollution are
having disproportionate impacts on ecosystems and
biodiversity of arctic and mountain ecosystems. While
these impacts are well-documented for many areas of the
Arctic and alpine regions, some isolated and inaccessible
mountain areas are poorly studied. Furthermore, even in
well-studied regions, assessments of biodiversity and
species responses to environmental change are biased
towards vascular plants and cryptogams, particularly
bryophytes are far less represented. This paper aims to
document the environments of the remote and inaccessible
Altai-Sayan mountain mires and particularly their
bryofloras where threatened species exist and species new
to the regional flora are still being found. As these
mountain mires are relatively inaccessible, changes in
drivers of change and their ecosystem and biodiversity
impacts have not been monitored. However, the
remoteness of the mires has so far protected them and
their species. In this study, we describe the mires, their
bryophyte species and the expected impacts of
environmental stressors to bring attention to the urgency
of documenting change and conserving these pristine
ecosystems.
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INTRODUCTION

Changes in natural ecosystems have become unusually
pronounced in recent decades. These changes are associ-
ated not only with a trend of warming climate (Kirpotin
et al. 2009; Seneviratne et al. 2012; Golitsyn and Vasiliev
2019), but also with an increased climate instability,
namely in the frequency of catastrophic climate-induced
events such as droughts, fires, floods, rain-on-snow events
and heat waves (Bokhorst et al. 2009; Sokolov et al. 2016).
Climate changes interact with developing land-use prac-
tices that lead to a range of consequences ranging from
abandonment of agricultural land to intensification of
resource extraction such as in the gas and oil industries
(Kirpotin et al. 2021).

Climate change is impacting the environment and veg-
etation in Siberia and in the Russian part of the Altai-Sayan
region. Over the period of instrumental satellite observa-
tions (1996-2014), Ponomarev et al. (2016) reported that a
logarithmic growth in the number of burnt areas and fire
frequency was found for forest, steppe, and forest steppe
zones as in other parts of Siberia. The current climate
warming observed in southern Siberia is most evident in
the alpine zone of the Altai and Sayan Mountains (Khar-
lamova et al. 2019) and is leading to aridification of the
mountain steppes, altitudinal tree-line migration and
restructuring of mountain biotopes (Chlachula 2005). The
climate is predicted to become much drier than today in the
southern part of the Altai-Sayan mountains, resulting in
drastically decreasing extents of mountain biomes includ-
ing alpine, alpine tundra, and subalpine plant communities
(Kokorin 2011).

In addition to long term warming trends, heat waves in
Siberia are becoming more intensive and frequent
(Fig. 1A; Russo et al. 2015; Harris 2018) as in the
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Fig. 1 A Long-lasting heat waves in Siberia (NASA Earth Observatory, March 19-June 20, 2020) (Voiland 2020). These cause fires and thaw
permafrost. They are followed by extra carbon emissions and contribute to the greenhouse effect. B Locations of survey regions: (1) the
Kuznetsky Alatau range (northern SR1), (2) several ranges within the Russian Altai Mountains (south-west SR2), (3) the Ergaki range of the

West Sayan Mountains (south-east SR3). At the right is Lake Baikal

Northern Hemisphere in general (e.g. Russo et al. 2014).
However, magnitudes and duration of temperature
anomalies are dependent on latitude: although Arctic
temperatures rise more rapidly than the global mean, the
occurrence of heat waves in summer in the middle and
low latitudes may be even more frequent than in the
cryolithozone where additional heat is partly used for the
accelerated melting of sea-ice and thawing of permafrost
(Dobricic et al. 2020).

@ Springer

Mountain areas are especially sensitive to climate
change (IPCC 2014) as the high heterogeneity of abiotic
conditions over short spatial scales is reflected in the ele-
vational variation of the diversity and composition of many
montane plant and animal communities. This results in
especially high levels of diversity and endemism where
mountain systems are geographically separated (Korner
2004). The sensitivity of mountain regions to change is
particularly important as they provide many ecosystem
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services such as water supply for the lowlands and habitats
for specific floras and faunas. Where the mountains are
isolated, they are also important refugia for endemic
species.

The azonal (not restricted to any climate zone) situa-
tion of the mountains allows us to consider them as
indicators of change in various climatic zones (Rogora
et al. 2018). The relative compression of altitudinal zones
in mountains compared with latitudinal zones (Zhenlin
et al. 2012) makes them more sensitive to climate chan-
ges than lowland ecosystems while lower intensity of land
use than in the lowlands makes impacts of climate change
more evident as intensive land use can mask natural
changes. It is believed that climate change will primarily
cause the disappearance of populations and species in the
ecosystems of the upper mountain zones (Hanski 2015)
and biodiversity changes have been recorded on many
mountain tops (Steinbauer et al. 2018). However, at pre-
sent, we know relatively little about the dynamics of
processes occurring in the high mountains of central
Eurasia. Furthermore, most studies of biodiversity chan-
ges in the mountain regions focus on vascular plants and
usually neglect bryophytes and lichens and wetland
communities such as those of mountain mires. This
applies particularly to isolated, remote and inaccessible
mountain regions.

