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Abstract

In the Caucasus, the total area taken up by glaciers is known to have reduced by 23%
over the last 20 years. This natural experiment allows for additive and replacement
models of autogenic succession of biocoenoses within paraglacial landscapes to be
tested. A certain risk of the extinction of cryophilic species also exists. However, mon-
tane paraglacial successions of invertebrate assemblages have hitherto been studied
neither in the Caucasus nor in Russia as a whole. Structural changes of taxocoenoses
were traced in a spatial and temporal sequence of ten properly dated paraglacial sites in
the Tsey Gorge, North Ossetia - Alania (1-170-years old) among the testate amoebae,
earthworms, molluscs, myriapods, mites, spiders, harvestmen, pseudoscorpions, coll-
embolans, and beetles. As the glacier retreats, in place of bare paraglacial wastelands,
grassland communities are formed that, after 10—14 years, are replaced by shrub vege-
tation and, on 30-35-year old surfaces, by forest communities. Most of the invertebrate
groups, once “appearing” along a postglacial transect, were recorded from most older
plots as well. Yet, their taxocoenoses underwent considerable transformations through
increasing (or an increase turning into some decline in beetles) the species diversity
and a strong, often complete change in the taxonomic composition and dominance
structure. The most considerable transformations were observed at all major vegeta-
tion changes. The “appearance” of some groups in the transect was determined not
only by dispersion capacities but mainly by the environmental conditions of particular
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habitats. When comparing the composition of the pioneer postglacial species complex
of the study region with that in the mountains of Europe’s south and north, its high-de-
gree regional specificity was noted, sometimes shown at the family level (in spiders).
Spatial B-diversity of all larger taxa studied was mainly attributed to turnover (due to “the
replacement model” of succession). The general level of change diminished towards
the later succession stages. Endemic arthropod species were revealed both in pioneer
grassland and developed forest communities.

Key words: chronosequence; climate warming; endemic; models of succession; pioneer
species; species extinction

Introduction

As aresponse to the ongoing atmospheric warming, glaciers retreat in most re-
gions of the world (Hock et al. 2019; Zemp et al. 2019; Ficetola et al. 2021; Mar-
ta et al. 2021). The “sterile” surfaces that emerge after the retreat of glaciers
are quickly colonized by living organisms, and, over time, the structure of these
new communities is changed during succession. Studying the mechanisms
and rates of the formation of complex biocoenoses is important both for fun-
damental ecology and for analyzing the restoration capacities of ecosystems,
especially in unstable climatic conditions.

Mountains, occupying about 10% of the Earth's land surface, are hotspots of
global biodiversity, concentrating one-quarter of all terrestrial species on Earth
with unique levels of endemism (Seijmonsbergen et al. 2018). Contemporary
warming may lead to habitat fragmentation, extinctions, or upslope shifts of
subnival species of animals and plants (Pizzolotto et al. 2014; Gibson-Rein-
emer et al. 2015; Cauvy-Fraunié and Dangles 2019; Gobbi et al. 2017, 2021;
Gobbi 2020; Gobbi and Lencioni 2020; Harvey et al. 2023). In certain species of
beetles and millipedes, the level of such displacement has already been estab-
lished as 50-350 m per century (Moret et al. 2016; Gildado et al. 2021; Panza
and Gobbi 2022), and the species composition of the mountain communities of
a number of large taxa has changed over the past 160 years by an average of
12% per decade (Gibson-Reinemer et al. 2015). During some 30 years, the up-
per distribution limit of one moss mite species shifted almost one kilometer up
(Fischer and Schatz 2013). Yet, a glacier retreat forms new potential habitats
(refugia) for vulnerable high-elevation species, and studies on these postglacial
community successions are therefore highly important (Gobbi 2020).

The gradual melting of glaciers since the Little Ice Age, that has been ob-
served around the world, has led to the formation of a paraglacial series of
differently aged sites that follow a similar trajectory at the decadal to hun-
dred-year time scale (Matthews 1992). In such cases, when the duration of the
study succession of vegetation and soil exceeds the lifespan of the scientist
and his research, it is the chronosequence methodology that helps us under-
stand community transformations, often being the single tool of research (Hod-
kinson et al. 2004; Walker et al. 2010). Although modern warming may itself
“accelerate” succession, making it difficult to analyze the most recent data as a
real chronosequence (Kaufmann 2002; Braten et al. 2012).

The study of the dynamics of paraglacial invertebrate communities began in
the Austrian Alps, where, already in the middle of the 20th century, the consisten-
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cy of changes in phyto- and zoocoenoses was shown, and stages of the forma-
tion of invertebrate assemblages in the glacier forelands were identified (Janet-
schek 1949, 1958). However, modern studies with a more or less exact dating
of the surface age have virtually started during this millennium only (Kaufmann
2001; Kaufmann et al. 2002; Hodkinson et al. 2004; Seniczak et al. 2006; Hagvar
et al. 2009; etc.). The bulk of modern works on this topic have been carried out in
the mountains of Northern and Southern Europe, with a well-deserved advantage
in relation to ground beetles, spiders, oribatid mites, and springtails (see Hodkin-
son et al. 2004; Gobbi et al. 2006a,b, 2007, 2017; Hagvar et al. 2009, 2012, 2020;
Hagvar 2010; Gereben-Krenn et al. 2011; Schlegel and Riesen 2011; Tampucci
et al. 2015; Moret et al. 2016, 2020; Sint et al. 2018; Gobbi and Lencioni 2020;
Valle et al. 2022; etc.). A large amount of data now allows for in-depth discus-
sions about the origin and specificity of pioneer species complexes, the rate of
succession, and the testing of potential models for these processes (Hagvar et
al. 2020; Ficetola et al. 2021; Rosero et al. 2021; Hagvar and Gobbi 2022; Valle
et al. 2022). Over the territory of Russia, postglacial successions of invertebrate
communities following the Little Ice Age have never been studied. Only very re-
cently did the first reports of springtails and insects found in cryoconites on the
surface of glaciers appear (Mergelov et al. 2023).

In the Caucasus, the total area taken up by glaciers is known to have re-
duced by 23% for the period from 2000 to 2022 (Tielidze et al. 2022). As part
of the project of the Russian Science Foundation “Following in footsteps of the
Caucasian glaciers: the primary succession of arthropod assemblages,” in the
summer of 2021, we undertook mass collections of terrestrial invertebrates in
the Central Caucasus at the foot of Tsey Glacier (Fig. 1).

The unique invertebrate fauna of the Caucasus, where the level of endemism
in some groups reaches 30-70% (Dashdamirov and Schwaller 1992; Kryzha-
novskij et al. 1995; Walther et al. 2014; Kokhia and Golovatch 2020) and many
species have not been described yet, is perhaps not the best object for purely
ecological research. Studies of zoocenoses formed during glacial retreats are
often limited to relatively well-studied ground beetles (Gereben 1995; Gobbi et
al. 2007; Brambilla and Gobbi, 2014; Moret et al. 2016, 2020; etc.) or, being multi-
taxa investigations, are carried out at the level of larger taxa (Kaufmann et al.
2002; Rosero et al. 2021), due to severe problems in the identification of such
vast groups as protists, nematodes, microarthropods, and rove beetles. Recent-
ly, research results on organism successions during glacial retreats using not
only classical morphological tools but also environmental DNA metabarcoding
have appeared (Raso et al. 2014; Sint et al. 2018; Rosero et al. 2021; Cantera
et al. 2024; Guerrieri et al. 2023). The team of authors of the present paper
consists mainly of zoological taxonomists, thus giving them a rare opportunity
to fairly exactly assess the dynamics of taxocoenoses in a number of larger
groups of animals that differ significantly in size, dispersion capacities, and life-
style. Such a multi-taxa approach seems important for characterizing the suc-
cession of the animal population as a whole since it allows for the restoration
capabilities of ecosystems to be assessed as objectively as possible.

Another significant problem hampering such research is the chronological
linking of succession stages. In the absence of special data, researchers often
use the distance to the edge of the glacier and/or the structure of the phytoco-
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Figure 1. Location of the Tsey Glacier foreland, Adai-Khokh mountain massif, Central Caucasus.

enose as a measure of the community age (Schlegel and Riesen 2011; Lencioni
and Gobbi 2018; Gwiazdowicz et al. 2020; etc.). This alone suggests possible
errors in the case of glacier pulsation. To characterize the rate of retreat of
the Tsey Glacier, a whole range of methods was used (Bushueva 2013), thus
greatly facilitating the interpretation of zoological and ecological information.

In the recent study of invertebrates on an altitudinal profile in the highlands
of South Tyrol, a significant restructuring of communities was shown, primarily
due to an elevation itself with a higher species turnover rate at higher sites
(Steinwandter and Seeber 2023). The bed of the Tsey Glacier has a relatively
weak slope, and the vegetation of the study foreland profile is represented by
grasslands as well as birch, pine, and mixed forests (Tables 1 and 2). The distri-
bution of these forests in the Central Caucasus as a whole is often associated
with areas of former glaciations (Grossheim 1936; Gulisashwili 1956). Given
the significant extent of the study profile (1.8 km) with surfaces of various
ages, the difference in elevation between sections | (1 year) and X (=170 years)
was only 265 m. Thus, we can assume that the observed differences between
the natural communities along the profile are just due to the age of the surfac-
es, not the different altitudes above sea level.

The lack of information concerning the animal component of paraglacial
successions (Matthews 1992), despite the rapid growth in the total number
of publications in the last decade, is still topical because most of the research
has focused on plants and microorganisms (Ficetola et al. 2021; Pothula and
Adams 2022). Recently, in order to search for general patterns of succession,
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papers have appeared that summarize data on several glaciers, including chro-
nosequences from different continents (Vater and Matthews 2015; Sint et al.
2018; Cauvy-Fraunié and Dangles 2019; Hagvar et al. 2020; Hagvar and Gobbi
2022; Ficetola et al. 2021; Pothula and Adams 2022; Valle et al. 2022; Guerrieri
et al. 2023; Cantera et al. 2024). Most researchers recognize that changes in
natural communities during the colonization of ice-free surfaces are caused by
a complex interaction between time factors, habitat transformation, and biotic
interactions (Ficetola et al. 2021). The most important predictor of community
structure is often considered to be its age (and therefore the timing of colo-
nization), while the development of soil and vegetation (also associated with
age) is interpreted as of secondary significance (Hodkinson et al. 2004; Gobbi
et al. 2007; Schlegel and Riesen 2011; Guerrieri et al. 2023). Often, the degree
of development of vegetation and soil (environmental filtering) is regarded as
the most important predictor of zoological succession, naturally changing over
time (Janetschek 1949; Kaufmann 2001; Kaufmann and Raffl 2002; Gobbi et
al. 2006b, 2010, 2011). But some studies indicate a weak importance of vege-
tation as such (Hodkinson et al. 2001, 2002, 2004; Hagvar et al. 2009; Pothula
and Adams 2022) and even the leading role of competitive relations in organiz-
ing the succession of individual groups, especially at later stages (Schlegel and
Riesen 2011; Vater 2012; Ficetola et al. 2021). Since all these processes (colo-
nization, environmental filtering, and interspecies competition) occur simulta-
neously, it has been repeatedly noted that analyzing their particular contribu-
tions to succession structuring is only possible in special experiments (Vater
and Matthews 2015; Rosero et al. 2021).

