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Under demanding climatic conditions that limit the development of vascular vegetation, biological soil crusts
(BSCs) drive the processes of soil formation and nutrient sequestration. Though BSCs were studied in glacier
forelands worldwide, the high-altitude areas with a combination of glaciation/deglaciation and arid or hyperarid
climate remain almost unstudied in this respect. Therefore, we provided the first data on BSCs from a glacier
foreland in the E Pamir. These characteristics can be crucial for assessing BSC’s role in soil-forming processes in
dry, high-altitude periglacial environments. During our research, we assessed (1) BSCs’ morphology and dis-
tribution; (2) microbial biomass and nutrient retention patterns in morphologically differentiated BSC types, (3)
C, N and P accumulation in BSCs biomass in comparison to sub-crust soils; (4) sub-crust soils enrichment in C, N
and P in comparison to bare soils and soils under vascular plants; (5) potential origin and transformation degree
of organic matter accumulated by BSCs. Our study showed that the distribution and development of BSCs were
noticeably restricted, probably due to low temperatures, aridity and intense periglacial processes, resulting in
continuous soil surface remodeling. Thus, poorly developed BSCs were the dominating biologically active soil
cover type and, thus, most likely the main biological soil-forming factor in the foreland. BSCs accumulated C, N
and P in their biomass and enriched their sub-crust soils in these nutrients. The average enrichment observed for
soils under advanced crusts was similar to those obtained for soils under vascular plants. In all types of the
studied samples, including bare soils, n-alkanes of vascular plant origin dominated, indicating mixing and uni-
form distribution of organic matter. Over the course of aridification projected for the Pamir Mountains, the BSCs
could potentially become the most important player in the accumulation of soil nutrients in this area. However,
due to the dominance of the simplest BSC type, soil formation in the Uisu Glacier foreland will be relatively slow.

1. Introduction originating possibly 1.5-3 billion years ago (Graham et al., 2018). BSCs

have a worldwide distribution (Belnap and Lange, 2003), and estimates

Biological soil crusts (BSCs) are morphologically distinct complex
terrestrial microecosystems formed within and on the exposed topsoil by
taxonomically and ecologically diverse communities of prokaryotes and
eukaryotes (Belnap and Lange, 2003; Weber et al., 2016). BSCs have a
long evolutionary history, with predecessors in early terrestrial habitats
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of the total terrestrial area covered by BSCs reach 12% (Maier et al.,
2018). BSCs occur in specific habitats in all major climatic zones (e.g.,
Agnelli et al., 2021; Baumann et al., 2019; Bastida et al., 2014; Colesie
et al., 2014; Guan et al., 2018; Jung et al., 2018; Kotas et al., 2018;
Rosentreter and Belnap, 2001; Wietrzyk-Petka et al., 2021; Zaady et al.,
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2010). However, since the BSC-building organisms are often desiccation
adapted and generally extremotolerant or even extremophilic, these
associations are especially abundant in arid and hyperarid regions,
where they can cover up to 70% of soil area (Rodriguez-Caballero et al.,
2013 and references therein).

BSCs play many vital functions in their environments, including
stabilization of the soil surface and protection from erosion (Rossi et al.,
2018), modification of water permeability and water-holding capacity
of soils (Li et al., 2021), or even modification of soil albedo and soil
temperatures. The consequences of BSCs’ activity range from the local
impact on the soil biogeochemical processes, through local weather
modification, to the broader effects on global climate change (e.g., Xiao
and Bowker, 2020). Most importantly, BSCs have a significant impact on
nutrient cycling and soil formation. Due to the high share of photoau-
totrophs, nitrogen-fixing prokaryotes and cyanolichens (lichenized
fungi with cyanobacterial symbionts), and producers of exopoly-
saccharides (compounds excreted by microorganisms that bind soil
particles, biomass, and necromass together, e.g., Rossi et al., 2018), BSCs
fix and accumulate substantial amounts of nutrients, most notably car-
bon (C), nitrogen (N), and phosphorus (P) in their biomass and necro-
mass (e.g., Baumann et al., 2019; Borchhardt et al., 2019; Couradeau
et al., 2017; Jung et al., 2018; Kotas et al., 2018; Mager, 2010; Xu et al.,
2021). BSCs’ contribution to the global C fixation is estimated to reach
7% of that of terrestrial plants and almost 50% of the total terrestrial N
fixation (Elbert et al., 2012). The BSC-building microorganisms also
produce a wide suite of endo- and extracellular metabolites, which
interact with organic matter and mineral components of the soil un-
derneath (Borin et al., 2009; Agnelli et al., 2021). Especially lichenized
fungi can have a particularly significant role in mineral weathering, as
they produce various organic acids (Chen et al., 2000) and oxidative
enzymes (Beckett et al., 2013), and some lichen taxa also have the
ability to translocate water and presumably nutrients from the under-
lying soil/rock thanks to their filamentous rhizoids (Green et al., 2018).
In addition, nutrient (C, N, P) leaching from BSC biomass to the sub-
crust soil is frequently reported (e.g., Young et al., 2022), and these
nutrients and metabolites are proposed to exert, in turn, an overall
stimulating effect on sub-crust soil microbial communities (Liu et al.,
2017). The impact of BSCs on the nutrient cycling of the underlying soil/
rock depends, among others, on their complexity. There is accumulating
evidence that the most complex BSCs (usually moss-lichen or moss
crusts) can potentially have the greatest soil-forming potential (Agnelli
et al., 2021; Chamizo et al., 2012; Jung et al., 2018; Maier et al., 2018),
possibly due to significant biomass of the BSC-forming organisms and
their synergistic effects on the biogeochemistry of the underlying soil/
rock. Due to all these features, BSCs essentially drive the processes of soil
formation, especially in ecosystems lacking the well-developed cover of
vascular vegetation, e.g., in recently disturbed, deglaciated areas
(Wietrzyk-Petka et al., 2020).

Glacier forelands enable insights into the biotic and abiotic factors
responsible for soil formation due to the occurrence of more or less clear
chronosequences (e.g., Zumsteg et al., 2012), which usually facilitate
research by providing means for “space-for-time substitution” (although
not always, see Wojcik et al., 2021). The soil formation rates in these
ecosystems are mediated by pioneering organisms, especially by often
dominant BSCs. The impact of BSCs on nutrient accumulation and
cycling depends on their composition, cover and interactions with pio-
neering higher vegetation (e.g., Wietrzyk-Petka et al., 2021). Globally
observed acceleration of glacier retreat due to climate warming (e.g.,
Hugonnet et al., 2021) exposes more and more land surface to biotic
colonization, with potentially significant consequences for soil forma-
tion and overall nutrient budgets, which therefore emphasizes the need
for studying the role of BSCs in these ecosystems. BSCs were studied in
glacier forelands in several locations of the world, e.g., in the High Arctic
(Wietrzyk-Petka et al., 2021 - Svalbard), Antarctic (Colesie et al., 2014),
North America (Breen and Lévesque, 2008), South America (Schmidt
et al.,, 2008), and European Alps (Karsten and Holzinger, 2014),
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encompassing studies from almost all major climatic zones. These
studies have shown that the BSCs may cover a significant area in glacier
forelands, even over 80% (Wietrzyk-Petka et al., 2021). Development of
BSCs often follows the glacier chronosequences, and the crust’s
morphological and taxonomic complexity increases with the soil’s sta-
bility and growing distance from the glacier terminus, from the simple
cyanobacterial crusts to complex moss- and lichen-dominated crusts (e.
g., Schulz et al., 2013). Well-developed and the most advanced types of
crusts in forelands located in a more humid climate and at lower alti-
tudes are usually dominated by species-rich communities of lichens
(including cyanolichens) and mosses (e.g., Williams et al., 2017). Con-
trastingly, in extreme ecosystems of continental Antarctica, BSCs cover
and diversity are significantly reduced (e.g., Colesie et al., 2014). BSCs
in glacier forelands were found to accumulate substantial amounts of
nutrients (e.g., Breen and Lévesque, 2008). One of the specific features
of these ecosystems is the presence of old sediments, buried under the
ice, exposed after the glacier retreat, and often reworked due to gla-
ciofluvial activity (Duncan et al., 2018; Wojcik et al., 2021). This old
organic matter can be reused by colonizing organisms (e.g., Agnelli
et al., 2021), explaining the paradox that heterotrophic microorganisms
often precede autotrophs during succession in these ecosystems (Bard-
gett et al., 2007). Nevertheless, the origin and transformation degree of
organic matter accumulated in BSC biomass is rarely studied (e.g.,
Koyama et al., 2018).

Currently, BSCs are commonly investigated in glacier forelands
located in high-altitude areas but with relatively humid climates (e.g.,
the Peruvian Andes, Schmidt et al., 2008) or in forelands located in arid-
hyperarid lowlands (e.g., continental Antarctica, Colesie et al., 2014).
The areas with a combination of high altitude and arid or hyperarid
climate remain almost unstudied. There are only a few studies dealing
specifically with cyanobacteria and cyanobacterial crusts from Hima-
laya (Capkova et al., 2016; Janatkova et al., 2013). This is surprising,
given that organisms occurring in such extreme conditions are likely to
be highly adapted and, therefore, highly susceptible to the slightest
disturbances, being ideal candidates for indicators of change (Bowker
et al., 2008). BSC-forming organisms equilibrate tissue water content to
that of the environment (poikilohydry). Thus, they are potentially prone
to climate change-driven alterations in precipitation regime, humidity
and temperature (Escolar et al., 2012). We can expect that any such
disturbance will affect the composition and cover of BSCs, resulting in
disruptions of nutrient cycling and soil formation in certain areas.

One of such areas are the mountains of Central Asia, including the
Karakoram-Hindukush range and the Pamir range. The Pamir Moun-
tains are located in the southeastern part of Central Asia (mainly in
Tajikistan, with outskirts reaching Kyrgyzstan, China and Afghanistan)
and, together with other ranges surrounding the Tibetan Plateau, belong
to the world’s largest reservoir of glaciers, snow and permafrost outside
the poles. As such, the Pamir Mountains are an essential source of water
for the Central Asian lowlands (Aizen, 2011; Barandun et al., 2020;
Kayumov, 2010; Molg et al., 2018; Rojan, 2007). Permanent glaciers,
mostly of the continental type, cover 10-13% of the Tajik Pamir, with
the surface currently estimated at between 8000 and 12,000 km? (Aizen,
2011; Kayumov, 2010; Molg et al., 2018; Rojan, 2007). There is a well-
documented trend of growing air temperatures combined with a general
decrease in precipitation in the mountains of Central Asia (Finaev et al.,
2016; Kayumov, 2010; Normatov and Normatov, 2020), which will
most likely affect the condition of glaciers, and as a result also the dis-
tribution and cover of foreland-inhabiting BSCs and pioneering higher
vegetation. However, to the best of our knowledge, there is no
comprehensive study from the Pamirs focused on BSCs.