Although mires are considered as ecosystems with a
high degree of self-organization and autonomy (Ivanov
1975; Joosten 1993), shallow and small sized mountain
mires are expected to have less resilience to environmental
changes than the huge mires of the lowland plains, such as
the Great Vasyugan Mire (Kirpotin et al. 2021). Within the
mountains, the mire habitats are an additional and specific
refuge for often rare and threatened hygrophilous species
(Volkova et al. 2009) and conserve an important compo-
nent of mountain biodiversity.

Bryophytes play a special role in the formation of mires
as they are the key components, or ecosystem engineers
(i.e. edificators (Poplavskaya 1924)). These are plant spe-
cies having a clearly defined habitat-formation ability, that
is, the ability to determine the structure and, to a certain
extent, the species composition of a phytocoenosis (i.e.
plant community), or such as those of mire and peatland
ecosystems. Sphagnum mosses play this important role
most significantly (e.g. Clymo and Hayward 1982; Succow
and Joosten 2001). Those bryophytes such as Sphagnum
with ectohydric characteristics, are very sensitive to water
regime in their habitats (Fig. 2). This makes them more
convenient indicators of the hydrological state of mires
compared to higher plants (Botch 1972; Elina et al. 1984).
Also, as bryophytes reflect the surrounding surface water
chemistry and they show various sensitivities among spe-
cies, they are good indicators of pH, electrical conductivity
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Fig. 2 Feedbacks between drivers and effects on the South-Siberian
mountain mires referred to in the text (blue rectangles—drivers; green
rectangles with rounded corners—changing ecosystem components)

and calcium concentration etc. (Bengtsson et al. 2016) as
well as recording the deposition of pollutants (e.g. Pitcairn
et al. 2006; Volkova et al. 2010; Vergel et al. 2020)
(Fig. 2). Although some Sphagnum mosses are more
resistant to climate change than others (Lang et al. 2012),
some Sphagnum species appear more sensitive to climatic
conditions, with higher precipitation favoring faster-
growing species (Fig. 2. Moreover, the species composition
of bryophytes may indicate the stage of mire development,
pointing the direction/stage of a mire ecosystem’s
dynamics (Bragazza 2006). The slow decomposition of
species such as Sphagnum leads to peat accumulation that
preserves records of human activities and climatic fluctu-
ations of the past Holocene period (e.g. Joosten and Clarke
2002; Parish et al. 2008).

To understand the structure and functioning of the
central Eurasian mountain ecosystems during environ-
mental change, it is necessary to study their basic charac-
teristics and conduct an initial inventory of biodiversity
including the diversity of the mire-forming bryophyte
component, particularly Sphagna. Critical reviews of cer-
tain sections of the genus Sphagnum conducted in Russia
have led to a significant increase in species diversity
there—from 43 Sphagnum species in 2000 to 56 species in
2015 (Maksimov 2015)—and new records are still being
made (e.g. Volkova et al. 2009; Lapshina and Maksimov
2014). Despite this, the study of Bryophyta, in particular
Sphagnaceae, significantly lags behind the study of the
flora of vascular plants, and very few field studies include
bryophytes at the species level (Lett et al. in review).
Studies of bryophyte diversity of the rare, unique and often
inaccessible mountain mires in Siberia are therefore
required from the perspectives of understanding the
dynamics of the ecosystem, its biodiversity and vulnera-
bility to change and potential loss of its special bryoflora.
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Our main aim in this paper is to hypothesize how
environmental changes could influence the mountain mire
ecosystems in the center of the Eurasian Continent (Fig. 2),
and particularly the diversity, abundance and distribution
of bryophytes. Also, we aim to make the global community
more aware of Russian data on remote regions and an
under-studied group of plants. We focus on mountain mires
and their bryophytes in the remote and generally inacces-
sible Altai-Sayan Mountains, in the center of the Eurasian
continent. Due to their inaccessibility, monitoring changes
in environment and biodiversity has not been possible.
Consequently, we describe the mires and their biodiversity
as well as environmental changes as a current base-line
against which future changes can be documented and
management interventions implemented. Our study con-
tributes to a wider study on Siberian Environmental
Change (Callaghan et al. 2021).

FOCAL SITES

The three regions chosen for the field research are the most
paludified territories within the Altai-Sayan mountains
(Fig. 1B). The distance between these survey regions (SR)
is between 400 and 500 km.

The Altai-Sayan Mountains stretch over four countries:
Russia, China, Mongolia and Kazakhstan. They are the
highest mountains in Northern Asia with Belukha Moun-
tain reaching 4509 m a.s.. Within Russian borders, the
Altai-Sayan Mountains represent the southern part of West
and Central Siberia and cover about 700 000 km”. The
Kuznetsky Alatau range (SR 1) stretches from north to
south for 300 km, with a maximum width of 150 km. The
Altai mountain area (SR 2) is about 150 000 km>. The
West Sayan Mountains (SR 3) are an elongated east—west
mountain range system of 650 km length and 200 km
width. Being situated in the center of the continent, the
Altai-Sayan mountains are located at the southern border of
the cryolithozone of Siberia, namely, the subzone of dis-
continuous permafrost. The permafrost patches are found
depending on altitude, slope exposition, geomorphological
elements, type of soil and vegetation (Zheleznyak et al.
2020), but the permafrost in peatlands south of the per-
mafrost limit can be considered as a special case (Brown
1967).