Our study of the postglacial succession of invertebrates along the Tsey
Gorge glacier foreland is the first to be performed in the Caucasus, and its
main goal was to describe the temporal dynamics of the main larger taxa
to create a framework for future, more analytical investigations. The partici-
pation of taxonomy specialists made it possible to do this quite accurately.
For the first time, the rove beetles (Staphylinidae), the most diverse family of
arthropods both along our profile and globally (Salnitska et al. 2022), were
identified for a non-Scandinavian foreland collection. Thus, the objectives of
our work were as follows:

1. to establish the timing of the appearance of the main groups of inverte-
brates along the dated chronosequence of Tsey Glacier’s retreat;

2. to assess the rate of changes in the structure of individual taxocoenoses
and the invertebrate fauna as a whole; and

3. to test succession models (“additive and persistence model” or “replace-
ment model”) using material from multispecies groups.

Materials and methods

Study area

The study area is located in a territory with the Terek Type of altitudinal zona-
tion (Sokolov and Tembotov 1989), which is characterized by increased mois-

ture and the predominance of broad-leaved, mainly beech, forests in the forest
belt. The Tsey Glacier, one of the largest glaciers in the Central Caucasus (area
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about 10 km?), was formed in the Adai-Khokh mountain massive (height up to
4408 m) on the northern macroslope of the eastern part of the Greater Cauca-
sus. The area of the upper reaches of the Tseydon River is composed mainly
of crystalline rocks (granites, schists, gneisses, etc.). The climate of the Tsey
Gorge is temperate continental, with a predominance of precipitation in the
spring-summer period, but heavy snowfalls are most common in the second
half of winter and early spring. The warmest month is July, and the coldest
month is February, with average monthly temperatures at an altitude of 1750
m a.s.l,, respectively, of 12.7 °C and -8.8 °C. The average annual precipitation
at this altitude is about 800 mm (http://zapovednik15.ru). The main areas in
the Tsey Gorge are occupied by beech, maple, birch, and pine forests. Above
2000-2500 m, forests are replaced by subalpine grasslands.

Choice of study sites

Various maps and remote sensing data have been used to assess the dynam-
ics of the contours of the Tsey Glacier since the end of the 19th century. To
determine the current position of the glacier, data obtained from Russian and
foreign spacecraft were used. Images of the second half of the 20th century
were taken from airplanes (aerial photography). One of the modern images was
chosen as a reference, and all the others were linked to it. Image co-registration
was carried out in two stages using the Erdas Imagine program (Hexagon). At
the first stage, using control points and the digital terrain model STRM v3 (grid
step 1 arcsecond), georeferencing was carried out using a second-order poly-
gon. At the second stage, a new set of control points was collected, and image
co-registration was refined using the “rubber sheet” method. The boundaries
of the glacier were digitized manually. The map of military topographers of the
late 19th century was fixed using a coordinate grid, and then this reference
was refined using characteristic points of the relief. According to all these data,
since the middle of the 19th century, the Tsey Glacier has retreated by approx-
imately 1800 m, and only in the year preceding the collection of invertebrates
(11.09.2020-23.06.2021) did it move back 16.0 m (North Ossetian Center for
Hydrometeorology and Environmental Monitoring, request dated 07.07.2021).

On the transect (length about 1800 m) in the valley of the Tseydon River at
the foot of the glacier, ten sample plots were marked with surface ages rang-
ing from one to approximately 170 years (Fig. 1, Plots 1-X). The selected sites
included the main stages of primary vegetation succession (Figs 2-3): the al-
most bare ground, “grassland” and “shrub” stages, mixed, and finally mature
pine (Pinus sylvestris ssp. hamata) forest (Tables 1, 3). The sites ranged in alti-
tude from 2071 to 2336 m a.s.l.

For each sample plot, a brief geobotanical description was made, and the
structure of the upper (0-5 cm) soil layer was generally characterized (Tables
2 and 3). In soil samples from which microarthropods were extracted, the rel-
ative humidity was determined by weighing the cores before and after drying
(at room temperature until air dried). As everywhere in postglacial chronose-
quences (Hodkinson et al. 2004; Ingimarsdéttir et al. 2012; Pothula and Adams
2022), the diversity of vegetation and its projective cover gradually increased
over time (Table 2), and the substrate moisture, litter thickness, and organic
carbon content in the mineral horizon increased (Table 3).
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Table 1. The study habitats across the glacier’s retreat zones and sampling efforts (Tsey Gorge, Central Caucasus, 17-31

July 2021).
Year of ice Altitude Number of Number Volume
Plot # Habitat type Coordinates pitfall traps of soil of sifted
retreat (ma.s.l) .
per day samples* | litter (l)
| 2020 Sandy-gravel surface without evident | N42.775098°, 2336 94 8/3 0
vegetation E43.860182°
Il 2017 Sandy-ground surface with single N42.775335°, 2320 74 8/3 0
plantlets and moss patches on stones | E43.860852°
I} 2014 Reedgrass meadow with draft willows | N42.775882°, 2318 142 10/3 10
on moraine N43.860545°
I\ 2007 Sparse shrub association: willow-birch | N42.776554°, 2295 150 10/3 20
growth and isolated young pines E43.861253°
\" 1987 Young mixed forest with luxuriant forbs | N42.778163°, 2249 150 10/3 30
E43.863217°
Vi 1960-70 Park-like tall-grass birch grove N42.778815°, 2244 150 10/3 30
E43.864567°
\ll 1946 Dense two-storeyed small-leaved forest | N42.779795°, 2233 110 10/3 30
with rich forbs E43.866527°
Vil 1921-25 Sparse pine wood with birch and N42.781522°, 2205 150 10/3 30
rhododendron on moraine E43.868547°
IX 1911-13 Mature small-leaved forest (birch, N42.782985°, 2193 150 10/3 30
willows) E43.870103°
X =1850 0ld mossy pine forest with N42.784627°, 2071 150 10/3 30
rhododendron, strawberry and blueberry | E43.878177°

* before line — “microarthropod” (Tullgren funnels) samples (5x5x5 cm), after line — “Testacea” samples (5x5x3 cm); both
added by above-ground plant parts and litter layer.

Sampling

The collection of material was carried out on July 17-31, 2021 (Table 1). Sur-
face-active arthropods were caught using pitfall traps (plastic cups with a vol-
ume of 200 ml and a diameter of 6.5 cm). The traps were set randomly 3-5
m apart in the most typical microhabitats from July 18—29. At each of the se-
lected sites, 15 traps without a fixative (water only) were installed, which were
checked every other day. The total amount of sampling effort approached 1470
pitfall days, since some of the traps in the youngest areas due to natural caus-
es (ice failure, flooding) did not “work” at times. Large arthropods and mol-
luscs were also caught by hand searching, and atmobiontic springtails were
collected mainly using an aspirator. In plots with developed turf or litter (1l1-X),
entomological sifting was used (10-30 liters of plant mass per plot). All inver-
tebrates were fixed in 96% alcohol.

On each plot, soil samples (125 cm?® of soil + litter) were taken randomly at
the most typical sites in 8—10 replicates for subsequent microarthropod ex-
traction in Tullgen funnels (Table 1). Samples for the rhizopod extraction (75 ml
of soil + litter) were taken in three replicates, likewise in the most typical micro-
habitats. Both types of samples included the above-ground parts of plants (not
higher than 5 cm). Samples were preserved in a cool, individually enveloped
paper and plastic bag for two days and processed in the Moscow laborato-
ries. Microarthropods were extracted into 96% alcohol using Tullgren funnels
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Table 3. Characteristics of soil “microarthropod” samples (litter + soil cube, 5x5x5 cm, replication 8-10) collected on the
postglacial transect of the Tsey Gorge, Central Caucasus (July 2021).

Litter (A,) Soil
Plot, Agfe of I;elat.i;le Thick- Depth of Thicknes.s . .
# surface, Um: - ness, Composition humified of.le.lyer w!th Mechanical properties of ground and the
years ity, % visible thin humus type
mm layer, mm
roots, mm
| 1 8.05 0 - 0 5-10 Coarse grey sand among large rock debris
Il 4 12.28 0 - 0 5-15 A mixture of small gravel (3-15 mm) and
fine sand (yellow or grey)
m 7 16.32 0-3 Moss films 0-5 5-20 A mixture of gravel (15-20 mm) and
medium and fine-grained grey sand;
somewhere consolidated by moss films
[\ 14 12.70 3-18 Grass and moss 0-13 5-20 Medium- to fine-grained grey sand, weakly
debris cohesive
\ 34 23.76 5-25 Grass and leaf 6-40 20-25 Medium to fine grain sand (grey or yellow,),
litter, moss turf partially cohesive
Vi 51-61 30.84 7-17 Grass and leaf >50 25-30 Mor + fine-grained sandy loam
litter, moss turf
Vi 75 43.62 8-15 | Grass and leaf litter >50 25-35 Fine-grained yellow sand with single small
(5-8 mm) pebbles
VIl 96-100 38.03 | 10-25 Leaf litter, pine 30-50 30-40 Mor + mull + fine-grained yellow sand
needles, moss turf
IX 108-110 | 47.93 | 16-28 Leaf litter, moss 40-50 >50 Mor + mull + fine-grained yellow sand
turf
X =170 36.73 | 20-35 Moss turf, pine 30-50 >50 Mor (moss debris) + mull + medium-grained
needles, leaf litter yellow sand

by drying the samples (8-10 days) until their complete desiccation with neither
additional heating nor lightening. Mites and collembolans were slide-mounted
and identified mainly in Hoyer's and Gisin's mediums. Oribatid mites were partly
mounted in lactic acid on temporary cavity slides. Soil samples for rhizopod
analysis were prepared following a standard technique based on filtering and
concentrating soil suspensions in water (Mazei and Chernyshov 2011). In order
to count living individuals with cytoplasmic remains inside shells, the Bengal
pink dye (C,H,CI,I,0,) was added to the concentrated suspensions.