Therefore, we provide the first description of the occurrence,
morphological diversity, and cover of biological soil crusts from the dry
high-altitude glacial foreland in the Eastern Pamir. Additionally, by
performing detailed chemical analyses, we provide the first quantitative
and qualitative data on their biomass, C, N, P content, and n-alkane
content. Given the extreme environmental conditions that are highly
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unfavorable for higher vegetation in the investigated area, we expected
that (I) the BSCs of different developmental stages are overall the
dominant part of the biologically active soil cover and that (II) the mi-
crobial biomass and total nutrient retention patterns in BSCs are posi-
tively related to their developmental stage. Moreover, since we were
primarily interested in investigating the differences in microbial
biomass and nutrient accumulation by BSCs in comparison with bare,
uncolonized soils (BS), we hypothesized that (III) microbial biomass in
BS is negligible, and consequently (IV) there is noticeable C, N, P
accumulation in BSCs and sub-crust soils relative to BS. Subsequently, to
assess the potential importance of BSCs for nutrient accumulation/
mobilization processes in the Uisu Glacier foreland soils, we compared
the C, N, and P enrichment in soils under the BSCs with the same pa-
rameters in soils under vascular plants. Finally, to assess the potential
origin and transformation degree of organic matter accumulated by
BSCs, we analyzed the contents of n-alkanes in BSC biomass and sub-
crust soils and compared them to n-alkane contents in the soil under-
neath vascular plants. Taken together, the results of these investigations
allowed us to assess the potential impact of BSCs on nutrient accumu-
lation processes in soils of extremely dry high-altitude glacial foreland in
the (hyper)arid region of the Eastern Pamir.

2. Materials and methods
2.1. Location of study plots

The Uisu Glacier is one of the glaciers in the northeastern part of the
Pamir Mountains (Fig. 1.). At 4400 m a.s.l. at the glacier, the terminus
starts the Koksoy River Valley (ca. 16 km long), which adjoins the upper
Markansu River Valley at the main road from Khorog to Osh, approxi-
mately 60 km north of Lake Karakul. The annual precipitation in this
area reaches ca. 80 mm (data from the meteorological station in Karaat
village on the eastern shore of Lake Karakul) (Mischke et al., 2017), the
mean annual air temperature reaches —7.3 °C and the mean annual soil
temperature — 0.87 °C (data from one-year-long measurements in the
Uisu Glacier foreland) (Kabata et al., 2021). The UV index measured
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- Moraines - Fluvial channels
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during our study in the Uisu Glacier foreland was between 10 and 11 (on
a cloudless day at noon, measured with Smart Meter Tenmars TM-213
UVA UVB).

As the Last Glacial maximum in this area is estimated at 15-19 ka BP,
all landforms in the foreland have developed since the Late Pleistocene
(Kabata et al., 2021; Komatsu, 2016). The current position of the Uisu’s
terminus results from the continuous retreat process after the Little Ice
Age. According to Gadek et al. (2022), the position of the glacial ter-
minus has not changed since at least 1946; hence the immediate fore-
land zone is relatively stable.

According to Kabala et al. (2021), four major landforms can be
distinguished in the Uisu Glacier foreland. The lowermost landform was
a seasonally flooded braided plain, with highly variable relief shaped by
proglacial waters (hereafter referred to as fluvial channels, see Fig. 1.)
(Kabata et al., 2021). Sampling plots on this landform were located
between the active channels, on the better-drained recent terraces
covered with sparse vegetation. Above the seasonally flooded braided
plain, glaciofluvial terraces were located (hereafter referred to as river
terraces, see Fig. 1.), namely terrace T1 (1.0-1.5 m above the plain),
terrace T2 (2-3 m above the plain) and terrace T3 (~6 m above the
plain). Traces of ancient riverbeds and sorted polygons were clearly
discernible on the terraces. The polygons were extensively developed on
T2 and T3, signifying intense cryoturbation and negligible surface
erosion. Vegetation on the river terraces had the highest coverage and
species diversity in the Uisu Glacier foreland (Gadek et al., 2022; Kabata
et al., 2021). On the terraces T1 and T3, clusters of long-tailed marmot
burrows were present (Chibowski et al., 2023). However, none of our
sampling plots on these landforms was placed in the vicinity of a
recognizable burrow. In the study area’s north- and southeastern parts,
between 7 and 16 km from the glacier terminus, the third landform was
located, namely the moraines (see Fig. 1.). This landform was exposed to
noticeably stronger winds, and hence easily recognizable aeolian phe-
nomena were visible on the soil surface, including patches of thin
aeolian deposits (sand) covering the ground. Vegetation growing on the
moraines was characterized by medium coverage and medium species
diversity (Kabata et al., 2021). The fourth landform in the Uisu Glacier

Fig. 1. Map of the study area: (A) localization of the study plots in the Uisu Glacier foreland (schematic geomorphological map modified from Kabala et al., 2021),
(B) Geographical setting of the area. Orange points with white numbers - study plots.
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foreland was a series of alluvial fans (see Fig. 1.) formed chiefly by
proglacial waters at the outlets of seasonal tributary rivers and streams.
The oldest sections of the fans were covered with sorted polygons,
signifying intense cryoturbation and negligible surface erosion (Gadek
et al., 2022, Kabata et al., 2021).

Regardless of the age and type of landforms, soils of the Uisu Glacier
foreland were poorly developed, loose and had high skeleton and car-
bonate content. Moreover, they contained extremely low soil organic
carbon, typically at the level of 0.1-0.2% in the topsoil layers. Such
results are among the smallest recorded in the glacier forelands world-
wide. Similarly, soils in the foreland were characterized by low nitrogen
and phosphorus content (Kabata et al., 2021).

During two field campaigns — in July 2018 and July 2019 - eleven
study plots were established in locations representative of the major
landforms distinguished in the foreland (Table 1).

Nine out of eleven plots, namely 1-2, 4-7, and 9-11, were located
next to soil profiles described by Kabata et al. (2021) (see supplementary
materials for Kabala et al., 2021, soil profiles FC1, T12, T21, T22, T23,
T32, AF21, M11, M13). According to the IUSS Working Group WRB soil
classification (2015), profiles in study plots 1-2, 5-6, 8, and 10 repre-
sented Calcaric Hyperskeletic LEPTOSOLS with supplementary Fluvic
and Protic characteristics; in the study plot 7 — Calcaric Skeletic Fluvic
CAMBISOL with supplementary Ochric characteristics; and in the study
plot 11 — Calcaric Endoskeletic REGOSOL with supplementary Ochric
and Areninovic characteristics (Kabata et al., 2021). The study plots
formed a distance gradient starting at 50 m and ending at 12.3 km from
the glacier terminus (Table 1.).

2.2. Analysis of the biologically active soil cover

We use the term ,biologically active soil cover” for soil covered
either by BSCs or by vegetation. However, we acknowledge that stone-
covered soils/skeletal soils might be inhabited by hypolithic microbial
communities, which might, to some extent, contribute to organic matter
and nutrient cycling in such soils (e.g., Mergelov et al., 2020). However,
incorporating hypolithic communities was beyond the scope of this
study.

In each study plot, we identified the main types of soil cover based on
their gross morphology visible with the naked eye and under a magni-
fying glass (x20). Lichens were only tentatively identified to morpho-
types (Brodo et al., 2001; Rosentreter et al., 2016; Smith et al., 2009),
while no attempt was made to identify mosses. Species of vascular plants
were identified according to Ikonnikov (1963). Species names were
updated in accordance with The Plant List of The Royal Botanic Gardens,
Kew (http://www.theplantlist.org/). To visually assess the percentage
coverage of identified soil cover types, a 0.5 x 0.5 m metal grid with a
mesh of 2.5 cm was used. The first grid was always placed in a repre-
sentative location; other grids (between 3 and 9) were thrown randomly
within a 20 m range from the first location. From each study plot, we
collected samples of a loose soil layer with no indication of living or-
ganisms visible (bare soil), samples of biological soil crusts (biomass),

Table 1
Location of study plots 1-11 with a number of grids performed.
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samples of soils located immediately under the crusts (sub-crust soil),
and samples of soils located immediately under vascular plants (namely
a soil sample was taken from under each type of crust identified in each
study plot, and from under the most common species of vascular plants
in each study plot). To decrease potential within-site heterogeneity,
obtain a proper amount of material and not destroy limited sites of
crusts, subsamples of crust biomass and sub-crust soil were gathered
within a 20 m range from the first location of a crust and combined into
mixed samples. In total, ten samples of the loose soil layer, 13 samples of
biological soil crusts, 13 samples of sub-crust soils, and 32 samples of the
soil underneath vascular plants were collected from the Uisu Glacier
foreland.

2.3. Analyses of microbial biomass

We applied two commonly used markers of living microbial biomass
to determine its amount in bare, uncolonized soil, BSCs, and sub-crust
soils - Phospholipid Fatty Acids (PLFAs) and ergosterol.

The PLFAs are constituents of the cell lipid membranes that might be
isolated directly from the environment, e.g., soil and water, without the
cultivation of microorganisms on solid media (Frostegard et al., 1993;
Plociniczak et al., 2013). Since PLFAs are structural constituents of the
cells (Zelles, 1999), they are supposed to reflect the quantitative aspect
of the microbial community (i.e., the biomass) and enable direct (also
cross-Kingdom) comparison of the biomass of microbial groups (Fros-
tegard et al., 1993), as opposed to primarily qualitative DNA-based
methods. Moreover, due to rapid PLFAs degradation after cell death
(Zhang et al., 2019), they are usually regarded as a marker of living
biomass, while DNA-based analyses can also incorporate cellular and
relic DNA (Nielsen et al., 2007). The phospholipid fatty acid methyl
esters were isolated from 10 g of fresh soil as described by Frostegérd
et al. (1993), with some modifications introduced by Pennanen et al.
(1999). In short, soils were extracted with chloroform:methanol:citrate
buffer mixture (1:2:0.8, v/v), and the lipids were separated into neutral
lipids, glycolipids, and phospholipids on a silicic acid column. The
phospholipids were subjected to a mild alkaline methanolysis and the
fatty acid methyl esters were separated with a gas chromatograph
(Agilent 7820A) coupled with a flame ionization detector (FID) using
Ultra-2 capillary column (Agilent, length 25 m, inner diameter 0.22 mm,
film thickness 0.33 pm) and hydrogen as the carrier gas. PLFAs com-
pounds were identified using the MIDI Microbial Identification System
software (Sherlock TSBA 6.1 method and TSBA 6.1 library; MIDI Inc.,
Newark, DE, USA). Peak areas were quantified by adding methyl non-
adecanoate fatty acid (19:0) as an internal standard, and then the results
were calculated and presented in nmol PLFAs g-1 d.w. of soil. Total
biomass (TotPLFA) was calculated as the sum of all extracted PLFAs (as
in Cycon et al., 2013), the sum of 16:109, 16:107t, cy17:0 18:107,
cy19:0 PLFAs was used to determine the biomass of Gram negative (GN)
bacteria and the sum of i115:0, a15:0, i16:0, i17:0, a17:0 PLFAs - to assess
the biomass of Gram positive (GP) bacteria. The biomass of non-specific
bacteria was calculated as the sum of straight PLFAs (12:0, 14:0, 15:0,