On average, the climate of the Altai-Sayan Mountain
area is sharply continental with very cold winters (from
— 7 to — 34 °C in various areas, with extremes up to — 58
°C) and cool summers (5 to 19 °C, sometimes 40 °C)
(Kharlamova and Ostanin 2012). Climate formation is
significantly influenced by the western transition of air
masses, which determine the precipitation. The Altai
mountain area and the Kuznetsky Alatau range in the
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western part of the mountain area are more influenced by
western wet air masses and are more distant from the center
of the Asian anticyclone than the Sayan Mountains. Con-
sequently, the climate of the survey regions varies from
hyper-humid in the central watershead and on the western
macro-slope of the Kuznetsky Alatau range (where pre-
cipitation occurs mainly in the form of snow and reaches
3000 mm per year, with extremes up to 10 000 mm per
year (Shpin 1980)) to arid in the South-Eastern Altai
Mountains (only 120 mm per year).

The research was performed partly in protected territo-
ries (Fig. 1B): SR 1—Kuznetsky Alatau Nature Reserve
(N53°45'00” E89°15'00”), SR 2—Katunsky Nature Bio-
sphere Reserve (N49°38'00” E86°06'00"), SR 3—FErgaki
Nature Park (N52°50'00” E93°21'00”). Three mire mas-
sifs are situated close to the INTERACT Aktru Research
Station  (https://eu-interact.org/field-sites/aktru-research-
station/) and are included in the environmental monitor-
ing program of the station. (A mire massif is the entire
mire/peatland within the enclosed continuous border of a
peat deposit (Peat dictionary 1984)).

Recording biodiversity

Our research is based on an integrated landscape-ecologi-
cal approach, which is traditional for Russian mire science
(e.g. Sukachev 1915). This approach includes complex
investigations of such mire features as position in the
landscape, hydrological regime, flora, vegetation, peat
stratigraphy and spatial heterogeneity at various levels
(which is a specific feature of most mire massifs).

Study sites were selected based on a thorough analysis
of literature (scientific papers, research reports, official
state reports of nature reserves, government ecological
departments), cartographic materials and satellite images.
We included in our ground observations the territories
where we expected to find the maximum number of mire
massifs and the largest mires. The region surveyed is
unique in its size—the Altai-Sayan Mountains cover more
than 1 million square kilometers (four times larger than
Great Britain), and we visited 12 mountain ranges and 3
intermountain depressions within this territory. The mire
massifs we identified represent the entire range of variety
of landscape units, relief, anthropogenic impact and types
of vegetation in completely different climatic conditions
(for example, annual precipitation varies from 50 mm to
several thousand mm). Previous similar research in this
region is absent.

Since 1996, we have investigated a total of 210 moun-
tain mire massifs with an area of 4 m? to 100 kmz, situated
along a hyper-humid to arid gradient within the Altai-
Sayan region in the south of West Siberia. Some mire
massifs were visited twice or more, and vegetation
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described at the same relevés (using GPS coordinates) with
an interval of 15 years that allowed visual monitoring of
the overall dynamics of the ecosystems. However, most of
the mires, with GPS coordinates taken, were visited only
once because of difficult access.

The vegetation surveys were conducted according to
Mueller-Dombois and Ellenberg (1974) and Kuznetsov
(1991). Geobotanical descriptions (relevés) of mire sites
(more than 1 800 descriptions) were prepared for each
type of mire habitat (separate mire massifs contain one to
about ten types of habitat). The relevés ranged from 4 to
2500 m*> depending on the type of vegetation: mossy
mire vegetation requires less area to describe than fores-
ted areas. In the case of complex mire vegetation (for
example, hummock-hollow or ridge-lake), the descriptions
were prepared separately for the various elements of the
complex. Four to ten relevés were randomly located
within each type of habitat of each mire. Each relevés
location is fixed by GPS.

The species’ cover/abundance n and analysis of the
relevés followed the Braun-Blanquet school’s methodology
(Braun-Blanquet 1964). The list of the bryophyte species
resulting from all the relevés was used to analyse the tax-
onomical structure of the bryoflora. The cover/abundance
of each species within a relevé was visually estimated
using a modified Braun-Blanquet’s scale (class 2 (6-25%)
was divided into 2a and 2b). The scale of cover classes is:
r—only one specimen; + - 0 to 1%; 1 to 2-5%; 2a—=6 to
12%; 2b—13 to 25%; 3—26 to 50%; 4—51 to 75%; 5—76
to 100%. Further processing of the relevés was made using
Braun-Blanquet’s synthesis table technique. As a result, a
preliminary ordination of plant communities was con-
ducted and the mire vegetation classification was
completed.

The initial geobotanical material is partially (245
relevés) entered into the “Database of Siberian Vegetation
(DSV)” computer database of relevés of Siberian vegeta-
tion, registered in the international metadatabase “Global
Index of Vegetation-Plot Databases” as ASRU-002 and
included in the integrated botanical information system
IBIS v.7.2 (Zverev 2007).