Our survey did not involve special quantitative sampling of earthworms and
molluscs. All of them were obtained by setting traps, taking soil samples, and
intensive hand-catching. Many individuals were found in soil pitfalls.

Shrews (14 specimens), occasionally caught in soil traps, were also fixed in
96% alcohol and identified. Now they are kept in the Zoological Museum of the
Lomonosov State University, Moscow.

Identification

Most of the mass groups of soil invertebrates were processed and considered,
except for nematodes and dipteran larvae. All authors of this contribution are
professional zoologists who have extensive experience in taxonomic research,
thus making it possible to fully identify, and for the first time, thoroughly eluci-
date changes in species compositions along a postglacial transect. Indirectly,
this also made it possible to assess the state of knowledge of individual inver-
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Figure 2. Sampling sites. A: Plot | (bare sandy ground, 1 year old after ice retreat); B: Plot Il (sandy surface with single
plantlets, 4 years old); C: Plot Ill (reedgrass meadow, 7 years old); D: Plot IV (shrub association, 14 years old).

tebrate groups in the Caucasus. The following is a list of the groups of animals
indicating the specialists who determined the appropriate material: Testacea
(A.D. Chulei, Yu.A. Mazei, A.N. Tsyganov), Lumbricidae (I.B. Rapoport), Mollus-
ca (D.M. Palatov), Diplopoda (S.I. Golovatch), Chilopoda (R.V. Zuev), Acari, Me-
sostigmata (O.L. Makarova), Acari, Oribatida (V.B. Kolesnikov), Opiliones (N.Y.
Snegovaya), Pseudoscorpiones (I.S. Turbanov), Araneae (A.V. Ponomarev),
Collembola (A.B. Babenko, M.D. Antipova), Coleoptera, Staphylinidae (O.I. Se-
mionenkov), Coleoptera, diversa (K.V. Makarov). Shrews were identified by B.I.
Sheftel, mosses by G.Y. Doroshina, and vascular plants by K.P. Popov. All carto-
graphic work was carried out by I.S. Bushueva. The invertebrates are kept in the
corresponding authors’ or museum collections.

Statistical procedures

Microsoft Excel 2010 was used for storing and primary data processing. We as-
sessed the dynamics of changes in the composition of invertebrates along the
foreland chronosequence employing the values of pairwise sample compari-
sons following Wilson and Shmida (1984), calculated using standard functions
of Microsoft Excel 2010.
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Figure 3. Sampling sites. A: plot V (young mixed forest, 34 years after ice retreat); B: plot VI (park-like birch
grove, 51-61 years old); C: plot VII (dense small-leaved forest, 75 years old); D: plot VIII (sparse pine wood,
96-100 years old); E: plot IX (mature small-leaved forest, 108-110 years old); F: plot X (mossy pine forest
with rhododendron, ~170 years old).

Calculations of a-diversity indices and the estimation of the expected num-
ber of species were carried out using PAST ver. 4.14 (Hammer et al. 2001).

The classification of communities has also been performed through the ap-
plication of standard algorithms in PAST software. To test the assumption con-
cerning the non-randomness (non-stochasticity) of succession, the presence
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of large stages (phases) uniting particular successive stages (Plots I-X) was
analyzed. For this purpose, three independent methods were used: non-met-
ric multidimensional scaling, classical hierarchical cluster analysis, and flat
analysis employing the K-medoids algorithm that is effective for assessing the
ecological data (Kaufman and Rousseeuw 1990). In all cases, the Bray-Curtis
similarity coefficient, commonly used for species abundance data, was applied
(Magurran 2004).

To characterize the change of taxa in a series of postglacial communities,
the Sgrensen-based multiple-site dissimilarity index and comparisons of the
contribution of the turnover (replacement) and nestedness (addition) compo-
nents, proposed in Baselga (2010), were both utilized. Calculations were per-
formed applying the betapart v.1.6 package (Baselga and Orme 2012) in the R
v.4.3.2 environment (R Core Team 2023).

All charts were created using the Microsoft Excel 2010 facilities. Dominance
classes followed Engelmann’s (1978) classification.

Results

A total of 19,481 specimens of invertebrates belonging to 438 species were
collected and identified, including 44 specimens of earthworms assigned to
one species, Dendrobaena octaedra (Savigny, 1826), and 50 specimens of pseu-
doscorpions, Neobisium (Neobisium) cf. vilcekii Krumpal, 1983. Besides this, 17
specimens of shrews, including 15 Sorex volnuchini Ognev, 1921, and two Sorex
satunini Ogneyv, 1922, were captured by pitfall trapping together with arthropods.

All specimens found of testate amoebae, molluscs, myriapods, harvest-
men (except for two species represented by females only), pseudoscorpions,
and beetles were identified to the species rank. Yet, 30 species could not be
assigned to a certain taxon, apparently being new to science. These are 11
species of Mesostigmata (Acari), 10 Oribatida (Acari), 7 Collembola, and two
species of Araneae.

Coleoptera, Oribatida, Mesostigmata, and Collembola showed the greatest

species diversity (Table 4). The number of species of Araneae, live Testacea,
and Gastropoda was 1.5-3 times lower, while Chilopoda and Opiliones were
represented by only six species each. Despite the short-term collections, it was
possible to identify most species of pedobionts. Depending on the assessment
method (Table 4; Fig. 4), we revealed from 61-78% (Mesostigmata) to 91-98%
(Testacea) of the expected number of species.
Almost all dominant species (>12.5%) of the pioneer stages (Plots I-Ill) are
high-montane endemics of the Caucasus. On Plot |, such are the ground beetle,
Bembidion pulcherrimum (Motschulsky, 1850), the springtail, Desoria aff. duo-
decimoculata (Denis, 1927), and the spider, Pardosa aff. ibex Buchar et Thaler,
1998; on Plot I, the rove beetle, Geodromicus major Motschulsky, 1860, the
springtail, Ceratophysella aff. succinea (Gisin, 1949), and the mesostigmatic
mite, Lasioseius sp.; on Plot Ill, the springtail, Orchesella aff. caucasica Stach,
1960, and the ground beetle, Amara cordicollis Ménétriés, 1832.

In the chronological series of habitats, significant rearrangements in the
complex of invertebrates were revealed (Table 5). Some taxa almost imme-
diately appear on the surfaces freed from ice (Fig. 2A, Plot I). Among them
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Table 4. Number of sampled individuals, observed and expected numbers of species in multispecies groups (Tsey Gorge,

Central Caucasus, 17-31 July 2021).

Observed Expected species richness
Taxon Individuals | species 3

richness Chao-1 iChao-1 ACE Squares | Mao tau's
Testacea (live) 792 27 27.6 28.4 29.1 28.4 29.7
Testacea (including numerous dead ones) 3801 46 47.5 50.8 471 46.8 51.2
Gastropoda 193 18 18.6 19.1 20.8 19.1 23.2
Oribatida 6174 68 73.6 76.9 74.6 84 85.9
Mesostigmata 1188 61 78.0 86.0 82.9 83.1 100.3
Opiliones 374 6 7.0 7.0 8.7 9.1 8.6
Araneae 324 39 47.6 52.0 54.9 73.8 52.0
Chilopoda 44 6 6.5 6.5 6.8 6.4 10.8
Collembola 6319 59* 65.0 67.3 65.7 68.1 78.3
Coleoptera 987 121 155.4 165.9 182 169.2 168.3

* — the number of Collembola species revealed totals 73, but 59 were the only ones statistically considered as coming

from Tullgren funnels.
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Figure 4. Species richness of pedobionts from the Tsey Glacier foreland. A: Observed cumulative species
number (ordinate) from the sampling plots (abscissa); B: Expected species number (ordinate) as a function
Mao's tau of the number of survey sites (abscissa).

are the testate amoebae, “flightless” microarthropods, spiders (ones that eas-
ily settle on arachnoid threads), wandering females of harvestmen, as well as

well-flying predatory beetles (Carabidae, Staphylinidae) and bugs (Saldidae).

Sparsely vegetated, the 4-year-old Plot Il (Fig. 2B) is already inhabited by en-
chytraeid worms, dipteran larvae of at least four families (including Chironomi-
dae, Limoniidae, and Syrphidae), numerous aphids (up to 420 ind./dm?), and

thrips (up to 225 ind./dm?).

On the 7-year-old Plot Il with developed herbaceous vegetation (Fig. 2C),
woodlice, soil molluscs, and predatory centipedes (Chilopoda) appear.
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Table 5. Stages of the appearance of individual animal groups during the autogenic succession of communities formed
after the Tsey Glacier’s retreat (Central Caucasus, July 2021). In the table, combined data from sifting, Tullgren funnel
extraction, pitfall trapping, and hand sorting is given

Taxon

Sequence number of plot and age of its surface (in parentheses), years

1(1)

11 (4)

m) [Iv@4) | v(3a) |vi(s1-61)| vii(75) | vii(96-100) | Ix (108-110)| X (=170)

Testacea

+

+

+ + + + + + + +

Acari

Araneae

Opiliones

Collembola

Hemiptera

Thysanoptera

Coleoptera

Diptera, LL

e e N I

B I e o o o e

|+ |+ |+ | ]+
|+ |+ |+ | ]+

Mollusca

Chilopoda

+l A+ |+ |+ |+ ]+
4+ |+ ]+ ]+

Isopoda

P I e e R A
B I o I B e o o B e N

Diplopoda

+
+

Lumbricidae

Insectivora

|| ||+ |+

Siphonoptera

e e I S A T B SR o A S S S S

Pseudoscorpiones

+
+

+ |+ |+ +
+

Blattoptera

On the 14-year-old Plot IV, with complex shrubby vegetation (Fig. 2D), the
first earthworms and millipedes were found. Besides this, first shrews accom-
panied by their parasites (fleas, ixodids, and gamasid mites) were recorded in
pitfall traps.

Later than the other groups, after 34-61 years (Plot VI), already in proper
forest communities with a well-developed litter layer and a significant humus
horizon (Fig. 3B), the first pseudoscorpions were reported. And only a century
and a half later (Plot X, Fig. 3F), on the site of the former glacier, the first cock-
roaches (Ectobiidae) were discovered.

All main groups of invertebrates, once “appearing” on the postglacial tran-
sect, are also recorded in older stages. The a-diversity dynamics pattern of
particular invertebrate groups on the study profile is strictly individual (Figs
5, 6). Endemic species are present in all stages. The species diversity of all
multispecies taxa is generally increased during succession (the Shannon index
value growing to 2.7-3.8), but beetles stand out by their high level of diversity.
Starting with Plot IV, their Shannon index does not fall below 2.8, while for other
taxa, its value fails to exceed 2.7.