Study plot Latitude Longitude Elevation [m a.s.l.] Distance from the galcier terminus [m] Landforms according to Kabata et al., 2021 Number of grids
1 39.325300 73.196733 4307 50 fluvial channels (FC) no grids
2 39.326700 73.197067 4469 65 river terrace 2 (T2) 6

3 39.330150 73.197683 4416 245 river terrace 1 (T1) 5

4 39.330883 73.198583 4451 355 old alluvial fan (AF2) higher no grids
5 39.330883 73.198583 4434 355 old alluvial fan (AF2) lower 7

6 39.323617 73.209650 4352 1190 river terrace 2 (T2) 5

7 39.321733 73.219017 4345 2015 river terrace 3 (T3) 5

8 39.308200 73.253967 4215 5315 river terrace 2 (T2) 6

9 39.291933 73.278517 4188 8000 fluvial channels (FC) 5

10 39.283917 73.297067 4131 9850 river terrace 1 (T1) 10

11 39.285033 73.328950 4080 12,230 moraines (M) 10
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16:0, 17:0, 18:0 and 20:0). Unsaturated PLFA 18:2w6 (linoleic acid) was
used to represent predominantly the Eukaryotic biomass, including
fungi (Zelles, 1999). However, it was also reported from some cyano-
bacteria (Kenyon, 1972; Kenyon et al., 1972; Potts et al., 1987). The
content of all identified PLFAs in the studied samples in nmol/g d.w. is
provided in Table S1 in Supplementary Materials 1.

Ergosterol is a principal cell membrane sterol of most fungi (Weete
etal., 2010). It is commonly used as an indicator of living fungal biomass
(e.g., Ruzicka et al., 2000). However, there are some concerns about its
higher-than-expected stability in natural conditions (Mille-Lindblom
et al., 2004). In the field, samples of crusts and soils for ergosterol an-
alyses (2 g of fresh material) were put into Falcon tubes and covered in
MeOH (HPLC grade, Sigma Aldrich, Germany) to prevent degradation.
In the laboratory, MeOH was evaporated under the Ny atmosphere and
the samples underwent a preparatory procedure as described in Baath
(2001) and De Ridder-Duine et al. (2006), starting with extraction with
4 ml 10% KOH in MeOH (HPLC grade, Sigma Aldrich, Germany). After
extraction, samples were vortexed for 30 s, sonicated for a further 15
min, and finally subjected to saponification in a water bath (80 °C) for
90 min. After that, 1 ml of distilled water and 2 ml of pentane (HPLC
grade, Sigma Aldrich, Germany) was added to each sample, and sepa-
ration was carried out by vortexing for 1 min. The upper organic phase
was recovered, and separation was repeated two more times. Collected
phases were pooled, and pentane was evaporated. After that, 1 ml of
methanol was added, and each sample was sonicated for 1 min. Redis-
solved samples were quantitatively transferred to HPLC vials using a
syringe with a PTFE syringe filter (Sigma Aldrich, Germany); addition-
ally, evaporation dishes of each sample were rinsed with 1 ml of
methanol, and that mixture was added to respective sample-containing
HPLC vials after PTFE purification. Ergosterol content was determined
on HPLC UV-Vis (Agilent Technologies 1260 Infinity) with Phenomenex
reverse-phase column (C18, 250 x 4.6 mm x 5 pm), with the external
standard of ergosterol (Sigma Aldrich, Germany). Conditions of analysis:
isocratic elution with methanol (HPLC-grade, Sigma Aldrich, Germany)
as mobile phase, flow speed 1 ml/min, injection volume 10 pl, A = 282
nm. The retention time for ergosterol was between 10.5 and 11.0 min;
the correlation coefficient for the calibration curve was above R? =
0.999.

2.4. Analyses of C, N, P contents and potential accumulation in the
studied soils and BSCs

In order to assess the potential accumulation of C, N and P in BSCs,
sub-crust soils, soils under vascular plants and bare soils, contents of
these elements were measured in oven-dried (at 50 °C), grounded and
sieved (1 mm mesh grade) samples of crusts and soils. Total nitrogen
(TN) and total organic carbon (TOC, after carbonates removal with HCI)
were measured with a CHNS elemental analyzer FLASH 2000. For total
(nitric acid-digestible) phosphorus (TP) determination, soil samples
were subjected to microwave-assisted digestion in concentrated nitric
acid (ISO 16729, 2013) using Berghof Speedwave, in temperatures
reaching 230 °C and subsequently analyzed with continuous flow
analyzer SAN++ Skalar. Olsen’s method was used to determine avail-
able phosphorus (Pav), which is recommended for calcareous soils
(Bashour and Sayegh, 2007).

To assess the potential accumulation of C, N and P in different types
of BSCs, we calculated ratios of TOC, TN, TP and Pav contents in crust
biomass to their contents in sub-crust soil (e.g., TOCgsc/TOCsub-crust soil)-
To assess nutrient enrichment (C, N and P) in sub-crust soils in com-
parison to soils under vascular plants, we calculated ratios of TOC, TN,
TP and Pav contents in sub-crust and sub-plant soils to their contents in
bare soils taken from the same location (e.g., TOCgyp-crust soil/ TOCbare soil
and TOCsyp-plant soil/ TOCbare soil)-
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2.5. Analyses of the origin and transformation degree of organic matter in
the studied soils and BSCs

For the assessment of the origin and transformation degree of organic
matter, simple aliphatic compounds of n-alkanes were used. Based on n-
alkanes composition in a sample, specific ratios are calculated to assess
which organisms produced the studied organic matter and how
advanced is its decomposition stage. Among them, Carbon Preference
Index (CPI) and Average Chain Length (ALC) are widely used (Cabrerizo
etal., 2016). According to Ofiti et al. (2021), fresh plant-derived organic
matter is characterized by CPI values around 10, while highly degraded
organic matter has CPI values close to 1. Plant-derived organic matter
usually contains longer n-alkanes (above C24) than microbial-derived
organic matter and thus is characterized by a higher ACL index (Ofiti
et al., 2021).

Analyses of n-alkanes followed a protocol described in Jambrina-
Enriquez et al. (2016), starting with the extraction of lipids in an
accelerated solvent extractor ASE 350 (Dionex) with a dichloromethane
(DCM) and methanol (MeOH) mixture (9:1) at 100 °C and 1500 psi for 5
min in 3 cycles. The obtained extracts were evaporated under a nitrogen
stream to the volume of 2 ml, which was transferred directly onto Pas-
teur pipettes conditioned at 500 °C and filled with high-purity silica gel
(60 A pore, Sigma Aldrich) activated for eighth at 120 °C. During frac-
tionation, the n-hexane fraction was obtained as the first and was
analyzed using the Agilent 7890B gas chromatograph with a capillary
column HP-5 ms Ultra Inert (30 m x 0.25 mm x 0.25 pm) and coupled
with the 5977A MSD mass spectrometer. The carrying gas was He with a
constant flow of 2 ml/min and the following temperature program was
used: 70 °C (1 min) to 120 °C at 20 °C/min, then to 300 °C (held 30 min)
at three °C/min. The compounds were identified by comparison of their
retention times with those of the reference compounds from Sigma
Aldrich C8-C40 Alkanes Calibration Standard 40,147-U and verified
with mass spectra from the NIST Mass Spectral Library. Quantification
was based on calibration curves prepared for the above-mentioned
standard (r2 for the curve was 0.97). As an internal standard, andros-
tane was used with a mean recovery rate of 92%. The content of all
identified n-alkanes in the studied samples in ug/g d.w. is provided in
Table S2 in Supplementary Materials 1. Finally, for the assessment and
interpretation of n-alkanes data, we identified mid-chain (MCA, C16-
C21), long-chain (LCA, C22-C26) and very long-chain (VLC, C27-C33)
n-alkanes after Carrizo et al. (2019), calculated Carbon Preference
Index (CPI) according to Marzi et al. (1993), and Average Chain Length
(ACL) according to Bush and Mclnerney (2013).

2.6. Statistical analyses

Basic descriptive statistics for the studied soil and crust parameters
were performed with Statistica for Windows v. 13. Data from samples of
soil under vascular plants were averaged for every location where the
vascular plants were present. Thus, we obtained nine average values of
each studied parameter for soils under plants. Data on the identified
plant species with individual values of each parameter at each location
are provided in Table S3 in Supplementary Materials 1. Due to the un-
equal representation of identified sample categories, we decided to
perform multivariate statistics, namely Principal Component Analyses
(PCA) and Linear Discrimination Analyses (LDA) with CANOCO for
Windows, Version 4.5 (ter Braak and Smilauer, 1998), to assess general
variability of soil and crust parameters, and to identify statistically
significant differences between the studied sample categories.

A complete database with results used in the statistical analyses is
provided in Table S4 in Supplementary Materials 1.
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Fig. 2. Types of soil cover identified in the study plots. A — the fungal-algal crust (FAC), B — a dark type of the fungal-algal crust (dark FAC), C - the fungal-algal-
lichen crust (FALC), a red circle shows a part of the crust that is enlarged on picture D, D — a close-up showing numerous black apothecia, E - the fungal-algal-lichen-
moss crust (FALMC), a red circle shows a part of the crust that is enlarged on picture F, F — a close-up of the FALMC presented on picture E. G — bare soil (BS), H - the
physical crust. Photos by Iwona Jasser.
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3. Results
3.1. Distribution and coverage of the identified soil cover types

During our studies in the Uisu Glacier foreland, we identified four
distinct types of biologically active soil cover. (1) Fungal-algal crust
(FAC) - a folded and compact structure with a thickness of 0.7-0.8 cm
and no indication of living organisms visible on the outside (Fig. 2.A).
When broken, numerous filaments became visible, and the green color
was discernible in the near-surface layer. FAC was usually rather pale in
color; however, in some places, it became noticeably darker (Fig. 2.B.)
while retaining its original characteristics. (2) Fungal-algal-lichen crust
(FALC) - a heavily folded and compact structure with a walnut-like
surface and maximum thickness of ~2 cm (Fig. 2.C.). Folds were
bright and partially covered by grayish-whitish lichen thalli, while
hollows between them were often darkly colored due to the presence of
dark apothecia (Fig. 2.D.). When broken, numerous filaments became
visible. (3) Fungal-algal-lichen-moss crust (FALMC) - a heavily folded
structure between 2 and 3 c¢m in thickness, with well-developed moss
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and lichen thalli, with visible dark apothecia (Fig. 2.E., Supplementary
Materials 2). Tops of the folds were noticeably paler than other parts of
the FALMC structure (Fig. 2.F.). Sometimes vascular plants were pre-
sent. When broken, numerous filaments became visible. Only one lichen
morphotype, cf. Rinodina sp. was found to form FALCs and FALMCs (see
Supplementary Materials 2 for additional information). The only other
lichen morphotype present sporadically and in small amounts on these
crusts was brightly yellow cf. Caloplaca sp. s.1. (Supplementary Materials
2). No other distinct lichen morphotypes were found of BSCs, even
though other lichen species were present on bigger stones and rocks in
the neighborhood (Supplementary Materials 2). No cyanolichens were
detected on BSCs in the investigated plots. In several places, usually
located near the glacier terminus, crusts with mosses but with no visible
lichen thalli or apothecia were observed. For further characteristics,
FALC and FALMC crusts will be treated jointly as advanced crusts (ADV).
(4) Vascular plants — 19 cryophytic species, comprising small shrubs (e.
g., Ajania tibetica (Hook.f. & Thomson) Tzvelev, Braya pamirica (H.
Karst.) O.Fedtsch., Krascheninnikovia ceratoides (L.) Gueldenst.) and
cushion plants (e.g., Acantholimon hedinii Ostenf., Astragalus nivalis Kar.