The list of the bryophyte species resulting from all the
relevés was used to analyse the taxonomical structure of
the bryoflora. New findings of the mosses and hepatics on
the mires of the Altai-Sayan Mountains were checked
according to previous research (for example, Ignatov
1994). The list includes not only territorial affiliation of the
mire bryophytes, but also visually observed characteristics
of the loyalty to mire habitats. On the basis of the loyalty to
mire habitats (“exclusiveness”), all bryophyte species
recorded on the mires were divided into groups: from V—
obligate helophytes—to I—accidental species (Appendix
S3, Tables S5, S6). The first two groups of species
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demonstrating the highest fidelity to mires, are together
actually called the mire flora, or “the core of the mire
flora,” or “mire florocoenotic complex” (Yurtsev and
Petrovsky 1971). The “core mire flora” concept explained
in Suplementary Material Appendix S2.

The mire bryofloras of the three study regions together
represent a partial flora of mountain mires of the south of
Siberia. (The term and concept of a partial flora as a
complex of species of separate ecotope type (in our case—
mire habitats) within the total flora of some region is
proposed by Yurtsev (1982)). The floristic relationships
among the three geographically isolated bryofloras were
expressed by means of Sgrensen’s index of similarity to
determine homogeneity and f-diversity.

In total, we have collected and identified more than
15 000 samples of mire bryophytes. Most of the collection
is kept at Tomsk State University, Russia. Names and
nomenclature of species and other taxa for mosses are
given according to the “Check-list of mosses of East
Europe and North Asia” by Ignatov et al. (2006); for liv-
erworts—according to the “Liverworts and hornworts of
Russia” by Potemkin and Sofronova (2009).

Although little quantitative data is available on anthro-
pogenic and climatic changes and their impacts on the
mires, we gathered qualitative information as a context for
possible changes in the mires and their bryofloras and to
identify needs for future quantitative monitoring.

Potential main drivers of changes in the mountain
environment of South Siberia (Altai-Sayan
Mountains)

We propose a conceptual framework to describe the main
current and future drivers of the possible changes in the
South-Siberian mountain mire ecosystems (Fig. 2).

Recent climate changes

The most dramatic changes of climate are recorded for the
Altai Mountains (SR 2), the most arid site of the three
investigated, especially in the south-east at the border with
the drylands of Mongolia (Fig. 3A). Average annual air
temperature at four state meteorological stations in the
Altai Mountains, increased by about 2 °C between 1932
and 2012 (Bezuglova et al. 2012) although there was a
slight cooling during the last decade, as well as the absence
of significant changes in the precipitation regime. This
indicates a clear trend of increasing aridization of the ter-
ritory, since the observed increase in air temperature is not
accompanied by a corresponding increase in precipitation
(Sukhova and Zhuravleva 2017). The increase in temper-
ature is much higher in winter and spring than in summer
and autumn (Bourgeois et al. 2000).
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Fig. 3 A Dynamics of average annual air temperature recorded by the Meteorological Station “Kosh-Agach” (50°00’ 88°40" 1759 asl) (Sukhova
and Zhuravleva 2017) about 25 km from the Aru mire within the South-Eastern Altai Mountains (SR2). B Dynamics of average annual air

temperature recorded by the Meteorological Station “Olenya Rechka”
within the West Sayan Mountains (SR3) (Information portal “Weather

(52°80" 93°23', 1394 asl) at the border of the mire at the Ergaki range
and Climate”. Climate in Olenya rechka 2021). C Dynamics of average

annual air temperature, precipitation and atmospheric CO, level, recorded by the Meteorological Station “Nenastnaya” (N54°45’ E88°49' 1186
asl) (Sukhova and Zhuravleva 2017) about 35 km from the Krestovskye mires within the Kuznetsky Alatau Mountains (SR1)

Since the beginning of instrumental observations in
1927, temperature has increased at the Ergaki range (SR 3,
Fig. 3B). The most humid region—the Kuznetsky Alatau
Mountains (SR 1)—also demonstrates the trend of
increasing annual air temperature since 1940 (Fig. 3C).
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CO, level increased also while the precipitation trend has
changed insignificantly.

Considering the few micrometeorological data available
(Sevastyanov 1998), we can assume that the zonal climate
of vertical natural zones (belts) of the mountains in the
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south of Siberia is significantly transformed by mountain
relief and by local conditions of the separate sites such as
slope exposition, elevation, surrounding mountain tops,
glaciers and proximity to snowbeds. In addition, orographic
conditions cause sharp climatic contrasts (uneven precipi-
tation, vertical climatic zonality, temperature inversions,
development of mountain-valley winds) (Modina 1997).

Holocene paludification, aridisation of climate and mire
dynamics

According to Tronov (1964), a decrease or increase in
summer temperatures by 1°C affects the snow line as well as
an increase or decrease in rainfall by 300 mm. Today, mires
in the mountains of South Siberia exist under progressing
aridisation of climate (Kokorin 2011). The oldest peat-ac-
cumulating mires appeared here about 4500 to 5000 years
ago, in the Holocene Climatic Optimum, when the envi-
ronmental conditions were warm and wet enough to start
peat accumulation (Muldiyarov and Lapshina 2000; Volk-
ova et al. 2009). This was the period of paludification with
lake formation and peatland development from the ponds.
After that, the sub-boreal and subatlantic periods (the last
4500 years) were more or less a single stage in the devel-
opment of Siberia in general. During this time, climate
cooling and continentality increased, and the paludufication
processes reached a grandiose scale (Nenasheva 2013). Most
of the peatlands in this later stage are formed on land,
replacing mixed deciduous and coniferous forests. Current
conditions are not favorable for peat accumulation, espe-
cially in the most southern part of the Altai-Sayan Mountains
— the arid South-Eastern Altai (within SR 2). The drying and
shrinking of the mires, based on our visual observations
while revisiting of some mire massifs during 15 years, are
most evident in the arid southeastern part of the Altai
Mountains, under conditions of current climate change.