In spite of a generally additive pattern of community change at the class-order
taxonomic level (Table 5), individual taxocoenoses undergo significant restruc-
turing since their species composition and the array of dominant species change
radically, often completely. All groups, with the exception of the general pool of
testate amoebae (dead and live specimens) only, demonstrate a significant spe-
cies turnover whose intensity drops in the last stages of succession (Figs 6-8).
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Figure 5. Total number of species (blue bars), the number of Caucasian endemics (green bars) and the value
of Shannon index (red lines) on the study chronosequence. The left ordinate is for the number of species, the
right one is for the Shannon index. A: Gastropoda; B: Chilopoda; C: Mesostigmata; D: Oribatei; E: Opiliones; F:

Araneae; G: Collembola; H: Coleoptera.
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Discussion
Review of taxonomical groups

Rhizopoda. In total, 46 species or subspecies of testate amoebae belonging
to 21 genera and 14 families have been recorded from the habitats of the Tsey
profile. All species have been identified and show vast distributions.

Testate amoebae have already been revealed in the sand on the surface
of the Tsey Glacier (9 species found). As noted earlier (Carlson et al. 2010),
they almost immediately colonize substrates just freed from ice. The spe-
cies richness of taxocoenoses in areas without vegetation cover (Plots |, II)
did not exceed 11 species, and the dominance structure was unstable (Fig. 6).
Cosmopolitan hydrophilic species predominated (Galeripora catinus (Penard,
1890) Gonzalez-Miguéns et al., 2021; Centropyxis cassis (Wallich, 1864) De-
flandre, 1929; Centropyxis elongata (Penard, 1890) Thomas, 1959; Centropyxis
orbicularis Deflandre, 1929; and Centropyxis sylvatica (Deflandre, 1929) Bonnet
and Thomas, 1955), probably due to increased soil moisture at the ice edge.
With the appearance of grassland vegetation (Plot Ill), the species richness
increased (17 species), and the dominance structure stabilized with a predom-
inance of typical soil (C. sylvatica and Plagiopyxis declivis Bonnet, 1955) and
small eurybont (Trinema lineare Penard, 1890) species. The species Centropyx-
is cassis deserves special mention, being clearly confined to the pioneer stages
(1-4 years in age) to disappear later. This species was mainly represented by
live individuals, thus excluding its passive transfer from outside.

At the shrub stage (Plot IV), the species richness reached 22 species, this
already being comparable with the diversity in later successional forests, with
bryophilous species appearing (Assulina muscorum Greeff, 1888; Centropyxis
minuta Deflandre, 1929; and Heleopera petricola Leidy, 1879). The forest stage
(Plots V-X) is characterized by the highest species richness (on average about
30 species per sample), the array of dominants remaining relatively stable, and
larger pedobiont species appearing (Argynnia dentistoma (Penard, 1890); Cen-
tropyxis plagiostoma Bonnet et Thomas, 1955; Euglypha rotunda (Ehrenberg,
1845); Euglypha simplex Decloitre, 1965; Euglypha strigosa (Ehrenberg, 1848)
Leidy, 1878; Trinema complanatum Penard, 1890). The shells of species char-
acteristic of early successional stages retain their presence subsequently, and
the species richness is thus a function of time being constantly “accumulative”.
In this case, aeroplankton serves as the most important source of protist cells
(Finlay 2002; Wanner and Xylander 2005; Wilkinson et al. 2012).

Most of the rhizopod items found in the Tsey profile were represented by
empty (dead) shells (Figs 6A, B). When analyzing the entire complex of iden-
tified species (live and dead cells), the alpha-diversity during the succession
grows from 5 to 35 species, the Shannon index ranges from 1.2 to 3.0, the con-
tribution of not too numerous (less than 12.5% of the total number) invaders to
the overall taxocoenose loads usually makes up to more than 40% of the total
abundance (Fig. 6E), and the composition of the community changes stochas-
tically (Fig. 6C). When considering only live individuals, alpha-diversity along
the transect increases from 2 to 18 species, the Shannon index varies from 0.4
to 2.6, and low-abundance species typically amount to less than 30% of the
total abundance (Fig. 6F). During the succession of live rhizopods, a clear-cut
increase in the species turnover was noted (Fig. 6D); the pioneer complex of
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species was replaced by the soil one; the latter was only slowly transformed

later (Fig. 6F).

Earthworms (Lumbricidae). The earthworm fauna of the Caucasus includes
at least 84 species, and the proportion of Caucasian endemics among them ex-
ceeds 60% (Kvavadze 1999; new unpublished data). At least 18 species occur

Caucasiana 3: 41-87 (2024), DOI: 10.3897/caucasiana.3.e117332

58



Makarova et al.: Invertebrate communities of Tsey Glacier foreland

in North Ossetia — Alania, and in the Tsey Gorge proper, 5 species have been
recorded, representatives of various genera (Rapoport and Komarov 2017). In
general, in contrast to the enchytraeids found under the Tsey Glacier already on
Plot Il (i.e., 4 years following the surface exposure), the first Lumbricidae were
noted at the shrub stage, Plot IV (14 years old), also found in all older commu-
nities of the study profile.

All specimens revealed belonged to one cosmopolitan boreal species: Dend-
robaena octaedra (Savigny, 1826). In the North Caucasus, this is one of the most
common earthworm species, living across a wide range of altitudes (Rapoport
2013). In the mountains, as well as on plains, D. octaedra prefers woodlands.
Its colonization of new habitats is facilitated by the extreme cold-resistance
of all development stages (Berman et al. 2002), parthenogenetic reproduction,
small size, and litter lifestyle. It is this species that forms the main body of the
invertebrate biomass in paraglacial biotopes in the Austrian Alps, but it was re-
corded there only 50-70 years following the glaciers’ retreat (Janetschek 1949;
Kaufmann et al. 2002). Near some Austrian glaciers, already 35 years after the
exposure of the surface, a very small cosmopolitan Bimastos rubidus tenuis
(Eisen, 1874), also reproducing parthenogenetically, was found. Later, both spe-
cies often coexisted (Janetschek 1949).

In mature forest communities in North Ossetia, the earthworm diversity is
generally low. Individual forests are usually inhabited by 1-5 species (Rapoport
2011); among them, in addition to the sylvan D. octaedra and B. rubidus te-
nuis, as a rule, there are also the Crimean-Caucasian endemics, Dendrobaena
schmidti (Michaelsen, 1907) and Dendrobaena nassonovi Kulagin, 1889.

Mollusca. By the present time, more than 320 species of terrestrial molluscs
have been recorded in the Caucasus, with two-thirds of them being endemics
(Walther et al. 2014). There are several studies examining the altitudinal vari-
ability of the fauna (Shileiko 1969; Akramowski 1976; Kijashko 2000); however,
there is a lack of specific research on the structure of high-mountain paragla-
cial gastropod communities.

It has been repeatedly observed that the diversity of terrestrial molluscs
decreases with increasing elevation in the mountains, even in the absence of
signs of current or past glaciation (Aubry et al. 2005; Cameron and Greenwood
1991; Horsdk and Cernohorsky 2008; Sadouk et al. 2023), which is determined
by winter temperatures and the duration of the frost-free period (Horsdk and
Chytry 2014). However, the malacofauna of the Caucasus is characterized by
a specific complex of endemic genera and species that inhabit exclusively the
high-mountain belt up to an altitude of 3500 m a.s.|. (e.g., Caucasolimax cauca-
sicus (Simroth, 1898) (Likharev and Wiktor 1980)).

The malacofauna of the Tsey profile is indeed not rich: only 18 species have
been found at the dated sites, of which only four (22%) are endemic or suben-
demic to the region, while the remaining species are widely distributed in the
Western Palaearctic territory, and the majority, 11 species (61%), are transpal-
aearctic.

As the glacier retreats, the first molluscs are observed only after 7 years
(Plot 1), against the background of the development of abundant grassland
vegetation. This includes the specific alpine species Caucasigena eichwaldi (L.
Pfeiffer, 1846), which occurs in the paraglacial belt up to an altitude of 3400 m
a.s.l. (Walther et al. 2018) and represents an endemic genus and tribe Caucasi-
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genini (Hygromiidae) for the Caucasus. This high-mountain species remains
among the dominant species at plots llI-V, disappearing in mature forests (Fig.
8B).

With the appearance of shrubs and the first litter layer (plot IV), several wide-
ly distributed species join it, such as Vitrina pellucida (O.F. Miiller, 1774) or Ver-
tigo substriata (Jeffreys, 1833). The diversity significantly increases in young
forests (plot V), with a complex understory and developed leaf and moss litter.
Here, the maximum species diversity (11 species) for the entire studied pro-
file is recorded (Fig. 5A). The fauna includes both high-mountain Caucasian
endemics characteristic of the alpine belt and a rich array of trans-Palaearctic
eurybiontic species.

In forests older than 60 years, the complex of alpine endemics gradually
drops out of the fauna, and the number of species decreases (usually to 6-8),
with most of them being widely distributed eurybionts. At plot VIII, a dry pine-
birch forest at the edge of the moraine, only three species of terrestrial gas-
tropods were found. It has been noted multiple times that forests of this type
are practically unsuitable for mollusc habitation (Kralka 1986; Wareborn 1992;
Horsak and Hajek 2003).

Thus, the material of the Tsey chronosequence confirms the observation
that the actual altitude above sea level does not affect the taxocoenoses of
terrestrial gastropods (Mumladze et al. 2017). However, there is a clear consis-
tency between phytocoenoses and snail communities, previously noted for oth-
er mountain systems (Horsak and Hajek 2003; Horsék et al. 2010). The screes
and alpine grassland are populated by communities dominated by endemic
high-mountain groups specific to the Caucasus; in the forest communities of
the profile, formed by deciduous and coniferous trees, widely distributed spe-
cies characteristic of the European southern taiga prevail. At the same time,
the maximum diversity is observed in the transitional (between grassland and
forest stages) biotope, the young forest (ecotone effect).