A
@ _
> 100f mean -
8 = T mean +/- SD -
S - raw data
& 80}t
c
0.
(3] °°
£ 60t B
o w
yw— O
(@] E) _
S 40 -
o8 = -
3 S =
o+~ 20+ 3 -
[0
(@] =
E — %
£ o = -
e
[0}
o
=20 L L s 1 .
BS FAC ADV PLANT STONES
B
_ 100%
©
w
E 2 80%
e 0
L3
T >
y— T
© 2 60%
(O]
=
o ®
28 40%
o2 -
85 =2 B [
*g‘ g 20% [ |
[&]
o — .
0% [ |
SP2 SP3 SP5 SP6 SP7 SP8 SP9 SP10 SP11
BmBS FAC mADV mPLANT STONES

Fig. 3. A - Percentage coverage of different soil cover types in grids [%]. Raw data shown in the graph are mean coverage values for each soil cover type calculated
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& Kir., Oxytropis sp.), perennial forbs (e.g., Cerastium lithospermifolium
Fisch., Pleurospermum lindleyanum (Klotzsch) B. Fedtsch., Psychrogeton
olgae Novopokr. ex Nevski) and perennial graminoids (Poa tianschanica
(Regel) Hack. ex O.Fedtsch.). Individuals were distributed randomly or
often formed multispecies assemblages. A list of all identified species
and data on their occurrence are provided in Supplementary Materials 1
(Table S3). Additional information on the plant communities and cover
in the area is provided in Kabala et al., 2021. Interestingly, we observed
in the field that many samples of all BSC types were colonizing dead
bryophyte and vascular plant remains, including woody tissues (Sup-
plementary Materials 2).

Considering the distribution of the identified biologically active soil
cover types in our study plots, FAC occurred in all but two study plots
(SP1 50 m from the glacier terminus and SP11 on moraines) and covered
on average 14.0% of the studied area. In study plots SP3 and SP9-10 it
covered roughly between 20% and 50% of the area, differing from grid
to grid, resulting in averages above 20% (Fig. 3.A and B). Advanced soil
crusts (FALC and FALMC) covered on average 1.1% of the studied area,
yet in SP5 and SP9 their coverage was very low (0.1%), and they were
absent from SP10 and SP11. FALC type was present with the coverage
below 1% close to the glacier terminus (SP2, SP3 and SP5), peaked to
2.2% in SP8 (middle of the foreland), and decreased back to below 1% in
SP9 (8000 m from the glacier terminus). The most advanced FALMC
type was observed only between 1190 and 5315 m from the glacier
terminus in the study plots SP6-SP8 (river terraces in the middle of the
foreland), with an average coverage between 1.8% and 4.3%. Maximum
coverage with advanced crusts was recorded in a single grid from SP7
and a single grid from SP8, where it reached above 10% (Fig. 3.).
Vascular plants covered on average 8.6% of the studied area (Fig. 3.A).
Plant coverage of over 20% was recorded in several grids from SP6, SP7
and SP10. In the grids from SP10, both the maximum plant coverage
(35.6%) and a complete absence of vascular plants were recorded.
Generally, study plots in the middle of the foreland were the most
differentiated, as they comprised all (SP8) or all but one type of bio-
logically active soil cover (SP6 and SP7 without FALC morphotype).
Though no clear gradient-related pattern in the BSCs distribution was
recorded, we observed that the advanced BSC types were more common
near vascular plants and/or on slopes of small dry channels formed
along the foreland, mostly on slopes facing S-SW.

Areas devoid of biologically active soil cover types were dominated
by coarse pebbles, stones, and/or bare soil (BS). Coarse pebbles and
stones were a part of the soil skeleton fraction, with grain diameter > 20
mm (IUSS WRB, 2015). They covered between 33.0% and 99.0% of the
area in the grids (Fig. 3.), except for several grids from SP11 (moraines),
where bare soils were dominant. Coarse pebbles and stones were not
included in biogeochemical analyses. Bare soil was distinguished as a
loose surface layer of soil composed mostly of gravel and sand, with no
indication of living organisms visible under the magnifying glass (Fig. 2.
G.). In places under the direct influence of proglacial waters, located
near the glacier terminus, bare soil was covered with a physical crust
(Fig. 2.H.), which, similarly to BS, had no indication of living organisms
visible under the magnifying glass. In study plots where grids were
performed, BS occurred on average in 7.1% of the researched area
(Fig. 3.A). However, there were some study plots in which BS was absent
from all or several grids (SP3, SP6, SP9, SP10, and some grids from
SP11) (Fig. 3.B). Stones were the dominant cover type in these plots,
with high participation of FAC (between 19% and 33%) and, in the case
of SP6 (middle of the valley), vascular plants (over 15%). Study plot 11
(moraines) was quite specific, as on half of the grids performed there, BS
(loose aeolian sand deposit) occurred on over 95% of the area, while in
the other half of the grids stones dominated. No crusts were present
there, only scattered plants, covering on average 4% of the area (Fig. 3.A
and B).
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3.2. Multivariate analysis of microbial biomass, nutrient content and
organic matter transformation in the studied soils and BSCs

The PCA performed on all but soil under plants samples (Fig. 4.A.)
showed that bare soils, FAC biomass and FAC sub-crust soils were
characterized by similar PLFA content and composition, main nutrients
content, and n-alkanes content and composition. Samples of ADV
biomass, and to a lesser extent, of ADV sub-crust soils were character-
ized by a higher content of total ergosterol and total PLFA, with high
participation of Eukaryotic PLFA and low participation of PLFA typical
for Gram-positive and Gram-negative bacteria. ADV biomass was char-
acterized by a higher content of all the analyzed main nutrients, and
soils under ADV by a higher content of n-alkanes, with higher partici-
pation of compounds with odd and very long chains. These observations
were confirmed by LDA analysis (Fig. 4.B.), showing two variables that
significantly differentiated the analyzed sample types. Eukaryotic PLFA
explained 21.0% of the observed variance (p-value = 0.0002). Its highest
values were recorded in samples of ADV biomass and, to a lesser extent,
in samples of ADV sub-crust soils. VLCA explained 8.1% of the observed
variance (p-value = 0.0002); its highest values were recorded in samples
of ADV sub-crust soils.

The PCA performed on all the available samples (Fig. 4.C.) confirmed
poor differentiation of samples of bare soils, FAC biomass and FAC sub-
crust soils, and higher content of all the analyzed main nutrients in ADV
biomass. Soils under plants and under ADV were characterized by a
higher content of n-alkanes, with higher participation of compounds
with odd and very long chains. These observations were confirmed by
LDA (Fig. 4.D.), showing two variables that significantly differentiated
the analyzed sample types. TOC explained 13.7% of the observed vari-
ance (p-value = 0.0001); its highest values were recorded in ADV
biomass. VLCA explained 11.5% of the observed variance (p-value =
0.0002); its highest values were recorded in soils under ADV and soils
under plants. Samples of bare soils, FAC biomass and/or FAC sub-crust
soils located in Fig. 4.C and D close to the samples of soils under ADV
and/or soils under plants were collected on sites with the highest plant
cover.

3.3. Microbial biomass in the studied soils and BSCs

The mean content of total PLFA was the lowest in bare soils (7.87
nmol/g d.w., SD = 7.35). In soils under FAC it was twice as much (13.67
nmol/g d.w., SD = 5.40). In FAC biomass, total PLFA content doubled
once more and reached 25.52 nmol/g d.w. (SD = 11.52) (Fig. 5.A.). ADV
biomass and sub-crust soils were characterized by a noticeably higher
total PLFA content — 195.73 nmol/g d.w. (SD = 61.88) and 80.74 nmol/
g d.w. (SD = 65.79) respectively. Total ergosterol content showed a
similar trend - it was below the detection limit in bare soil samples,
reaching 19.42 ug/g d.w. (SD = 3.86) in soils under FAC and doubled in
FAC biomass to 30.49 pg/g d.w. (5.44) (Fig. 5.A.). In ADV biomass and
their sub-crust soils, ergosterol content was noticeably higher — 121.75
pg/g d.w. (SD = 69.52) and 79.03 pg/g d.w. (SD = 36.24) respectively.
Considering PLFA composition in the studied samples, bare soils, FAC
biomass, and their sub-crust soils showed similar profiles, with PLFA
typical for Gram-negative bacteria constituting on average over 30%
and the content of Eukaryotic PLFA below 4% (Fig. 5.B.).

Samples of ADV biomass and sub-crust soils under ADV were char-
acterized by different profiles of PLFA, namely, by noticeably higher
input of Eukaryotic PLFA (over 25% and over 10% respectively) and
lower input of PLFA typical for Gram-negative bacteria (26.53% and
18.77% respectively). The input of PLFA typical for Gram-positive
bacteria was comparable in all the samples (between 6.54% and
8.88%), with a slightly lower value for ADV biomass (3.82%). The input
of PLFA typical for non-specified bacteria was similar for bare soils, FAC
biomass and sub-crust soils (between 10.05 and 12.39), and slightly
higher for ADV biomass and sub-crust soils (19.44% and 15.18%,
respectively).