Permafrost degradation and active layer increase

The permafrost of high mountain areas in the European
Alps, Scandinavia, Canada, Mongolia, the Tien Shan and
the Tibetan Plateau has warmed during recent decades
(IPCC 2019) and some observations reveal ground-ice loss
and permafrost degradation (Hock et al. 2019). Resulting
increases of active-layer thickness in the European Alps
(Christiansen et al. 2010), on the Tibetan Plateau (Wu et al.
2015), and in the Tien Shan (Liu et al. 2017) in steppe,
meadow, and bedrock landscapes has occurred during the
past few decades. Only in peatlands in Scandinavia (sub-
arctic Sweden) was active layer thickness monitored
(Akerman and Johansson 2008). Here also, active layer
thickness increased while permafrost in some of the sam-
pled mires disappeared completely during the measurement
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period. In the Altai-Sayan Mountains, this important driver
of climate-induced dynamics of mire ecosystems has not
been studied yet, although we expect that the active layer
thickness is increasing and will contribute to the increasing
instability of the mire environment and habitats (Fig. 2).

Decadal-scale permafrost warming and degradation are
driven by air temperature increase and are additionally
affected by changes in snow cover, vegetation and soil
moisture (Hock et al. 2019; Anisimov and Zimov 2020)
(Fig. 2). Mires (including their integral components—the
bryophytes) are permanently (or almost constantly) moist
ecosystems but have a heat-insulating layer of peat. They
are therefore good indicators of permafrost state and also
play a large role in its conservation.

Pollution

The impact of pollution on mountain mires (in comparison
to other mountain ecosystems) is expected to be intensified
significantly due to pollutants that accumulate in the peat
deposit as a result of filtration of water passing through the
mires both vertically and laterally (Volkova et al. 2010)
(Fig. 2). Although the consequences of such influences on
the biota of the Altai-Sayan mountain mires are not known
yet, there are several major sources of pollution. Residual
local pollution of the top-soil with long-lived radionuclides
is a result of nuclear tests at the Semipalatinsk test area
(minimal distance to the SRs is about 250 km towards the
east). Pollution by mining industry waste comes from
neighbouring regions (non-ferrous metallurgy of Eastern
Kazakhstan and the coal mining industry of the Kuznetsk
Coal Basin) due to transboundary air transport of heavy
metals and other pollutants in dust and aerosols. In addi-
tion, there is local mechanical and chemical pollution by
fragments of rocket complexes and rocket propellant in the
Altai Republic.

Land use transformation

Recent massive overgrazing by horses, cattle and sheep in
the arid inter-mountain depressions of the Altai Mountains
(SR 2) (Fig. 4), combined with permafrost thaw, has led to
degradation and losses of mire ecosystems (Fig. 2). Cattle
are pastured at the mires, causing the expansion of weed
and steppe plant species (Cirsium esculentum (Siev.) C.A.
Mey., species of Cobresia, Gentiana, Euphrasia, Rhinan-
thus, and many Asteraceae) into the mire ecosystems. Also,
pasturing damages extensive mires located in the mouth of
the Kan river near the Ust-Kan settlement (the Western
Altai Mountains, SR 2) and the Aru mire (the South-
Eastern Altai Mountains, SR 2) because of pollution by
livestock waste which causes the eutrophication of the mire
habitats and interrupts or even reverses the normal
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Fig. 4 Horses and dead cow at the Aru mire (the Altai Mountains, SR 2), indicating early stages of increased land use of the mires. Photos by

1.V. Volkov, 2019

autogenic succession of the mire massif. The early changes
of plant communities in the mires adjacent to the farms
were more advanced than those of the mires at more remote
areas. The same tendency is reported by Minayeva et al.
(2016) in the adjacent mountains of Mongolia. Also, veg-
etation composition and structure of the arid region mires
of Iran are influenced by heavy grazing by local domestic
herds, particularly of cattle and sheep (Naqginezhad et al.
2019). In some cases, the establishment of the grazing
culture had made the peatlands prone to degradation long
before the recent intensification of peatland use (Joosten
et al. 2008).

Additional land use pressures on the mires comes from
natural resource use such as deforestation, berry gathering,
as well hunting and poaching in protected natural territories
and uncontrolled recreation such as intensification of
tourism. For example, the number of tourists in the Altai
Mountains increased from 0.4 million persons in 2001 to
2.2 million in 2019 (Robertus 2020), and this number has
risen significantly due to the COVID-19 pandemic and
incredible popularity of domestic tourism (Ganzhur 2021).
Unorganized recreational tourists and the local population
organize campsites, leave their garbage, damage and cut
down tree stands and shrubs, that here, in the dry steppe
and semi-desert areas, occupy only the wetlands. As
human-induced pollution and drainage, along with grazing,
are increasingly threatening small isolated wetlands, and
considering that these ecosystems are usually ignored by
national monitoring strategies (Moges et al. 2016), it is
crucial to apply strict conservation policies to protect and
restore them (Naginezhad et al. 2019).