Acari. The first information concerning mites in the soil of paraglacial com-
munities seems to have been obtained from the Austrian Alps (Kaufmann et
al. 2002), but that was of little value in lacking a taxonomic treatment. All cur-
rently available data refer only to Northern Europe, including Svalbard (Hodkin-
son et al. 2004; Skubata and Gulvik 2005; Seniczak et al. 2006; Hagvar et al.
2009, 2020; Hagvar 2012; Gwiazdowicz et al. 2020), and to nunataks in Iceland
(Ingimarsdéttir 2012). With the exception of the work of Gwiazdowicz et al.
(2020) alone, all of them were devoted to oribatid mites, which are noted to be
far from the first mite colonizers of the land freed from under the glacier (cf.
Gryziak 2009). Apparently, it is geographical proximity that largely determines
the similarity of the Northern European pioneer complexes of oribatids, these
consisting of representatives of the genera Liochthonius, Camisia, and Tecto-
cepheus, as a rule (Hodkinson et al. 2004; Skubata and Gulvik, 2005; Seniczak
et al. 2006; Hagvar et al. 2009; Ingimarsdéttir 2012; Gwiazdowicz et al. 2020).
The cold climate of this region seems to have caused the taxonomic poverty
and slow development of oribatid communities, but even then, the diversity and
abundance of the taxocoenose are steadily increased over time, and clear spe-
cific acarocoenoses are formed at different time stages (Skubata and Gulvik
2005; Seniczak et al. 2006; Hagvar et al. 2009; Gwiazdowicz et al. 2020).

Caucasiana 3: 41-87 (2024), DOI: 10.3897/caucasiana.3.e117332 60



Makarova et al.: Invertebrate communities of Tsey Glacier foreland

We have processed the mite suborders Mesostigmata and Oribatida in par-
ticular detail. The dynamics of the remaining mite groups have been traced only
in areas I-VI, where their species could only be identified to the genus level, as
arule, largely due to severe taxonomic problems.

Mesostigmata. Mesostigmatic mites in the Caucasus are still very poorly
studied; the most complete information is related to plant-dwelling Phytoseii-
dae (Arutyunyan 1996; Murvanidze et al. 2019). The total diversity of Mesostig-
mata on the Tsey profile amounted to 61 species, of which 14 species (23%)
are endemic to the Caucasus and 11 species (18%) represent species new to
science (still to be described). The species richness and abundance of the
taxocoenose constantly grow along the chronological row of biotopes (from 2
to 22 species) the proportion of endemics is especially high in the first stages
(Fig. 5C), with which new representatives of the genera Gaeolaelaps Evans &
Till, 1966; Antennoseius Berlese, 1916; and Lasioseius Berlese, 1916 are associ-
ated. At all stages of vegetation development, peculiar Mesostigmata commu-
nities are formed, although over time the turnover of species slows down (Figs
7C, D). The proportion of parthenogenetic species is consistently increased
during succession (from 0 to 45%), and their contribution to the total abun-
dance in the oldest areas reaches 61%. Taking into account the growing thick-
ness of the litter layer (Table 3), which probably contains increasing amounts
of prey and fungal mycelium, this can obviously be considered a further confir-
mation of the Structured Resource Theory, which describes the distribution of
parthenogenesis (Maraun et al. 2019).

Oribatida. Oribatid mites have long been studied in the Caucasus, where
more than a thousand species are presently known to occur (Shtanchaeva and
Subias 2010). The fauna of Georgia alone comprises about 550 species (Mur-
vanidze and Mumladze 2016; Murvanidze et al. 2019). However, of the 74 ori-
batid species found in the Tsey Gorge forests (including 68 species from the
Tsey profile only), 10 (14%) belong to undescribed species. We can assume to
have relatively completely discovered the oribatid fauna, since 86 species have
been recorded along a forest transect in 9 habitats in Georgia (altitudes ranging
800-2200 m a.s.l.) (Mumladze et al. 2015). Endemics make up 20% of the spe-
cies list in the Tsey Gorge, their share being especially large at the shrub stage
in Plot IV (29% species). The first oribatids have been recorded only on Plot II
(age 4 years) and, as in the most different pioneer communities of Europe, they
are represented by the ubiquitous Tectocepheus velatus (Michael, 1880) and
very small mites from the family Brachychthoniidae (Skubata and Gulvik 2005;
Luxton 1982; Hagvar et al. 2020). The number of species is constantly increas-
ing (from 0-5 at pioneer stages to 27-33 in mature forests), but even in the
oldest areas (110-170-years old), it is almost half as much as in mid-montane
Caucasian woodlands of Pleistocene age (Murvanidze and Mumladze 2014).
The highest abundance of oribatids in our material was noted in the most ma-
ture forests of the study profile (290-580 ind./dm?), which is some higher than
the numbers in the mountain forests in neighboring Georgia, with not more than
250 ind./dm? (Mumladze et al. 2015).

Other mites. The poorly developed taxonomy of the huge order Trombidi-
formes (Prostigmata) and the suborder Endeostigmata, the lack of keys and
specialists for most of the taxa they are composed of, coupled with the very
small size of most species (200-400 pm), all this strongly hampers their
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study globally. Yet, representatives of these very groups (mainly Eupodoidea,
Tydeoidea, Nanorchestidae, and Alicorhagiidae) form the basis of the mite fau-
na and assemblages, starting with the first stages of the succession of parag-
lacial communities. The predominance of these very ancient (known from the
Devonian) groups of mites is noted both in polar and arid deserts of both hemi-
spheres (Makarova 2002, 2023). In the Tsey Gorge, in Plots |-VI, Prostigmata
and Endeostigmata together account for almost 60% (88 species) of the mite
list. On a one-year old site (Plot I), they strongly predominate (75% species, 88%
individuals), and their share in the fauna and population in the next 60 years
remains constantly high (28-65% species and 17-52% individuals). This has
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also been noted under the retreating glaciers in the Subantarctic, where oribatid
mites appear only 30 years later (Gryziak 2009). In our material from the Tsey
Gorge, oribatids were recorded already 4 years following the glacier’s retreat,
but with the development of the community to a middle-aged forest (Plot VI),
their share in the taxonomic diversity fluctuates only slightly (15-30%), and the
contribution to the population of all mites is irregularly increased to 52%. Sap-
rophilous astigmatic mites (suborder Astigmata), even species of the family
Histiostomatidae that actively disperse on insects, appear on the profile only
after 60 years with the formation of a profound humus horizon (Table 3).

Pseudoscorpiones. The highlands of the Caucasus (above 2000 m a.s.l.) are
inhabited by at least 12 species of pseudoscorions, representatives of three
families: Chthoniidae, Neobisiidae, and Chernetidae (Dashdamirov and Scha-
waller 1992). Everywhere, the largest number of species is represented by the
subgenus Neobisium (Neobisium) (7 species in total), which is also typical of
the highlands of Europe, where 16 species of this subgenus have been record-
ed (Beron 2002).

Along the glacier foreland of the Tsey Gorge, the first pseudoscorpions ap-
pear 60—70 years following the glacier’s retreat (Plot VI), already in a mature
birch forest with a developed litter and humus horizons (Fig. 2, Table 3). Every-
where, in Plots VI-X, a single species was recorded: the endemic North Osse-
tian Neobisium (Neobisium) cf. vilcekii Krumpdl, 1983, which was described
from the vicinity of Karmadon (Krumpal 1983; Kolesnikov et al. 2022) and later
recorded also from the suburbs of Mozdok (Nassirkhani and Snegovaya 2021).
Its abundance in the study Tsey profile is low, varying in the litter within the
range of 0.1-0.7 ind./l; the lowest values were recorded in a stony pine forest
on a moraine 96—100 years old (Plot VIII), the highest in a mature pine forest
with a thick moss litter (Plot X, =170 years).

An opinion was expressed about the possible synonymy of Neobisium (N.)
vilcekii and N. (N.) labinskyi Beier, 1937 (Dashdamirov and Schawaller 1992),
but later it was not confirmed (Nassirkhani et al. 2020; Kolesnikov et al. 2022).
Moreover, the variability of a number of morphological structures (Kolesnikov
et al. 2022) indicates the need to use molecular genetic methods to study the
status of this species. Thus, DNA barcoding used for N. (N.) carcinoides (Her-
mann, 1804), a species that lives throughout Germany (Muster et al. 2021),
revealed high cryptic diversity at the species level, while many high-mountain
populations turned out to be narrowly endemic. This, in turn, indirectly indicates
the minimal dispersal capacities of representatives of the subgenus Neobisium
(Neobisium), which may also determine their relatively late colonization of new
paraglacial habitats.

Opiliones. Everywhere in Europe, during the retreat of glaciers, harvests-
men were observed already in the very first years, actively following the ice
margin (Janetschek 1949; Hagvar and Flg 2015; Hagvar et al. 2020). More-
over, their numbers often exceed the abundance of the most typical pioneer
groups of predators, such as ground beetles and spiders (Braten et al. 2012;
Hagvar and Flg 2015).

The fauna of the Caucasian Opiliones includes at least 85 species and is
highly original (70% of the list are endemics). Along the study profile of the
Tsey Gorge, in 10 principally different habitats, only six species have been
recorded; this is significantly less than noted for the local faunas of the
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low-montane areas in the Caucasus (13-16 species; Snegovaya and Chum-
achenko 2013, 2014).

Four of the six species were identified: Paranemastoma kalischevskyi (Roew-
er, 1951), Odiellus zecariensis Mkheidze, 1952, Opilio lederi Roewer, 1911, and
Metaplatybunus georgicus Mkheidze, 1952. All of them are endemic to the Cau-
casus, with the same being likely for the two unidentified species.

An analysis of the composition of paraglacial taxocoenoses of Opiliones in
the north and south of Europe indicates high regional specificity of the com-
plex, even at the generic level (Janetschek 1949; Hagvar and Flg 2015; Hagvar
et al. 2020), which is also confirmed by our data. For example, the absence of
representatives of the genus Mitopus Thorell, 1976, whose species are com-
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mon in paraglacial communities of both Northern and Southern Europe (Hag-
var et al. 2020), is quite special to the study foreland profile.

As the Tsey Glacier retreats, harvestmen (adult wandering females) appear
almost immediately. Each site in the profile is inhabited by only 1-3 species.
That is, despite sharp changes in phytocoenoses with time (grassland, shrub
forest communities), the Opiliones species diversity does not increase, some-
thing also observed in the Austrian Alps (Janetschek 1949). At the same time,
the taxocoenose composition changes fundamentally. Thus, of the five spe-
cies found at treeless stages (surface age up to 15 years old), three species
fail to occur later. The forest species, Paranemastoma kalischevskyi, appears
later than others (after 60 years). Then, for a century, only two characteristic
Caucasian species (P. kalischevskyi and Odiellus zecariensis) lived in forests,
regardless of forest type (pine forests, mixed and broad-leaved forests). The
faunas of individual mature forests in the Caucasus, at altitudes up to 2000 m
a.s.l., usually amounts to 7-16 species (Snegovaya and Chumachenko 2013,
2014). It cannot be excluded that the difference in species richness between
postglacial and old-growth woodlands is due not only to the higher altitude of
the Tsey Gorge but also to the limited opportunities for Opiliones settling. This
is indirectly confirmed by the high level of their Caucasian endemism.