M. Metrak et al.

Geoderma Regional 33 (2023) e00636

o >
= | & B
L
[ ]
Eukaryotic [%]
TOC [%)]
1%]
—tPLFA [nmolig] - VLCA [%]
|
Pav [mgfkg]
™ | |
GN [%] [ ] Om
mong »
ﬂﬂ;’ \ [ ]
B Eukaryotic [%] ®
.I:l o
o " e =
‘T. ™
-1.0 1.0 -3 9
o [0}
~| C D L
TP [%]_g
. ToC %] TOC [%]
TN [%]'
om om
e | .
5.
D%O g
="
| |
total n-alkanes [ug/g]
mub® VLCA [%]
VLCA [%]
ACL
e
b ]
-1.0 1.0 -4 6
M bare soil [ soil under FAC (Q FAC biomass [l soil under ADV @ ADV biomass [ soil under plants

Fig. 4. A - PCA performed for all variables (including PLFA and ergosterol), with the exclusion of samples of soils under plants (eigenvalues: ; = 0.485; A, = 0.126;
Az = 0.097; A4 = 0.082). B — LDA performed for all variables (including PLFA and ergosterol), with the exclusion of samples of soils under plants (canonical ei-
genvalues: A; = 0.851; A, = 0.315, p value for canonical eigenvalues 0.0004). C — PCA performed on all samples, with the exclusion of data on PLFA and ergosterol
(eigenvalues: A; = 0.463; A2 = 0.258; A3 = 0.097; A4 = 0.079). D — LDA performed on all samples, excluding data on PLFA and ergosterol (canonical eigenvalues: A, =
0.688; 1, = 0.571, p value for canonical eigenvalues 0.0001). TN - total nitrogen content, TP — total phosphorus content, TOC - total organic carbon content, tPLFA -
total Phospholipid Fatty Acids content, GP — PLFA representing biomass of Gram-positive bacteria, GN — PLFA representing biomass of Gram-negative bacteria, NS
bact — PLFA representing biomass of non-specified bacteria, Eukaryotic — PLFA representing Eukaryotic biomass, tERG - total ergosterol content, tn-alkanes - total n-
alkanes content, CPI — carbon preference index, ACL — average chain length, VLCA — very long-chain n-alkanes.

3.4. Potential accumulation and enrichment in N, C and P in the studied
soils and BSCs

Mean TN content in bare soils (0.04%, SD = 0.02) and in soils under
FAC (0.07%, SD = 0.05), under ADV (0.08%, SD = 0.02), and under
plants (0.08%, SD = 0.04) was low and did not exceed 0.1% (Fig. 5.C.).
Concerning crust biomass, mean TN content in FAC biomass reached
comparable values as in bare and sub-crust soils (0.06%, SD = 0.04),
while in ADV biomass mean TN content was approximately ten times
higher and reached 0.35% (SD = 0.26). Mean TP content was uniform in
crust biomass (both FAC and ADV) and sub-crust soils (0.03-0.05% with
SDs between 0.00 and 0.01). However, we observed the differences in
the relative content of Pav. While it constituted around 1% of TP in

samples of bare and sub-crust soils and in FAC biomass, in ADV biomass
its share increased on average to 3.1% (SD = 2.8) (Fig. 5.C.). Mean TOC
content was the lowest in bare soils (0.27%, SD = 0.13), approximately
twice as high in FAC biomass (0.48%, SD = 0,35) and in soils under FAC
(0.51, SD = 0.47), under ADV (0.63%, SD = 0.02), and under plants
(0.67%, SD = 0.39) (Fig. 5.D.). In ADV biomass mean TOC content was
ten times higher than in bare soils (3.16%, SD = 2.28). Mean C/N ratio
values were slightly lower for bare soils and soils under FAC (around
7.0) than in other samples (around 8.0) (Fig. 5.D.).

To assess the potential accumulation of nutrients in BSCs, we
calculated ratios of TN, TOC, TP and Pav content in crust biomass to
their content in sub-crust soils. For FAC, mean values of crust to sub-
crust soil ratios for TN and TOC were 1.25 (SD = 1.10) and 1.56 (SD



M. Metrak et al.

A
300
o
s -
a1 5
= 1
o _ H
=2 200 4
0
=E 1% i}
= T
e« s
2% 100 2
o0 H
<y
® 50
— -
e o
2 o ) KN %
@ v )
< QYQ/ v 7'04/
otPLFA mtERG
6
5
4%
a.
3 [
£
2§
1
0
OTN[% ®mTP[%] ePav[%]
E
0.4 4.0
= 35
pest T 30
=)
= 25
- _
g 0.2 20
£ 15
<01 1.0
[}
s 05
—_
0 0.0

aMCA olLCA aVLCA

oCPI

Geoderma Regional 33 (2023) e00636

.
8

=3
o

(=
o

'S
o

N
o

PLFA composition [%]

—

&

oGP oGN @NSbact mEukaryotic oOther

D

6.00 12
-

5.00 I 10
40| | ! AR o
R | -

3.00 6 =
(&)

3 S
2.00 4
1.00 I IS
000 LE_L1_T1 n1i,

E & 2 S (2«2
<& ® 5
Q\r
OTOC [%] eC/N

E

100 27
=
< 80 26
O
3 60 25

£ ] 3

<

o

2 40 l 1 24

[ —

g
= 20 23

o

0 22
> O © & o o
Q Ao QO 7 7
< (ST N \{\
v )
< LN
BMCA OLCA BVLCA eACL

Fig. 5. Characteristics of organic matter in the studied samples. BS — bare soil, FAC - fungal-algal crust, FAC_S - soils under FAC, ADV - fungal-algal-lichen and
fungal-algal-lichen-moss crusts, ADV_S - soils under ADV, PLANT S - soils under plants. tPLFA -total Phospholipid Fatty Acid content, tERG - total ergosterol content.
GP - PLFA representing biomass of Gram-positive bacteria, GN — PLFA representing biomass of Gram-negative bacteria, NS bact — PLFA representing biomass of non-
specified bacteria, Eukaryotic — PLFA representing Eukaryotic biomass, Other - PLFA outside the categories mentioned above. TN — total nitrogen content, TP — total
phosphorus content, TOC - total organic carbon content, Pav in TP — available phosphorus as a percent of total phosphorus content. n-alkanes - total n-alkanes
content, CPI — carbon preference index, ACL — average chain length, MCA — mid-chain n-alkanes (C16-C21), LCA - long-chain n-alkanes (C22-C26), VLCA - very long-

chain n-alkanes (C27-C33).

= 1.29), respectively. As such, they were roughly six times lower than
TN and TOC ratios for ADV (Table 2.). For TP, mean values of crust to
sub-crust soil ratios were around 1 for both FAC (1.05, SD = 0.24) and
ADV (1.31, SD = 0.35). For Pav, mean values of crust to sub-crust soil
ratios were 2.24 (SD = 2.87) for FAC and 3.40 (SD = 3.36) for ADV. The
ranges of crust to sub-crust soil ratios for all the studied nutrients were
rather wide (Table 2.), with high SD values. For half of the FAC biomass
samples and one ADV biomass sample, the contents of TN, TOC, TP and

10

Pav were lower or equal to those in the respective subsoil.

To assess nutrient enrichment in sub-crust soils, we calculated ratios
of TN, TOC, TP and Pav content in sub-crust soils to bare soils from the
same location. We also made the same calculation for soils under
vascular plants. Mean values of sub-crust soil to bare soil ratios for TN
and TOC for ADV were comparable to the ratio calculated for sub-plant
soils (in all cases around 2.5), and higher than values calculated for FAC
sub-crust soils (for both variables 1.5). The mean values of sub-crust soil
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Table 2
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Potential accumulation of total nitrogen (TN), total organic carbon (TOC), total phosphorus (TP) and available phosphorus (Pav) in BSC biomass expressed as a ratio of
nutrient content in crust biomass to sub-crust soil and nutrient enrichment in sub-crust/sub-plant soils expressed as a ratio of nutrient content in sub-crust/sub-plant
soil to bare soil taken from the same location. TN - total nitrogen, TOC - total organic carbon, TP — total phosphorus.

Ratio of main nutrients content Statistics TN TOC TP Pav
. ) _ mean + SD 1.25 £ 1.10 1.56 + 1.29 1.05 + 0.24 2.24 + 2.87
Potential accumulation in FAC biomass to FAC sub-crust soil (N =10) | 4o (range)  0.98 (0.16-3.79)  1.39 (0.11-4.56)  1.01 (0.62-1.45)  0.98 (0.14-9.36)
in ADV biomass t0 ADV subcrust soil (v — 4y ™€ 5D 572+ 5.77 6.41 + 6.69 1.31 +0.35 3.40 + 3.36
= median (range) ~ 4.34 (0.59-13.81)  4.63 (0.56-15.81)  1.41 (0.81-1.60)  2.15 (0.95-8.36)
mean + SD 1.59 + 1.31 1.84 +2.16 1.03 = 0.24 132+1.25
in FAC sub- il to bare soil (N = 1
in FAC sub-crust sofl to bare soil (N = 10) median (range) ~ 1.30 (0.60-4.89)  1.13 (0.52-7.69) 0.9 (0.68-1.35)  1.16 (0.03-3.91)
. ) . . . mean + SD 2.41 £ 0.92 2.62 + 1.02 1.33 £ 0.35 3.50 + 2.08
Nutrient enrichment in ADV sub-crust soil to bare soil (N = 4) median (range) ~ 2.69 (1.08-3.18)  2.84 (1.20-3.61)  1.46 (0.81-1.59)  3.90 (0.92-5.30)
mean + SD 232+ 1.58 2.96 + 1.99 1.07 £ 0.22 2.16 + 2.63

in PLANT subsoil to bare soil (N = 11)

median (range)

2.17 (0.75-5.43) 2.83 (0.85-5.74) 1.10 (0.75-1.36) 1.25 (0.09-8.48)

to bare soil ratios calculated for TP were around one in all sub-crust/sub-
plant samples. However, mean values of sub-crust soil to bare soil ratios
calculated for Pav were around one only in FAC sub-crust soils. In the
case of soils under ADV and plants, mean ratios for Pav were between
two and three (Table 2.). The ranges of sub-crust/sub-plant soil to bare
soil ratios for crusts and plants were relatively wide, with high SD values
(especially for soils under FAC), except for TP (Table 2.). For half of the
FAC sub-crust soil samples, TN, TOC, TP and Pav contents were lower
than in the respective bare soil.