Resulting ecosystem dynamics in the mountain
mires

General ecosystem responses and interactions
The consequences of these processes for the mires is peat

mineralisation, changes in vegetation structure and chan-
ges in the composition of species and life forms (Fig. 2).

@ Springer

The balance of CO, and other greenhouse gas emissions
connected with increasing active layer thickness in the
mountain mires are expected but have not been measured
yet and need to be investigated in the future. Among the
consequences is habitat loss for the very special baso-
philic mosses of calcareous mires, like, for example,
Drepanocladus sendtneri (Schimp. ex H.Miill.) Warnst.
Calcareous mires are a rare and vulnerable type of mire
habitat, which can be found only in arid and semi-arid
regions of the Altai Mountains both in Russia and in
Mongolia.

Climate warming and aridisation will take a rare and
protection-requiring plant community mentioned in the
Green Book of Siberia (Sedel’nikov 1996) to the verge of
extinction. This community is the crooked Elfin birch Be-
tula tortuosa (Ledeb.) community which occupies mires
and occurs only in the wettest and snowiest regions of the
Altai-Sayan Mountains (namely the western macro-slope
of Kuznetsky Alatau range, SR 1) where the eastern border
of their natural distribution is situated. Although, such
communities are widespread in sub-continental mountain
regions of Scandinavia on peat-covered and rocky slopes of
humid high mountains (Wielgolaski 2005), they are unique
to South Siberia and are likely to be eliminated from there
as a result of an upward shift of the upper boundary of the
dark-needled mountain taiga under climate warming (Ch-
lachula 2005). Since many other mountain mire plants and
their communities are found in the Altai-Sayan Mountains
at their distribution boundaries, they will potentially dis-
appear in this region.

One of the most climate change-vulnerable types of
mires in the mountains of Central Eurasia are permafrost
(or frozen) mires. They represent disappearing habitats due
to permafrost degradation. Among our investigated sites,
frozen mires can be found only in the Altai Mountains (SR
2). They occupy large inter-mountain depressions, river
valleys, flat tops and saddles of the mountains, with
impermeable frozen soils acting as water beds. Permafrost
can be continuous or intermittent, with taliks (islands of
unfrozen ground in the permafrost area). Ice lenses occur in

© Royal Swedish Academy of Sciences 2021
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the ground and the soils of frozen mires can be mineral or
peaty.

The largest areas of frozen mires are found in the
Tuguruk Valley (Central Altai Mountains), in the Chuya
Steppe (more precisely, the Kokorinsky Steppe and the Aru
Mire) as well as in some valleys of the North-Chuysky
Range (South-Eastern Altai), near the Tsagany Mountain
on the northern spur of the Ilogo Range (Northern Altai
Mountains) (Appendix S1).

The specific case of the Aru mire massif

The Aru mire (coordinates of the central part are
N50°01'38"” E89°03'54") is located in the northeastern part
of the Chuya steppe (the Altai Mountains) between the
Talduair and Kuraisky ranges in the Kokoria River valley
at an altitude of 1950 m above sea level. The approximate
size of the mire is 8 km®. The Aru massif is a calcareous
eutrophic mire (i.e. rich fen) covered by shrub-hummocky
sedge-green moss (i.e. Bryales) vegetation, with patches of
coniferous forest. The mire, located in a flat mountain
valley, is surrounded by steppe vegetation (Fig. 5).

Localization of sedimentation of alluvium, permafrost
processes (heaving, frost-cracking, underground ice, ther-
mokarst, solifluction), springs and features of the relief
create a wide variety of habitats within the mire, with six
main habitat types physiognomically recognized (Ap-
pendix S1). The characteristic landscape features of the
mire massif are outcrops of islands of the mineral bed
inhabited by steppe plant communities.

Over 15-years, there have been pronounced changes of
the vegetation of the Aru mire caused by overgrazing,
permafrost degradation and consequent increases of topsoil
moisture, active layer depth, and increased nutrients
(mainly nitrogen) that stimulated autogenic mire succes-
sion. The border of the mire massif demonstrates the most
significant changes (Fig. 6).

Between 2004 and 2019, the abundance of the moss
populations and total coverage of the moss layer of the

plant communities on the border between steppe and mire
decreased (on average from 15 to 5% of the relevés’ areas
(Volkova and Volkov, unpubl.). In contrast, the herbs
expanded very quickly. These processes are associated
with the biological characteristics of mosses and higher
plants as with the thawing of permafrost and faster
decomposition: higher plant root systems are favored and
mosses are displaced. The invading herb species are not
characteristic mire plants and originate from the steppe
phytocoenoses: they have dense growth forms, preventing
moss secondary succession.