Along the Tsey Gorge postglacial profile, harvestmen become abundant only
with the formation of a proper forest canopy. The largest number of specimens
was obtained in Plot VI, a light (“park-like”) 60-year-old birch forest, on a mo-
raine between streams (in total, 172 ind., 1.2 ind. per pitfall per day). In the
oldest of the study habitats with thick leaf litter or moss turf (Plots VIII-X), the
abundance of Opiliones decreased.

Araneae. Spiders are one of the most conspicuous groups of arthropods in
paraglacial communities (Janetschek 1949; Paulus and Paulus 1997). How-
ever, the first paper we know of, which is directly devoted to the study of the
succession of arachnids under these conditions (Zingerle 1999), was carried
out relatively recently in the Dolomites. Intense explorations performed in the
Austrian Alps (Kaufmann 2001, 2002; Kaufmann et al. 2002; Kaufmann and
Raffl 2002) demonstrated a very rapid change in arthropod groups, including
spiders, at the initial stages of succession and a significant slowdown on older
territories. The paraglacial complexes of Northern Europe most often include
species of only two spider families, Lycosidae and Linyphiidae (Hodkinson et
al. 2004, Vater 2006; Ingimarsdottir et al. 2012); vs representatives of the family
Gnaphosidae joining in at more mature sites (Franzén and Dieker 2014). Pio-
neer assemblages in the Alps are slightly richer, and, in addition to the three
families mentioned above, they include some species of Theridiidae, Agele-
nidae, and Thomisidae (Kaufmann 2001; Gobbi et al. 20064, b; Hagvar et al.
2020). At the same time, both in the northern and southern mountains, in the
youngest areas, representatives of linyphiids and wolf spiders (Lycosidae) usu-
ally dominate in numbers.

In total, at the dated sites of the Tsey Gorge, we identified 39 species of
spiders, of which two species (or ~5% of the total list) have not yet been de-
scribed. Pioneer assemblages of spiders of comparable age along the Tsey
profile are noticeably more diverse than those in the highlands of the Alps, not
only in the number of species but also in the family array. We noted represen-
tatives of seven families, i.e., Araneidae, Clubionidae, Tetragnathidae, Saltici-

Caucasiana 3: 41-87 (2024), DOI: 10.3897/caucasiana.3.e117332 65



Makarova et al.: Invertebrate communities of Tsey Glacier foreland

dae, Gnaphosidae, Linyphiidae, and Lycosidae, already at the grassland stage
(surface age not more than 7 years). There were only a very few species com-
mon to the paraglacial communities of the Caucasus, the European Alps, and
northern Europe. Thus, only two of the species we discovered, Agyneta rurestris
(CL Koch, 1836) and Erigone dentipalpis (Wider, 1834), were recorded in similar
conditions of the Italian Alps (Gobbi et al. 2006a, 2017; Tampucci et al. 2015;
Bernasconi et al. 2019), and only one, Zelotes subterraneus (CL Koch, 1833), in
northern Europe (Vater 2006). At the first stages of succession, not only such
a peculiar high-montane species as Pardosa aff. ibex was recorded, but also
several forms with a wide altitudinal range, confirming the high potential of the
group in the paraglacial conditions studied. At the same time, the pioneer com-
plex of spiders turned out to be rather short-lived: at a 14-year-old site (a shrub
stage), it was almost completely replaced. In the young mixed forest (following
another decade), it reached a diversity level that is quite comparable to those in
developed communities of the mountain forest belt in the Caucasus (Babenko
and Ponomarev 2023). Endemic species (3 species, 7.7% of the list) were re-
corded both in the grassland (1) and forest (2) parts of the profile.

Chilopoda. Paraglacial taxocoenoses of Chilopoda have previously been
studied only in the Italian and Austrian Alps (Janetschek 1949; Kaufmann 2001;
Kaufmann et al. 2002; Gobbi et al. 2006b, 2020). Different works indicate two
to 11 species, all of which belong to the order Lithobiomorpha and the family
Lithobiidae. The share of endemic species is up to 18%, but polyzonal eury-
bionts dominate numerically (Gobbi et al. 2020). In the Alps, the widespread
European Lithobius lucifugus L. Koch, 1862, is a common pioneer species. It
can even occur on the glacier surface covered with rock debris (Gobbi et al.
2011, 2020), although the first lithobiids are usually to appear on moraines old-
er than 60 years (Gobbi et al. 2006b). A change in their trophic spectrum during
postglacial succession has been shown based on the results of isotope anal-
yses (Konig et al. 2011). In general, in the Alps, most Chilopoda species avoid
high-altitude areas, preferring mature forest soils in the mid-mountains, where
up to 26 species can live together (Peretti and Bonato 2018; Gobbi et al. 2020).
In the Caucasus, up to 10 lithobiid species have been found in individual moun-
tain forests (Zalesskaya 1978).

In the chronological series of communities formed during the Tsey Glacier’s
retreat (Table 1), six species of Chilopoda were revealed, all of them belonging
to the genus Lithobius Leach, 1814. At the grassland and shrub stages of suc-
cession, only one species was noted: Lithobius sseliwanoffi Garbowski, 1897,
which was first found on a 7-years-old plot (lIl) wealthy in small reeds and le-
gumes. In the Caucasus, this common, widespread eurybiont species has been
recorded to inhabit different successive forest communities for at least a cen-
tury, but has not been found in the oldest (= 170 years old) pine forest (Plot
X) with a thick moss turf. In most forest habitats, one or two species were
revealed, and the greatest species diversity (four species) was observed in the
middle part of the profile, in a rocky 100-years-old pine forest on a moraine
ridge (Plot VIII) with an undergrowth of small-leaved tree or bush species and
rhododendron. Most of the species found on the profile are polyzonal eurybi-
onts. The only exceptions are endemic to the Caucasus: L. striatus monosul-
catus Folkmanova, 1958, characteristic of forest habitats (Zalesskaya 1978),
and L. evsyukovi Zuev, 2017, so far known only from the mid-mountain belt of
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North Ossetia — Alania (Zuev 2017). Both of these species on the Tsey profile
are confined to middle-aged woodlands, birch and pine forests, respectively.

Diplopoda. The species endemism of the millipede fauna both of the Cauca-
sus in general (including >80% endemics and subendemics) and North Osse-
tia — Alania in particular (nearly 90%) is profound (e.g., Kokhia and Golovatch
2020). The development of their paraglacial communities has been traced in
the Austrian and ltalian Alps (Janetschek 1949; Kaufmann 2001; Kaufmann et
al. 2002; Gobbi et al. 2011; Konig et al. 2011), but never in Russia.

In the Alps, a good number of diplopod species appear to demonstrate an
upslope shift by 50-350 m over the last 100 years against the background of a
1.5 °C increase in the mean annual temperature (Gilgado et al. 2021). Warming
can thus lead to habitat fragmentation and even the extinction of such low-vag-
ile arthropods as millipedes.

Along the entire Tsey Gorge profile of postglacial habitats, only three dip-
lopod species have been recorded. Two of them, Byzantorhopalum rossicum
(Timotheew, 1897) and Omobrachyiulus caucasicus (Karsch, 1881), dwelling
in different altitudinal belts of the Caucasus, were found already at the shrub
stage (Plot IV, surface age 14 years old). It was at this stage that the first leaf
litter and moss turf were formed, but the pine trees had not yet appeared.

Later, in mixed and coniferous forests, millipedes are virtually absent. A
few specimens of B. rossicum and Julus jedryczkowskii Golovatch, 1981, were
found only in a mixed, century-old forest (Plot IX), while in the close-located
maple forest (outside the profile), diplopods were more diverse and abundant.
In paraglacial communities of the Austrian Alps, the composition of communi-
ties is principally different, even at the generic level. After glacier retreat, diplo-
pods appear within 17-40 years, but stable complexes of these important for-
est-floor decomposers are formed only after 70-90 years (Janetschek 1949;
Kaufmann 2001; Kaufmann et al. 2002; Kénig et al. 2011). The probable causes
for such a late colonization of postglacial forests by millipedes seem to be
rooted in their relatively low mobility. Apparently, this feature is also responsible
for the high-level endemism characteristic of this group, which determines, at
the generic level, the high regional specificity of their paraglacial taxocoenoses.
Yet, the low diversity of diplopods in the study profile can be a good measure,
apparently because of the high elevations and unsuitable litter quality. Local
millipede fauna in low-montane areas in the West Caucasus can comprise 16—
32 species, and only one forest plot, the relict boxwood or some broadleaved
forest, can be populated by 16-27 diplopod species (Chumachenko 2016; Ko-
robushkin et al. 2016).

Collembola. Early investigations of paraglacial springtail communities
were carried out in the Austrian Alps (Janetschek 1949; Kaufmann et al.
2002), as well as in Scandinavia (Hodkinson et al. 2004; Hagvar 2010, 2012)
and on nunataks in Iceland (Ingimarsdottir 2012). Recently, the first studies
were conducted in the highlands of Italy (Valle et al. 2022), and global reviews
of the data on primary paraglacial communities were published (Hagvar et al.
2020; Hagvar and Gobbi 2022). In all study areas, springtails are among the
first colonizers of deglaciated surfaces. This group is also often mentioned
as prey for pioneer macrofauna (Konig et al. 2011; Raso et al. 2014; Sint et al.
2019; Hagvar and Gobbi 2022), indicating its key role in the establishment of
primary ecosystems.
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The species composition of paraglacial springtail assemblages varies con-
siderably, even within the same region (Hagvar et al. 2020). As a rule, they are
composed mainly of local hygrophilic forms with an admixture of atmobiontic
species. Among the pioneer species, cryophilic Isotomidae are found every-
where, being clearly adopted to life near or directly on the glacier surface (Gwi-
azdowicz et al. 2020; Hagvar et al. 2020; Valle et al. 2022).

Altogether, 73 collembolan species were revealed on the study profile under
the Tsey Glacier, of which at least 7 species (9.6%) have not been described
yet. A postglacial succession of springtail communities in the Tsey Gorge (and
possibly in the Central Caucasus as a whole) starts with a clearly cryophilic un-
described species, Desoria sp. aff. duodecimoculata Denis, 1927. Already on a
one-year-old surface, both adults and juveniles of this species are found, clearly
indicating its reproduction in that habitat. Outside Plots | and Il i.e., after the ap-
pearance of a pronounced vegetation cover, this species has not been recorded
(Antipova and Babenko 2023a).