3.5. Origin and transformation of organic matter in the studied soils and
BSCs

The mean content of total n-alkanes was comparable in bare soils,
FAC biomass and FAC sub-crust soils and reached 0.14 pg/g d.w. (SD =
0.05), 0.16 pg/g d.w. (SD = 0.11) and 0.17 pg/g d.w. (SD = 0.10)
respectively. A slightly higher value was recorded for soils under ADV
(0.21 pg/g d.w., SD = 0.14), and noticeably higher values were observed
for ADV biomass and soils under plants — 0.31 pg/g d.w. (SD = 0.13) and
0.32 pg/g d.w. (SD = 0.11) respectively (Fig. 5.E.). The absolute content
of MCA was alike in all types of samples (approximately 0.03 pg/g d.w.),
except for ADV biomass, in which it reached 0.08 pg/g d.w. Similarly,
the absolute content of LCA was comparable in all types of samples and
ranged between 0.8 and 0.12 pg/g d.w. The biggest differences were
observed in the absolute content of VLCA, which in bare soils, FAC
biomass and FAC sub-crust soils was around 0.03 pg/g d.w., almost three
times higher VLCA content was recorded in soils under ADV (0.08 pug/g
d.w.). The highest content was measured in ADV biomass and soils
under plants - 0.11 pg/g d.w. and 0.16 pg/g d.w., respectively. CPI index
was lower for bare soils, FAC biomass and FAC sub-crust soils (between
1.17 and 1.26) and higher for ADV biomass, soils under ADV and soils
under plants (between 1.63 and 2.41) (Fig. 5.E.). Similar trends were
recorded for percentage participation of mid-, long- and very long-chain
n-alkanes, and for ACL (Fig. 5.F.). Bare soils, FAC biomass and FAC sub-
crust soils were characterized by the domination of long-chain n-alkanes
constituting around 60% of the total n-alkanes content. Mid-chain and
very long-chain n-alkanes constituted approximately 20% each in these
types of samples. Samples of ADV biomass were characterized by the
highest relative content of mid-chain n-alkanes (~27%), with long and
very long chain n-alkanes constituting approximately 35% each. In soils
under ADV and under plants, the relative content of mid-chain n-alkanes
was the lowest (approximately 16% and 11%, respectively), and the
relative content of very long-chain n-alkanes was the highest (approxi-
mately 40% and 53%, respectively). The content of long-chain n-alkanes
in soils under ADV and under plants was around 40%. Accordingly, bare
soils, FAC biomass and FAC sub-crust soils were characterized by lower
ACL index (between 23.79 and 23.99), while ADV biomass, ADV sub-
crust soils and soils under plants - by higher ACL index (between
24.01 and 25.85).
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4. Discussion
4.1. BSC cover and distribution in the Uisu Glacier foreland

We expected a well-developed cover of BSCs in the Uisu Glacier
foreland since crusts are often described as dominants covering between
30% and 90% of ground surfaces in deglaciated areas and in hot and cold
deserts (Biidel et al., 2014; Garibotti et al., 2018; Janatkova et al., 2013;
Jung et al., 2018; Rippin et al., 2018; Rosentreter and Belnap, 2001;
Wietrzyk-Petka et al., 2021). However, according to our field observa-
tions, BSC cover in the foreland of the Uisu Glacier was significantly
lower than in the majority of the available literature, with simple crusts
covering on average 14% of the studied area and advanced crusts
covering on average 1.1% of the studied area. As most of the available
data on BSC come from regions with Mean Annual Precipitation (MAP)
values higher than for the north-eastern part of the Pamir Mountains (ca.
80 mm), we believe that both air and soil moisture may explain the
observed differences in BSC cover. However, BSC cover in the Uisu
Glacier foreland is lower even in comparison to studies performed under
similar climatic conditions in the arid Himalaya (up to 40% BSC cover
with MAP below 100 mm) (Janatkova et al., 2013). Lower BSC cover
values were reported only from continental Antarctica, where Colesie
et al. (2014) found extremely scarce crusts covering 3.3% of the soil
surface in the McMurdo Dry Valleys and only 0.8% in a location in the
Darwin Mountains. While mean annual precipitation in these areas is
comparable to values typical for the Uisu Glacier foreland (~100 mm),
the temperature regime is far more extreme, with a mean annual air
temperature of -20 °C and only brief periods of temperatures above zero
during summer (Hund, 2014), being probably a reason behind such low
BSC cover. BSC cover in the Uisu Glacier foreland was rather uniformly
dominated by the least advanced type of BSC (over 80% of all recorded
BSC cover in most study locations). Crusts of this type were two times
thicker in comparison to data provided by Jung et al. (2018), who re-
ported a simple crust (no lichens nor bryophytes present) with a thick-
ness of approximately 4 mm as the thickest of this type known in the
literature. Increased crust thickness observed in the Uisu Glacier fore-
land could result from the increased production of extracellular poly-
saccharides by the crust-inhabiting microorganisms as a response to
high UV levels and other stressors (Rossi and De Philippis, 2015) or/and
slower microbial biomass/necromass turnover in these conditions,
leading to higher accumulation of biomass/necromass (Aichner et al.,
2021).

The recorded changes in BSC diversity and distribution showed no
apparent connections to the distance from the glacier terminus, which
remains in accordance with observations from both Arctic and Antarctic
glacier forelands showing no correlation between distance from the
glacier terminus and accumulation of soil organic carbon and nitrogen
(Beilke and Bockheim, 2013, Wietrzyk-Petka et al., 2020, 2021). The
lack of clear chronosequence in the Uisu Glacier foreland implies that
the local environmental conditions might have a more substantial effect



M. Metrak et al.

on BSCs development and organic matter accumulation than the age of
the terrain. This observation, combined with low coverage of BSCs in
general and domination of the least advanced BSC type, indicates that
dynamic geomorphological processes frequently rejuvenating soil cover
influenced BSCs development in the Uisu Glacier foreland. Such pro-
cesses, including cryoturbation, fluvial and aeolian processes, and zoo-
turbation were previously described as disruptive factors for this area
(Chibowski et al., 2023; Gadek et al., 2022; Kabata et al., 2021). These
processes can either completely destroy crust structure or move immo-
bile organisms glued to soil particles of different sizes to deeper posi-
tions, restricting their access to light and resulting in the dying off of
photoautotrophs (Jung et al., 2018). According to several studies per-
formed in hot and cold deserts, chronic physical disturbance of BSCs
results in a loss of crust integrity, decreased coverage and macroscopic
biomass, and community compositional changes (usually decline in
BSCs richness) (e.g., Barger et al., 2006; Concostrina-Zubiri et al., 2014;
Steven et al., 2015). Disturbed sites are easily colonized by cyanobac-
teria, hence the cover of the least advanced crusts increases, and the
cover of lichen and mosses decreases (Barger et al., 2006, Con-
costrina-Zubiri et al., 2014, Steven et al., 2015). In the case of the Uisu
Glacier foreland, more advanced BSC types developed almost exclu-
sively in sheltered places with specific micro-relief and/or near the
vascular plants, where otherwise unsteady ground was stabilized and
dust accumulation was limited. This observation highlights the impor-
tance of habitat micro-structure for BSC development, which is known
from the literature (e.g., Borin et al., 2009; Garcia-Pichel et al., 2003;
Kotas et al., 2018; Wietrzyk-Petka et al., 2021). The highest diversity of
soil cover types and the highest coverage of advanced crusts were
recorded in the older and more stable terraces in the middle part of the
Uisu Glacier foreland (SP6-8), where the intensity of either glaciofluvial
or aeolian processes was restricted, and climatic conditions were the
most favorable. On the contrary, the areas close to the glacier terminus
were exposed to seasonal fluvial phenomena and cryoturbation pro-
cesses combined with the lowest temperatures (Gadek et al., 2022,
Kabala et al., 2021); and the moraines located the furthest from the
terminus were influenced by intense aeolian processes (sand and silt
accumulation) and general dryness, confirmed by the lack of the traces
of moisture-dependent cryoturbation processes (Gadek et al., 2022,
Kabala et al., 2021). These observations mirror the results from SW
Tibet, where Janatkova et al. (2013) observed the lowest enzymatic
activity of BSCs in both cold and dry ends of the environmental gradient.

4.2. Morphological diversity of BSCs from the Uisu Glacier foreland

Studies from other arid regions usually report members of several
lichen genera with diverse morphologies forming morphologically
complex advanced crusts (e.g., Belnap and Lange, 2003 and references
therein, Zedda et al., 2011). There are also many potentially crust-
forming lichen taxa reported from other localities in the Pamirs by
Kudratov and Mayrhofer (2002). Therefore, we expected well-
developed, morphologically diverse, and lichen-taxon-rich advanced
crust communities. Instead, we observed morphologically uniform,
poorly developed crusts dominated by one lichen morphospecies. Even
though more detailed analyses of our morphospecies involving molec-
ular methods could theoretically reveal the presence of additional
morphologically similar species, e.g., from the genus Rinodina or Leca-
nora, the paucity of BSC-inhabiting lichen community in our study area
is still striking. Equally surprising is the lack of cyanolichens from
investigated BSCs in our study area since these lichens are frequently
reported from drylands (e.g., Belnap and Lange, 2003 and references
therein, Zedda et al., 2011, Maier et al., 2014). Some cyanolichen taxa
(genera Gonohymenia = Lichinella, Peccania, Peltigera, Placynthium, and
Psorotichia) are also known from other locations in the Pamirs (Kudratov
and Mayrhofer, 2002). Still, none of those were found in our plots. While
this alone does not rule out that cyanolichens occur somewhere in the
Uisu Glacier foreland, they are certainly not the significant components
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of BSCs. The reasons for this paucity are probably the same as for the
overall low BSC cover observed in our study area — the combination of
extreme climatic conditions and soil surface instability. Particularly, the
lack of cyanolichens might be connected to the extremely low air hu-
midity, and overall hyperarid conditions in the valley since several
experimental studies have shown that they highly depend on the
availability of liquid water (Lange et al., 1993; Biidel et al., 2013).
However, we cannot rule out also the effects of the geographical isola-
tion of the Uisu Glacier foreland and therefore limited propagule supply,
which, combined with strong environmental filters, resulted in simpli-
fied crust-forming lichen communities. Similar factors are probably
responsible for species- and morphotype-poor soil lichen communities in
extreme ecosystems of continental Antarctica (Colesie et al., 2014).

4.3. Microbial biomass in BSCs from the Uisu Glacier foreland

Gram-negative bacteria dominated the PLFA-based microbial
biomass in all crust types, sub-crust soils, and bare soils in our study
area. This very coarse microbial group comprising the majority of
known bacterial phyla includes taxa of various biology and ecology (e.
g., Spain et al., 2009). Even though Gram-positive bacteria possess a
thicker peptidoglycan cell wall, which is known to facilitate their sur-
vival, e.g., under drought stress (Naylor and Coleman-Derr, 2018, and
references therein), Gram-negative bacteria are always reported as an
overall dominant group in soil microbial communities (e.g., Delgado-
Baquerizo et al., 2018), including BSC-forming communities (Baumann
et al., 2019; Zaady et al., 2010). Gram-negative bacteria possess hardly
permeable lipoprotein-enriched outer membranes, known to protect
them from hostile external factors, be they extreme environmental
conditions or host immune systems (Cole et al., 2021). Fanin et al.
(2019) proposed that Gram-negative bacteria use more labile C sources
than Gram-positive bacteria. In shallow and poorly transformed soils of
the Uisu Glacier foreland, these more labile forms might be, in general,
more common (e.g., microbial extracellular metabolites, decomposition
of microbial biomass, root exudates, see, e.g., Miralles et al., 2013), thus
influencing abundances of bacteria. Gram-negative and, to a lesser
extent, Gram-positive bacteria exhibited generally higher relative
abundance in all soils and FACs than in ADV crusts in our study area,
possibly indicating strong structuring of bacterial communities by crust-
forming lichens and bryophytes in well-developed crusts. Lichen species
were previously shown to possess species-specific thallus-inhabiting
bacterial communities (Grube et al., 2009) and, as a consequence, to
significantly affect the structure and abundance of bacterial commu-
nities in BSCs (Castillo-Monroy et al., 2011; Maier et al., 2014; Miralles
et al., 2020a, 2020b; Miralles et al., 2021).