Permafrost degradation causes an ecological phe-
nomenon we call “a drift of habitats”. During climate-
induced melting of the upper permafrost layer, the mire
surface becomes much wetter than usual, and the thermo-
karst process causes a micro-relief inversion: hummocks
and hollows replace each other. Former hollows, occupied
by marsh arrowgrass (Triglochin palustris L.) and hooked
scorpion-moss (Scorpidium scorpidioides (Hedw.) Limpr.)
become hummocks, and the moss cover degrades with a
decreased abundance of the hygrophilous hooked scorpion-
moss (Fig. 7). At the same time, plant communities of
former hummocks, dominated by the Altai sedge (Carex
orbicularis ssp. altaica (Boot) Egor.), the tufted bulrush
(Trichophorum cespitosum (L.) Hartm.) and Sendtner’s
drepanocladus moss (Drepanocladus sendtneri) are
exposed to wetter conditions than before, and this moss
cover also degrades, being replaced by hooked scorpion-
moss. Consequently, the green mosses Scorpidium scor-
pidioides and Drepanocladus sendtneri are important
indicators of this process analogous to hummock-hollow
dynamics described for Sphagnum-dominated peatlands
(Bogdanovskaya-Giennef 1936). As a regeneration cycle,
this model was initiated by von Post and Sernander (1910),
developed by Osvald (1923) and often described subse-
quently. In the mires of the Altai Mountains, we firstly
describe this replacement process for the green moss mire
and connect it with the thermokarst microtopography cycle,
not with the biogenic factors such as an autogenic

Fig. 5 Panoramic view of the Aru mire (the Altai Mountains, SR 2). Photo by I.V. Volkov, 2019

© Royal Swedish Academy of Sciences 2021
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Fig. 6 The border between the Aru mire and surrounding steppe: left 2004 and right 2019 taken from the same place. By 2019, the former mire
hollows near the border were occupied by grasses that are characteristic for the steppe vegetation. Photo by L.I. Volkova

Fig. 7 Bryophytes on the Aru mire in the arid Southern Altai: (1) dynamics of the community of green mosses under permafrost degradation; (2)
hooked scorpion-moss (Scorpidium scorpidioides), (3) Sendtner’s drepanocladus moss (Drepanocladus sendtneri). Photos by 1.V. Volkov, 2019

succession of the peatland development as described earlier
by others. The development sequence is based on three
visual observations: (1) populations of one moss species
are overgrown by another; (2) plant remains on the top of
the peat deposit reflect the replacement of one dominating
population over another; (3) the Altai sedge actively
invades into the former hollow plant communities.
Although the vegetation of the frozen Tsagany mountain
mire in the Central Altai Mountains (Appendix S1) con-
trasts with the Aru mire, as it provides habitats for
Sphagnum mosses that are not often found in the Altai
Mountains, it too is changing. The hollows are dominated
by Sphagna and the height of some mounds can reach
120 cm and the upper dry parts of mounds are covered by
lichens. Complete replacement of the Sphagnum by Poly-
richum strictum Brid., revealed by plant macrofossil

analysis (Volkova, unpublished data), and increasing
abundance of lichens indicate significant drying of the
mound tops. Some of the mounds are replaced by ponds as
a result of permafrost degradation. Consequently, charac-
teristic mire species are disappearing and being replaced by
generalist species that are more abundant and widespread
in steppes, meadows and disturbed landscapes of the Altai
Mountains (Appendix S1).

p-diversity of bryophytes of the South-Siberian mountain
mires

Although there is a great variety of topological and eco-
logical types of mires in the three observed regions, which
are remote and 400-500 km away from each other, the
floristic relationships among their bryophyta species,

© Royal Swedish Academy of Sciences 2021
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expressed by means of Sgrensen’s index (Appendix S2,
Tables S4, S4a and S4b), revealed a high level of simi-
larity. We are the first to describe the bryophytes for this
regional partial flora of the mires, as well as reveale its
taxonomical structure and the analysis of fidelity to mire
habitats.

The highest similarity is revealed for Sphagna. Among
the Sphagnum mosses of mountain mires of the Altai-
Sayan region, 65.5% of species have areas that cover all the
longitudinal sectors of the Northern Hemisphere, but not
beyond the Holarctic. The remaining 34.5% are species
widely distributed in the Northern Hemisphere, but which
also have a few locations in the extratropical regions of the
Southern Hemisphere. Calculations of B-diversity, as the
number of shared species and the Sgrensen’s Index, among
the three survey regions revealed that Sphagnum floras of
the Altai (SR2) and the West Sayan (SR3) are most similar
and characterized by the lowest B-diversity (Appendix S2,
Table S4b). The other two pairs of regions show a similar
level of diversity. Sgrensen’s Indices are close to one
(~ 0.8) indicating that the B-diversity of Sphagna of the
investigated three survey regions is in general low and
confirms the similarity of the ecosystems surveyed and
their common evolutionary history (Cazzolla Gatti 2016).

In contrast, the lists of mire hepatics significantly differ,
and particularly between the Altai Mountains (SR2) and
the West Sayan Mountains (SR3). A reduced similarity
index of the flora of the liverworts and, to a lesser extent,
the flora of green mosses affects the similarity index of the
bryofloras as a whole, lowering it against the background
of a high similarity of the flora of Sphagnum mosses.

Rare and threatened bryophytes of the South-Siberian
mountain mires

Within the partial flora, consisting of 229 species in total,
there is a high taxonomical diversity of bryophytes (Fig. 8;
Appendix S2, S3, Tables S1, S2 and S3).