During the first years of succession, rapid changes in the species composi-
tion and community structure occurred. At the shrub stage (14 years), a sharp
increase both in total abundance and species diversity was observed. Starting
from this stage, the main part of the springtail assemblages consists of omni-
present eurybiontic species, often with wide geographical distributions, while
the species diversity ranges from 25 to 35 species. The rate of succession
gradually slows down in the forest stages. After about 100 years, the springtail
assemblages reached a level of diversity similar to that found in mature moun-
tain forests in the region (Kuznetsova et al. 2019).

Among the springtails of the Tsey Gorge, only eight species can be securely
classified as Caucasian endemics, amounting to only 11% of the total list. All
of them are only confined to a certain successional stage (grassland, shrub, or
forest stages). A special position on the profile is occupied by the pioneer spe-
cies Desoria sp. aff. duodecimoculata, which inhabits exclusively bare ground
at the very edge of the ice. In addition to North Ossetia, this species (or possibly
a form very close to it) has already been recorded from the foreland and directly
on the ice surface of several glaciers in Kabardino-Balkaria (Bezenghi, Mizhir-
ghi, Kashkatash, and Bashkara).

Coleoptera. Beetles, primarily ground beetles, are one of the most popular
groups in studies on paraglacial communities. It was their (together with spi-
ders) high visibility on young surfaces that determined the development of the
concept of “the predator’s first paradox” (Kaufmann 2001; Hodkinson et al.
2002; Hagvar and Gobbi 2022).

Analyses of beetle successions after glacial retreat in different regions of the
world show very different patterns (Janetschek 1949; Kaufmann 2001; Gobbi et
al. 2006b; Braten et al. 2012; Vater 2012; Moret 2020; Rosero et al. 2021; etc.).
It is largely dependent on the natural zone involved (and, consequently, the alti-
tude of the glacier edge), the presence of grazing, the abundance of ants, and,
especially, the involvement in the analyses of representatives of Staphylinidae;
Their study faces particularly numerous problems.

In ten study plots of the Tsey postglacial profile, using various trapping
techniques, 121 species of beetles have been revealed, which is only a third
less than the diversity collected over a similar altitudinal range during three-

Caucasiana 3: 41-87 (2024), DOI: 10.3897/caucasiana.3.e117332 68



Makarova et al.: Invertebrate communities of Tsey Glacier foreland

year-long surveys in the Austrian Alps (Lang 1975), yet significantly more than
the number recorded along a postglacial profile in southern Norway, where in
3-205-year-old habitats at altitudes of 1300-1400 m a.s.l. during two summer
seasons, only 40 species of ground-dwelling beetles were found (Braten et al.
2012). Moreover, the number of beetle species discovered along the postgla-
cial profile of the Tsey Gorge (121 species) is at least half as high as the list of
the coleopteran fauna of the entire Tsey Gorge (more than 243 species; Alek-
seev 1986). It is difficult to compare the diversity of beetles in our material
with similar studies in the southern European mountains since they all failed to
include data on the most diverse family, Staphylinidae (Kaufmann 2001, 2002;
Gobbi et al. 2006b, 2011).

All beetles in the Tsey profile have been precisely identified to the species
level and appear to belong to 13 families, among which the most diverse are
Staphylinidae, Carabidae, and Curculionidae (64, 30, and 11 species, respective-
ly). Among the species found, almost half (42.8%) are Caucasian endemics (Kry-
zhanovskij et al. 1995; Penev and Alekseev 1996; Davidian and Savitsky 2006;
etc.). These are present in all habitats, but at the pioneer stages, they form the
main body of the group. It is noteworthy that, among ground beetles, Caucasian
endemics are represented both by grassland and forest specialists, distributed
respectively along the profile. Among Staphylinidae, most of the endemics (13
species, 81.2%) are associated with forest plots in the profile (up to 8 species in
Plots VI and X). Most of the beetle species found (68%) are capable of flight, while
the pioneer groups almost entirely consist of good flyers; this has already been
noted for young high-altitude coleopteran faunas in the Scandinavian mountains
(Nilsson et al. 1993; Braten et al. 2012), but far from always corresponds to the
situation in paraglacial carabid communities in the Alps (Gereben 1995; Cham-
berlain et al. 2020). The stable conditions of mature humid forests sometimes
selectively support wingless ground beetle species (Gobbi et al. 2006b).

In individual habitats, from 8 to 43 species of ground-dwelling beetles were
found, and the highest values were noted in 60-75-year-old forests. In the old-
est woodlands of the profile (Plots IX-X), only 23-25 species occurred, which
is half as many as found in the forests located somewhat below the terminal
moraine of the mid-19th century in the Tsey Gorge (Alekseev 1986). Yet, a de-
crease in beetle diversity in the later stages of postglacial succession has been
noted in a variety of regions (Braten et al. 2012; Pothula and Adams 2022).

Predatory beetles (Carabidae, Staphylinidae) appear immediately after the
surface becomes exposed. The core of this primary complex consists of the
rove beetle, Geodromicus major Motschulsky, 1860, endemic to the Caucasus,
and the ground beetles that represent the genera Bembidion Latreille, 182, Ne-
bria Latreille, 1825, and Cicindela Linnaeus, 1758. All these species are preda-
tors and necrophages, characteristic of the high-montane riverine pebbles of
the Caucasus and Europe. Many species from these genera are common in
the pioneer stages of postglacial succession (Gereben 1995; Kaufmann 2001;
Schlegel and Riesen 2011; Braten et al. 2012; Hagvar 2012; Matthews and Vater
2015; Gobbi and Lencioni 2020). Of particular interest is the record in Plot |
(and only there) of the rare Deltomerus komarovi Zamotajlov, 1988, which can
probably be considered a local endemic of the Tsey Gorge and the surrounding
mountains (Zamotajlov 1988; Kryzhanowskij et al. 1995).
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At the early stages of succession (Plots Il and Il with herbaceous vegeta-
tion), there is a massive development of the widespread burrowing rove beetle,
Bledius opacus (Block, 1799), and, among ground beetles, of the granivorous
subendemic Amara cordicollis Ménétriés, 1832, and predators from the genera
Poecilus Bonelli, 1810, and Notiophilus Duméril, 1806. All of them fully disap-
pear after a decade. In addition, mass encounters of click beetles, Elateridae,
are confined to grassland associations. These are the Eastern Mediterranean
Compsolacon crenicollis (Ménétriés, 1832) and the South European-Cauca-
sian Zorochros quadriguttatus (Laporte de Castelnau, 1840); both are zoo- and
necrophagous species (Penev and Alekseev 1996).

Only 60-80 years later, in mature forest communities, wingless species of
rove beetles were observed. It is also then that the forest species of ground
beetles that are endemic to the Caucasus, Carabus fossiger ingusch (Zolotarey,
1913), Leistus fulvus Chaudoir, 1846, and Pterostichus caucasicus Ménétriés,
1832, start regularly to be found. Important components of the diet of these ca-
rabid beetles are molluscs and/or earthworms on the forest floor. Forest-dwell-
ing members of the genera Cychrus Fabricius, 1794, Carabus Linnaeus, 1758
and Pterostichus Bonelli, 1810, belong to the endemic or subendemic (Cauca-
sus + Turkey) subgenera Pachycarabus Gehin, 1876; Tribax Fischer von Wald-
heim, 1817; Cechenochilus Motschulsky, 1850; Eurymelanius Reitter, 1896; and
Myosodus Fischer von Waldheim, 1823. Representatives of the genera Carabus
and Pterostichus are well known as late colonists of postglacial surfaces (Gob-
bi et al. 2006b, 2011, 2017; Gereben-Krenn et al. 2011; Braten et al. 2012; Vater
and Matthews 2015; Hagvar et al. 2017; Lencioni and Gobbi 2018).

Phytophagous Curculionidae are absent from the pioneer stages, and the
first representatives of this family appear in the grassland area (Plot Ill). Among
them, members of the genus Otiorhynchus Germar, 1822 predominate (8 of
11 species, 73%). All of them are wingless, and almost all are endemic to the
Caucasus. It seems noteworthy that most Otiorhynchus species found belong
to subgenera that are widely represented in the mountains of Central Asia,
the Caucasus, Anatolia, and, partly, Southern Europe (Eprahenus Reitter, 1912;
Namertanus Reitter, 1912; Otismotilus Reitter, 1912; Proremus Reitter, 1912).
Specialized species of the subgenus Namertanus, which is characterized by a
transition to an endogeic lifestyle (Davidian and Savitsky 2006), appear only in
the forest plots.

Taking into account only a small number of species of the other families of
Coleoptera, we can conclude that: (1) at the pioneer stages (Plots I-Il), a highly
specialized oligopdominant community is formed, consisting of well-flying pred-
atory species, most of which (75%) are endemic to the Caucasus; (2) starting
with the grassland stage (Plot Ill), phytophages appear and the proportion of
wingless species is increased, reaching the maximum values in forests; (3) the
formation of forest beetle communities is accompanied by the disappearance
of most species of open habitats, this leading to a decrease in species richness
and endemism (25%) of the beetle composition in young forests (Plot V); (4)
as forest communities with a polydominant structure are developed, the overall
diversity and proportion of endemic species again grow (up to 70% in mature
forests), but wingless endemics predominate (up to 80—-100%) at this stage.

Small mammals. The only small mammals captured by soil traps were
shrews. They were found beginning in Plot IV (age 14 years) with complex
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shrub vegetation, rich forbs, and moss sods, where for the first time a pro-
nounced litter horizon was noticed on the profile (Tables 2, 3). Starting from the
same stage, arthropod parasites of shrews were recorded in the traps (fleas,
ticks, and gamasid mites). In all habitats, Sorex volnuchini Ognev, 1921, pre-
dominated (15 of 17 individuals), and two animals are identified as Sorex sat-
unini Ogney, 1922. Volnukhin's shrew is the smallest species among the three
species of the genus Sorex living in the Caucasus. In the monograph by Sokolov
and Tembotov (1989), Volnukhin's shrew is characterized as an eurytopic spe-
cies inhabiting the foothills, forest belts, and alpine grasslands up to 3000 m
a.s.l. This species is marked for sharp irregular outbreaks in abundance, which
can occur in different altitudinal belts, while its abundance can be several times
higher than the total abundance of other shrew species (Sokolov and Tembotov
1989). The reasons for the sharp increase in the number of Volnukhin's shrews
have not been studied. However, they were investigated for an ecologically and
genetically similar species, the Eurasian pygmy shrew (Sorex minutus L., 1766).
An increase in its numbers was observed with a decrease in the overall abun-
dance of the shrew community (lvanter 1976; Sheftel 1989), when competitive
relationships between species weakened. It can be assumed that, as the glacier
retreats, new territories are quickly populated by less competitive pioneer spe-
cies. Besides this, the small species of shrews collect invertebrates from the
soil surface, while earthworms remain out of their food spectrum (Churchfield
and Sheftel 1994). Other main groups of soil invertebrates (collembolans, spi-
ders, harvestmen, insects, and their larvae) appear almost immediately during
glaciers’ retreat (Table 4). The slow increase in earthworm populations appears
to limit the penetration of other shrew species into these habitats.