The levels of the adopted eukaryotic PLFA marker (18:2w6 - linoleic
acid) were correlated to ergosterol levels (Spearman, r2 = 0.82, p <
0.001; bare soil, crust biomass, and sub-crust soils, N = 35; also evident
from Fig. 4A), suggesting that fungi comprised indeed a large part of
eukaryotic microbial biomass in our samples. Joint use of these two
fungal biomass markers is crucial for the correct interpretation of PLFA
data since linoleic acid is one of the main constituents of the membrane
lipid layer in plants (Reszczynska and Hanaka, 2020) and was also found
in some cyanobacteria (Kenyon, 1972; Kenyon et al., 1972; Potts et al.,
1987). We feel that if the analyzed samples are likely to contain algae,
lichens and bryophyte remains (and most BSC samples surely do), this
PLFA marker should always be interpreted with caution. Our results
show that the biomass of free-living microorganisms, especially fungi, in
non-crusted soils was negligible. Therefore microbial biomass and
probably activity, at least in the investigated season, was confined to
BSCs. While the simple crusts were colonized by microbial communities
dominated by Prokaryotes, including cyanobacteria, they were accom-
panied by eukaryotic microalgae (as partially indicated by 18:2w6) and
free-living fungi (as indicated by ergosterol and partially by 18:2w6).
Both these groups are known to be important components of crusts (e.g.,
Samolov et al., 2020; Bates et al., 2010), although microalgae are often
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considered of relatively little importance (e.g., Jung et al., 2018).
Finally, the most advanced BSCs harbored a high biomass of Prokaryotes
and Eukaryotes, with the highest detected levels of ergosterol and PLFA
18:206. These might largely represent lichenized fungi and their
microeukaryotic photosymbionts and, to some extent, the bryophytes
and free-living cyanobacteria. However, the latter are known to be less
abundant in lichen-dominated crusts (Wang et al., 2020). Relatively
high levels of ergosterol observed in the ADV sub-crust soil indicated the
presence of significant biomass of free-living fungi, possibly promoted
by crust-derived organic matter and metabolites, and protected from the
harsh environmental conditions by the crust biomass. The parallel use of
molecular methods to identify microbial diversity associated with
biomass-based metrics could undoubtedly improve our overall under-
standing of the relationships between different BSC-forming organisms
but was behind the scope of the present study.

4.4. Nutrient content and potential accumulation in crust biomass, and
nutrient enrichment in sub-crust soils from the Uisu Glacier foreland

The TOC, TN, and TP values in bare soils from the Uisu Glacier
foreland fit well into the ranges described by Kabata et al. (2021) for
topsoils (0-5 cm) from this location. Kabata et al. (2021) observed that
the diversification of nutrient content in topsoils along the foreland was
relatively low. In most locations, topsoil TOC content ranged between
0.1% and 0.2%; TN content ranged between 0.01% and 0.02%, and TP
content showed uniform values around 0.01%. However, TOC and TN
contents in topsoil from locations near the glacier terminus and on the
moraines at the far end of the foreland (Fig. 1.) were usually lower than
the given ranges (in the case of TOC, even ten times lower). On the other
hand, topsoils from locations in the middle part of the foreland, where
the most abundant plant cover was observed, had TOC and TN values
approximately ten times higher than the given ranges (Kabata et al.,
2021). We observed similar trends in the bare soils described in this
study. In the case of TP content, bare soils from the Uisu Glacier foreland
had uniform values regardless of the location; and Pav values, while
diversified in bare soils, were distributed randomly with no apparent
connection to the part of the foreland.

Comparison of results for crusts biomass and sub-crust soils from the
Uisu Glacier foreland with data obtained for crusts and soils in other
regions shows that TOC, TN and TP content in our samples should be
recognized as low, even against results from other arid or cold areas
(Bastida et al., 2014; Baumann et al., 2019; Borchhardt et al., 2019;
Chamizo et al., 2012; Jung et al., 2018; Mager, 2010) (Table 3.).

However, samples of advanced crust biomass collected in the middle
part of the Uisu Glacier foreland were a notable exception, with TOC and
TN content lower only in comparison to single samples from Andes and
Spitsbergen (Wietrzyk-Petka et al., 2020, Pérez, 1997) (Table 3.). In case
of TP content no noticeable increase was observed in any sample type
from the Uisu Glacier foreland. Yet, the percentage share of Pav in TP
was the highest in the biomass of advanced crusts, suggesting increased
P mobilization due to potentially higher microbial activity in this type of
BSCs (as in Baumann et al., 2019 and Borchhardt et al., 2019). This
assumption is, to some extent, confirmed by PLFA and ergosterol as
markers of living microbial biomass, which were negligible in bare soils
and increased noticeably with the growing complexity of the crusts.

The accumulation of TN, TOC, TP and Pav in crust biomass as
compared to sub-crust soil did not occur in all the samples, as for half of
the FAC samples and one ADV sample, the contents of these elements in
crust biomass were lower or equal to those in the respective sub-crust
soil (Table 2.). Same trend, though less intense, was noticeable even
for Pav. There are several potential non-contradictory explanations for
this observation. First, it may be caused by some nutrients leaching
down the soil profile (under hyperarid conditions, mainly during the
freeze-thaw cycle), which is commonly reported from other studies on
BSCs (e.g., Ferrenberg et al., 2022; Young et al., 2022). It was found that
less-developed crusts formed predominantly by cyanobacteria were less
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Table 3

Comparison of TOC, TN and TP content in crusts, soils under crusts and soils
under vascular plants obtained for the Uisu Glacier foreland with available
literature data.

TOC TN [%] TP [%] References
[%]
SIMPLE CRUSTS
NE Pamir, 0.16%—  0.03%- 0.03%- .y
Tajikistan ~ 1.36% 0.16% 0.05% ¥
.06% %-0.25% 1% © o ’
data 6.06% 0-0.25% 0.1% Mager, 2010
ADVANCED CRUSTS
NE Pamir, 0.40%—  0.05%- 0.04%— o d
Tajikistan ~ 5.79%  0.66% 0.07% Y
Bastida et al., 2014,
Borchhardt et al., 2019,
Ral"lge of 0.20%- 0.10%- orc 1_11rcr et 11 () ),
literature 20% 0.90% 0.1% Chamizo et al., 2012, Pérez,
data ) 1997, Wietrzyk-Petka et al.,
2020
SOILS UNDER BSCs/CRYPTOGAM COVER
NE Pamir, 0.20%—  0.03%- 0.03%- oy
Tajikistan ~ 1.52% 0.17% 0.05% Y
f
Ralri’tger‘i o 002%  0.05%- Bastida et al., 2014,
daetaa e 136% 0.07% Vilmundardottir et al., 2015
SOILS UNDER VASCULAR PLANTS (ALPINE SPECIES)
NE Pamir, 0.22%—  0.03%- 0.02% o ud
Tajikistan ~ 1.32% 0.15% 0.04% Y
1.92% 0.17% 0.1% arinett et at,, 202°, shang
data et al., 2021

able to retain the nutrients (mostly C and N) than advanced BSC types
(Ferrenberg et al., 2022, Young et al., 2022), which to some extent
corroborates our results. Moreover, Young et al. (2022) suggested that
cyanobacteria-derived metabolites (e.g., C-rich photosynthates) could
potentially stimulate N-fixation by associated diazotrophic bacterial
communities in the “cyanosphere” developed under these crusts, which
can also explain the differences in N content. Finally, generally pro-
longed residence time of organic matter in soils under dry and cold
climate could enable nutrient enrichment in soils under crusts (see
Aichner et al., 2021), visible also in our results. Moreover, we should
keep in mind that the C:N ratio of crust biomass was very similar to the
C:N ratio of sub-crust soils, which according to Janssen (1996), shows
that neither accumulation nor dissimilation of organic N and C is
preferred, and the C:N ratio retains its value.

Generally, the main reason for the relatively low nutrient content in
crusts and soils from the Uisu Glacier foreland is probably the extremely
cold and extremely dry climate typical for the NE part of the Pamir
Mountains. Under such a climate, the development of soils is signifi-
cantly hampered. According to Kabata et al. (2021), the development of
soils in the valley has a very low intensity due to climate-caused water
deficit, which limits chemical weathering and solute transport in soils.
Moreover, low temperatures and aridity, combined with high UV irra-
diation typical for high-altitude habitats and with continuous disruption
of soil cover due to periglacial and aeolian processes, negatively impact
the condition of microbial soil communities, preventing the develop-
ment of more advanced and diversified forms of BSCs, with biomass-rich
taxa and higher potential for soil enrichment (e.g., Jung et al., 2018;
Marinetti et al., 2021; Rehakova et al., 2011; Rippin et al., 2018). The
extreme climate and soil instability also restrict the cover of vascular
plants in the foreland (e.g., Janatkova et al., 2013; Jung et al., 2018;
Marinetti et al., 2021). Considering the limitations mentioned above,
soils in the Uisu Glacier foreland are exceedingly poor in organic carbon,
with carbon pool among the smallest reported in glacier forelands ac-
cording to Kabata et al. (2021), low in nitrogen and in phosphorus, as P
release from minerals is significantly restricted due to water deficit.
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4.5. Impact of BSCs on soil C, N and P pool as compared to vascular
plants

On average, a comparison of TN and TOC content in soils under
crusts and under vascular plants with nutrient content in bare soils from
the same locations showed enrichment of sub-crust soils by a factor of
1.5 for simple crusts and at least 2.5 for advanced crusts and vascular
plants. These values are in accordance with Chamizo et al. (2012), who
estimated that BSCs could increase soil C content by 300% and soil N
content by 200%. However, we must remember that half of the FAC sub-
crust soils contained amounts of TN and TOC similar to or even lower
than the bare soils from the same location. These inconsistencies might
result from the leaching and prolonged residence time of organic matter
described in the previous chapter. Nevertheless, the recorded values
indicate significant potential for accumulation of organic carbon and
nitrogen under crusts and plants even in extreme hyperarid conditions.
Usually, nutrient storage occurs during the non-growing season, when
crusts remain dry and inactive, and nutrient cycling occurs during the
growing season upon wetting and activation of crusts (Couradeau et al.,
2017, Garibotti et al., 2018). In the Uisu Glacier foreland, the efficiency
of potential carbon and nitrogen accumulation was related to the
development of crust morphological structure, as more advanced crusts
with many biomass-rich taxa accumulate nutrients more efficiently than
simple crusts (both in crust biomass and in sub-crust soil). The same
trend was described by Chamizo et al. (2012), who observed that lichen
and moss crusts had twice as much organic carbon in biomass and in
topsoils as cyanobacterial crusts. Moreover, Jung et al. (2018) recorded
the highest soil C content in soils under crusts dominated by bryophytes.
For nitrogen, the content in lichen and moss crusts was 1.5 times as
much as in cyanobacterial crusts (Chamizo et al., 2012). In samples from
the Uisu Glacier foreland, values of TOC and TN content in soils under
advanced crusts were similar to those recorded for these parameters in
soils under vascular plants. Interestingly, the ratio of TP in sub-crust
soils (and soils under plants) to BSs in the samples from the Uisu
Glacier foreland was always around one, and no indications of potential
accumulation were observed. However, if Pav is taken into account, the
results indicate an accumulation of labile P forms in soils under crusts
and vascular plants, which remains in accordance with Baumann et al.
(2019) and Borchhardt et al. (2019), who observed that biological soil
crusts convert stable P forms into labile ones. This conversion, in turn,
supports plant colonization (Borchhardt et al., 2019) and might be
another factor (in addition to ground stabilization by plants) leading to
the co-occurrence of advanced crusts and vascular plants in the Uisu
Glacier foreland. In some cases, we even observed that BSCs were
established directly on dead plant biomass (Supplementary Materials 2),
possibly providing both shelter and nutrients to the growing crust.