Some species are rare and endangered while new species
have been recently recorded, two of which are related to
new ecological niches resulting from increased grazing.
For example, in the Altai and the Western Sayan Moun-
tains many Sphagnum species are known only from the
bogs situated at the tree line belt (i.e. S. lindbergii, S.
jensenii, S. riparium, etc.) (Ignatov 1994). Some of bryo-
phytes, like green mosses Pseudocalliergon trifarium
(Web. et Mohr) Loeske, inhabiting mires on the Kuznetsky
Alatau (SR 1), or hepatic Cephalozia connivens (Dicks.)
Lindb. on the mires of the Ergaki Range (SR 3), are
included in the regional Red Data Books as endangered
species. Five species of mosses—Drepanocladus longi-
folius (Mitt.) Broth. ex Paris, Mnium spinosum (Voit)
Schwaegr, Splachnum ampullaceum Hedw., Splachnum

© Royal Swedish Academy of Sciences 2021
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luteum Hedw. and Sphagnum subfulvum Sjors were
reported in the Altai-Sayan Mountains for the first time
(Volkova et al. 2009). Two of these mosses, firstly dis-
covered in the mires of the Altai Mountains, are inhabitants
of a very special substrate—animals’ excrements. Their
appearance is connected with increasing cattle, horses and
sheep grazing on the degrading mire areas. By forming
additional ecological niches to the mire ecosystems, they
facilitate invasions of species alien to the mires.

DISCUSSION AND CONCLUSIONS

Our earlier observations of the different directions of the
development of wetlands in Western Siberia, from rapidly
progressing paludification in the plains of the taiga zone
and melting of frozen forest-tundra soils to the rapid
degradation of wetlands in the arid South-Eastern Altai
Mountains, generally correspond to the Voeikov law
(1884): when temperatures begin to increase in the north,
the climate becomes more arid in more southern regions.
This law is especially pronounced in the mountains, where
mire massifs are often relatively small in area, strongly
dependent on the surrounding climatic situation and sen-
sitive to anthropogenic impact (Volkova et al. 2009),
unlike the vast peatlands of the West Siberian Plain, which
have a much larger “buffering capacity” and autonomy in
terms of exposure to climate fluctuations and other external
influences. Changes in the environment of the mountain
regions of the south of Western Siberia are inferred in the
dynamics of the various components and characteristics of
unique, but poorly studied, mire and peatland ecosystems
(Fig. 2). This is especially true of mire massifs with per-
mafrost in the peat deposits, since in this case, changes in
ecosystems are associated not only directly with the cli-
mate, but also with climate-dependent dynamics of pro-
cesses connected with permafrost degradation.

During climate change, we have observed (but not
measured) many characteristics and parameters of moun-
tain mires and peatlands that are changing, for example, the
area of mire massifs, the hydrographic network, the water
content and its chemical composition, the degree of per-
mafrost development, the rate of accumulation of peat and
its composition, etc. The vegetation is also changing: some
communities and species are replaced by others and species
alien to the mire ecosystems are expanding from the sur-
rounding landscapes.

The mire bryofloras of the three survey regions are
approximately the same size, aggregated in almost equal
areas and demonstrate rather high homogeneity, especially
within the Sphagnum mosses, the most typical group of
bryophytes for the mire habitats. The three bryofloras
together represent a partial flora of mountain mires of the
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South Siberia. Within this partial flora, there is a high
bryophyte species diversity. Some of them are rare and
endangered species while new species have been recently
recorded, two of which are related to increasing ecological
niches resulting from increased grazing.

The important mountain mire habitats and their bry-
ofloras are experiencing impacts of overgrazing, waste
pollution from industry and agriculture, mires drainage,
peat production and other economic activities. We expect
these impacts to lead to further biodiversity change caused
by the disappearance of plant and animal species specific to
mires, some of which are endemic, rare or threatened, and
the introduction of alien species. We also expect changes in
the seasonal fluctuation of water level in the rivers and the
disappearance of some small rivers and streams that could
lead to the loss of the unique South-Siberian mountain mire
landscapes. Such loss would generally impact the Altai
Mountains, a location of the mountain permafrost zone in
Siberia and a global hotspot of biodiversity and a World
Heritage site (Bertzky et al. 2013).

Despite extensive fieldwork over 25 years, we still know
little about the dynamics of changes in the ecosystems of
the mountains of southern Siberia. It is very difficult to
establish monitoring studies in this remote area due to its
vast extent and the difficulties in accessing sites. Also,
although remote sensing techniques can provide informa-
tion on the changing extents and productivity of the mires,
detailed in situ measurements are needed to record biodi-
versity changes.

Our study has highlighted the importance and vulnera-
bility to change of the unique mountain mires of the remote
and inaccessible Altai-Sayan mountain region providing a
base-line for future studies. For future research, we
recommend:

e Quantifying the changes in environment: climate,
dynamics of permafrost and hydrology, land use and
pollution.

e Quantifying the large scale dynamics of the mires: area,
patterning and productivity from remote sensing.

e Quantifying the changes in biodiversity and species
niche preferences.

e Predicting future changes by experimentally relating
the changes in ecosystems and species occurrence/
abundance/location to external environmental change
drivers.

e Designing and implementing conservation methods for
the mires based on the scientific knowledge gained
above.
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