Conclusive remarks

The number of studies on paraglacial successions steadily grew over the past
30 years, although animal assemblages, mainly invertebrate ones, were stud-
ied less intensely than vegetation and microbial communities (Ficetola et al.
2021). Such a situation was to some extent considered to reflect the identi-
fication problems due to the lack of taxonomists. Our material from the Tsey
Glacier foreland has been subjected to a comprehensive taxonomic treatment.
Identifications of a wide range of larger taxonomic groups (including the enor-
mously species-rich beetle family Staphylinidae), coupled with the use of a
range of invertebrate collection methods, have allowed us to assess the spe-
cies richness of the fauna most completely. In total, 437 species of invertebrate
animals were identified, which is 78-98% of the expected number of species
for different groups (Table 4). The greatest diversity, as one would expect, has
been revealed in the insect order Coleoptera, or beetles (Fig. 4).

When analyzing foreland successions, the pioneer species complex has
only rarely been treated from such an early stage and so fractionally as in our
material. Moreover, data comparisons are often complicated by different un-
derstandings of the duration of a pioneer phase of succession (Hagvar et al.
2020). Yet the available information and our results allow for a significant uni-
versality of the pioneer array of genera to be discussed for ground beetles, cen-
tipedes, pseudoscorpins, and mites, and a much greater regional specificity for
molluscs, spiders, harvestmen, and springtails. In our material, almost all dom-
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inant species of the pioneer stages (Plots I-Il) are high-montane specialists
endemic to the Caucasus. These are mainly members of the genera Lasioseius,
Antennoseius (Acari), Pardosa (Araneae), Ceratophysella, Desoria (Collembola),
Bembidion, Amara, and Geodromicus (Coleoptera).

Testate amoebae, various groups of mites, springtails, spiders, harvestmen,
Carabidae, Staphylinidae, and shore bugs (Saldidae) appear on ice-free surfac-
es almost immediately, during several months (Table 5). Microarthropods that
are incapable of flight can be effectively dispersed by air currents (Ingimars-
déttir 2012; Flg and Hagvar 2013). In the absence of plants, this complex can
be stably maintained by both the autochthonous microbiota and the alloch-
thonous input of detritus and newly arriving organisms (Ficetola et al. 2021,
Hagvar and Gobbi 2022). Thus, replacing the classical “predator first paradox”
principle (mainly following the footsteps of Hodkinson et al. 2001, 2002) with
the recently proposed “Collembola first principle” (Hagvar et al. 2020; Hagvar
and Gobbi 2022) seems inappropriate for our study in the Central Caucasus,
since on new terrain the multi-taxa and multi-guilds invertebrate community
emerges as a whole almost immediately.

There seems to be little sense in trying to assess the order of importance of
such factors as the dispersion capabilities (colonization), environmental filter
(vegetation and soil quality), and intraguild competition without field experi-
ments (Vater and Matthews 2015; Rosero et al. 2021). These factors appear
to be too strongly interconnected and act simultaneously. It is obvious that the
habitation of such saprophilous forms as actively phoretic mites of the astig-
matan family Histiostomatidae and well-flying representatives of Blattoptera
(forest cockroaches) in mature forests is primarily determined by environmen-
tal conditions (probably microclimate and/or humus quality). Besides this, col-
onization in general is not a limiting factor for very small organisms (Finlay
2002). Thus, it is interesting to note that among the ubiquitous testate amoeba,
Centropyxis cassis (Wallich, 1864) appeared in our material to be an absolutely
pioneer species, whose shells, both live and dead, have been found only on
Plots I-Il (1-4-year-old sites). However, on Svalbard glacier's foreland, in the
cold conditions and species-poor surroundings, this species remains eudomi-
nant in position over at least 150 years (Hodkinson et al. 2004), possibly being
a non-pioneer cryophile.

Invertebrate assemblages of different succession stages show a clear di-
vision into four large clusters, even using different clustering methods, that
are in full accordance with the trajectory of community development without
any signs of stochasticity (Fig. 9). Thus, the community assembly in our case
is, without doubt, a deterministic (predictable) and directional process in the
sense of Kaufmann (2002) and Hodkinson et al. (2004). Changes in dominant
species in our material occur gradually (Figs 6-8), contradicting some patterns
observed in the Alps (Janetschek 1949; Kaufmann 2001; Gobbi et al. 2006b),
where a rapid development of pioneer communities is followed by a greater
turnover at older stages almost without species overlap.

There are some ideas about two fundamentally different types of change
in foreland communities (Vater and Matthews 2015). According to ‘the addi-
tion and persistence’ model of invertebrate succession, deglaciated terrains

Caucasiana 3: 41-87 (2024), DOI: 10.3897/caucasiana.3.e117332 72



Makarova et al.: Invertebrate communities of Tsey Glacier foreland

0.25 Q" v
0.20 .
oV
0.15
0.10
(a\]
o
£ 0054
e
e
O 0.00
-0.059 eI :
Rt .II 2 VI 3
-0.10 I .‘VII
e Vil |x
_0.15_ ............. .. oo
-0.20 T T T T T T T T T
-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
A Coordinate 1
11V vo Ve VIEVIE X X
-1.05 — Voo IX VL VIHE VI
0.90 +
-0.90 —
0.75 4
-0.75 —
0.60 =
04 -0.60 —
92
0.45 4 g -
e (o7 o3 ] 0.45
98
0.30 1 0305
46
-0.15 -
0.15 4
76
—I 0.00
0.00 4
B C

Figure 9. Classification of the study communities based on the Bray-Curtis similarity coefficient. A: non-met-
ric ordination (stress factor 0.08852); B: hierarchical cluster analysis (UPGMA clustering method, nodes
showing bootstrap values); C: flat cluster analysis (k-medoid clustering).
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are colonized by pioneer species that persist from the early stage to the oldest
one, gradually accompanied by an increasing number of new colonists (Vater
2012). On the contrary, following the ‘replacement model’, these are discrete
invertebrate communities that are replaced along the chronosequence (Janet-
schek, 1949; Kaufmann 2001; Gobbi et al. 2007; Schlegel and Riesen 2011;
etc.). Yet, additions can prevail at the earliest stages, but later the number of
replacements can grow due to resource limitations and increased competition
(Ficetola et al. 2021).

On the study postglacial profile in the Tsey Gorge, the development of all in-
vestigated taxocoenoses proceeds with a high species turnover in accordance
with the ‘replacement model’ of succession (Table 6; Figs 6-8). Some features
of a nestedness component in structural changes are demonstrated by only
three groups of organisms studied, namely, the passively dispersed testate
amoebae and the poorly diverse harvestmen (Opiliones) and centipedes (Chilo-
poda). A prevalent nestedness component, manifested in the accumulation
of species during succession (due to the ‘addition and persistence model’), is
characteristic of passively dispersing taxa (Rosero et al. 2021) being often ob-
served in cold conditions, when the surrounding natural communities are poor
in species and therefore the competition between species is weakened (Vater
2012; Tampucci et al. 2015; Vater and Matthews 2015; Moret et al. 2020).

The recently suggested idea that foreland communities change only through
replacement or addition following glacier retreat is an oversimplification (Fice-
tola et al. 2021). The inconsistent information accumulated to date, including
thoughts about the changing patterns during succession, makes it almost im-
possible to search for some general patterns that are appropriate for different
taxa and regions (Ficetola et al. 2021; Pothula and Adams 2022).

In the European Alps, the study of post-glacial succession is further compli-
cated by the influence of pasturing and ants (Vater 2012). Moreover, the tra-
ditional use of only one collection method can significantly distort our ideas
about the structure and dynamics of foreland communities (see, for example,
comments in Antipova and Babenko (2023b) and Valle et al. (2023)). Thus, ap-
parently, the theoretical constructions attributable to foreland invertebrate suc-
cessions are still premature. They should be based on high-quality background
information based on detailed species identification obtained using comple-
mentary collection methods, as well as on data on multiple taxonomic groups
simultaneously.

Usually the strongest changes in the structure of foreland communities have
been observed in the first 20-50 years (Ficetola et al. 2021; Pothula and Adams
1922; Cantera et al. 2023), this being clearly visible in our material as well (Figs
6-8). A reduction in the substitution rate, as revealed by the Wilson and Shmida
index, is noted almost in all groups (Figs 6-8). When analyzing the general pool
of data, with a continuing trend of growth in overall species diversity, at the last
stages, the number of species disappearing from the community has also been
found to start exceeding the number of those appearing for the first time (Fig.
10). Inhibition of postglacial succession has been observed both in botanical
and zoological studies (Ficetola 2021; Cantera et al. 2023). It is intense graz-
ing and the plenty of ants that have been suggested to cause the damping of
succession in the highlands of the Alps (Vater 2012). In the territory of the Tsey
Nature Reserve, the post-glacial communities are restored without human dis-
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Table 6. Multiple-site Sgrensen B-diversity, with both turnover and nestedness components calculated for all communi-
ties (Tsey Glacier foreland, Central Caucasus, July 2021). Turnover component measured as Simpson dissimilarity; value
of the nestedness component measured as nestedness-resultant fraction of Sorensen dissimilarity; value of the overall
beta diversity measured as Sorensen dissimilarity.
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Figure 10. Summary of taxa dynamics across the study chronosequence. S -
total number of taxa per zone; Fa and La — number of first and last appearances
of taxa per zone.

turbance, as there is no grazing by domestic animals. In the study profile, ants
have already been observed after seven years in the reedgrass meadow (Plot
[1). They were quite abundant at the next, shrub stage (Plot 1V) and regularly
occurred later. Yet the diversity of most groups of arthropods has constantly
increased in spite of their presence (Figs 4-6).

In summary, the succession of all study groups of invertebrates along the
paraglacial chronosequence in the relatively warm conditions of the Central
Caucasus (Tsey Gorge) appears to be well-structured and directional, this being
expressed through a gradual change of communities forming four successive
clusters. All multi-species groups, with the only exception of the general pool
of Testacea, both dead and live cells combined, demonstrate a well-defined
and significant species turnover, the intensity of which is slightly decreased at
the last forest stages of succession. The contribution of endemic high-mon-
tane specialized species is the highest during the earliest succession stages,
raising particular concerns regarding losses of highland biodiversity during the
dramatic modern shrinking of Caucasian glaciers.
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