4.6. Origin and transformation of organic matter in BSCs, sub-crust soils
and soils under vascular plants

In all the studied samples dominated either long-chain (C22-C26) or
very long-chain n-alkanes (C27-C33). The latter were described as
typical for vascular plants (Carrizo et al., 2019; Ofiti et al., 2021), hence
their high absolute and percentage content in our samples of soil under
plants and of ADV biomass and sub-crust soil (this type of BSC was very
often located near vascular plants). Long-chain n-alkanes were described
by Carrizo et al. (2019) as of bryophyte origin. Thus, we expected them
to dominate in ADV biomass and sub-crust soil. However, no such trend
was recorded, as LCA absolute content was similar in all types of our
samples, and LCA relative content was the highest in bare soils, FAC
biomass, and sub-crust soil. Considering the detailed analysis of lipid
content in vascular plants from the Uisu Glacier foreland performed by
Metrak et al. (2021), n-alkanes C23-C25 were among the dominants in
both above- and underground parts of the studied plants. Therefore,
some LCA in our samples can be of vascular plant origin. This obser-
vation can be confirmed by Taylor et al. (2019), who recorded an
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increase in C23 and C25 n-alkanes in peat, accompanied by a decrease in
bryophyte remains and an increase in tree remains. LCA can potentially
be formed during the bacterial decomposition of vascular plant waxes
(Taylor et al., 2019; Zech et al., 2011). The presence of lipids derived
directly or indirectly from vascular plants in all of our studied samples
(including bare soils) indicates that organic matter in the foreland soils
is well mixed and distributed uniformly, probably by aeolian, fluvial and
cryoturbation processes. Thus, the differences from the background
organic matter composition can be observed only in and under biolog-
ically active soil cover types, in which noticeable amounts of fresh
organic matter can be produced relatively quickly, primarily due to the
presence of mosses and vascular plants. In our case, these differences
were domination or high content of VLCA in soils under plants and
under ADV, and high content of MCA, especially lichen-related C17
(Cabrerizo et al., 2016), in ADV biomass. The same samples were
characterized by higher CPI values of n-alkanes, which were otherwise
around 1. Such values indicate significant degradation of organic matter
(Ofiti et al., 2021), possibly to some extent amplified by high UV irra-
diation (e.g., Zhou et al., 2019) and by the admixture of reworked
organic matter, typical for ice proximal and perglacial environments
(Duncan et al., 2018; Wojcik et al., 2021). These results are again
somewhat corroborated by our field observations of BSCs colonizing
dead plant remains (Supplementary Material 2).

5. Summary

In the dry high-altitude foreland of the Uisu Glacier (Pamir Moun-
tains, Tajikistan), the dominating type of biologically active soil cover
was BSCs, among which poorly developed crusts (FACs) prevailed.
Compared to advanced crusts (FALCS and FALMCs), FACs accumulated
less total N, total organic C and available P in their biomass. Yet, they
were still the main biological soil-forming factor (next to the plants,
which had small cover), given that stones and bare soils covered most of
the area and that the biomass of microorganisms in non-crusted soils was
negligible. Thus, at least in the investigated season, microbial biomass
and probably activity were confined to BSCs.

Soil-forming properties of BSCs were confirmed by the enrichment of
sub-crust soils in total N, total organic C and available P. This process
was noticeable in both poorly developed and advanced crusts yet was
more evident in the latter. Moreover, the average enrichment observed
for soils under advanced crusts was similar to the results obtained for
soils under vascular plants, thus emphasizing the potential importance
of BSCs in such extreme environments as the one we investigated.

In all types of the studied samples, including bare soils, organic
matter composition was dominated by n-alkanes between C22 and C33,
which can be derived directly or indirectly (via microbial decomposition
of cuticular waxes) from vascular plants. This observation indicates that
organic matter in the soils of the Uisu Glacier foreland is well mixed and
distributed uniformly, probably by aeolian, fluvial and cryoturbation
processes. As a result, the differences from the background organic
matter composition can be observed only in and under biologically
active soil cover types, in which noticeable amounts of fresh organic
matter can be produced relatively quickly, mostly due to the presence of
mosses and vascular plants (namely, ADV crusts and sub-crust soils and
soils under plants).

6. Conclusions

In the context of further aridification projected for the area of Pamir
and the whole Central Asia (Normatov and Normatov, 2020; Punkari
etal., 2014), we may expect restricted access to water and nutrients (due
to decreased rate of decomposition and mineralization), resulting in
limitation of ecological niches available for vascular plants. Thus, the
BSCs could potentially become the most important or even the sole
player in the accumulation of soil nutrients in many areas. Poikilohydric
lichens and bryophytes are better adapted to extreme environmental
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conditions than vascular plants and can withstand prolonged droughts
in a dormant state. Nevertheless, ongoing warming, precipitation, and
snow cover alterations will negatively impact these BSC-forming or-
ganisms (van Zuijlen et al., 2021, Berdugo et al., 2022). Under hyperarid
conditions combined with intense periglacial and aeolian processes in
the Uisu Glacier foreland, we observed the paucity of lichen taxa, a
relatively small cover of lichen-dominated crusts, and the lack of cya-
nolichens. As a result, the bioweathering of the underlying soil and rock,
and the atmospheric nitrogen-fixing ability, which are some of the
fundamental roles of BSCs in their environments (Elbert et al., 2012), are
in our system restricted mainly to the free-living Prokaryotic part of the
microbial BSC-forming community, and this might be the general
feature of similar extreme ecosystems. Over the course of aridification,
the development of these Prokaryota-dominated BSCs may be further
facilitated by increased input of necromass of vascular plants and
cryptogams (Nejidat et al., 2016, Berdugo et al., 2021, van Zuijlen et al.,
2021). The establishment of BSCs on the dead plant remains observed
during our fieldwork in the Uisu Glacier foreland may potentially be a
part of such a process. Nevertheless, since the simple crusts are known to
have relatively poor multifunctionality (as defined by Pietrasiak et al.,
2013 - C and N fixation, and soil aggregate stabilization) and bio-
weathering capabilities (Agnelli et al., 2021), we can expect that soil
formation in the Uisu Glacier foreland will still be a relatively slow
process, even in the face of all the potential changes driven by the ari-
dification. However, the questions of the taxonomic identity of
BSC-forming organisms, the characterization of different nutrient pools
associated with them, their role in bioweathering, nutrient mobilization,
leaching, and accumulation, and finally, the relationships between BSCs
and plant-derived organic matter all need to be further studied in more
detail, and using more advanced methods, to better understand the
processes of soil formation in high-altitude periglacial areas in hyperarid
regions of the world, and to assess the impact of future climate change
on these unique ecosystems.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Raw data are presented in the supplementary on-line materials.
Acknowledgments

This work was supported by the Polish National Science Centre
grants number 2017/25/B/ST10/00468, 2016/23/B/NZ8/00897 and
2015/19/B/NZ9/00473. The authors express their gratitude to Monika
Chmielewska and Marcin Sulwinski, Ph.D., for conducting laboratory
analyses.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.geodrs.2023.e00636.

References

Agnelli, A., Corti, G., Massaccesi, L., Ventura, S., D’Acqui, L., 2021. Impact of biological
crusts on soil formation in polar ecosystems. Geoderma 401. https://doi.org/
10.1016/j.geoderma.2021.115340. Article 115340.

Aichner, B., Gierga, M., Stolz, A., Metrak, M., Wilk, M., Suska-Malawska, M., Mischke, S.,
Sachse, D., Rajabov, 1., Rethemeyer, J., 2021. Do radiocarbon ages of plant wax
biomarkers agree with 14c-toc/osl-based age models in an arid high-altitude lake
system? Radiocarbon 63 (6), 1575-1590. https://doi.org/10.1017/RDC.2021.78.

Aizen, V.B., 2011. Pamirs. In: Singh, V.P., Singh, P., Haritashya, U.K. (Eds.),
Encyclopedia of Snow, Ice and Glaciers. Springer, Netherlands, pp. 13-815.

15

Geoderma Regional 33 (2023) e00636

Baath, E., 2001. Estimation of fungal growth rates in soil using 14C-acetate incorporation
into ergosterol. Soil Biol. Biochem. 33 (14), 2011-2018. https://doi.org/10.1016/
S0038-0717(01)00137-7.

Barandun, M., Fiddes, J., Scherler, M., Mathys, T., Saks, T., Petrakov, D., Hoelzle, M.,
2020. The state and future of the cryosphere in Central Asia. Water Secur. 11,
100072 https://doi.org/10.1016/j.wasec.2020.100072.

Bardgett, R.D., Richter, A., Bol, R., Garnett, M.H., Baumler, R., Xu, X., Lopez-Capel, E.,
Manning, D.A., Hobbs, P.J., Hartley, L.R., Wanek, W., 2007. Heterotrophic microbial
communities use ancient carbon following glacial retreat. Biol. Lett. 3 (5), 487-490.
https://doi.org/10.1098/rsbl.2007.0242.

Barger, N.N., Herrick, J.E., Van Zee, J., et al., 2006. Impacts of biological soil crust
disturbance and composition on C and N loss from water erosion. Biogeochemistry
77, 247-263. https://doi.org/10.1007/s10533-005-1424-7.

Bashour, LI, Sayegh, A.H., 2007. Methods of Analysis for Soils of Arid and Semi-Arid
Regions. FAO, Rome (Italy). https://www.semanticscholar.org/paper/Methods-of-a
nalysis-for-soils-of-arid-and-semi-arid-Bashour-Sayegh/b313a557b2a591fcf690da
74e88bf004dea56e3a [accessed 20.06.2022].

Bastida, F., Jehmlich, N., Ondono, S., Von Bergen, M., Garcia, C., Moreno, J., 2014.
Characterization of the microbial community in biological soil crusts dominated by
Fulgensia desertorum (Tomin) Poelt and Squamarina cartilaginea (with.) P. James
and in the underlying soil. Soil Biol. Biochem. 76, 70-79. https://doi.org/10.1016/j.
s0ilbio.2014.05.004.

Bates, S.T., Garcia-Pichel, F., Nash, T.H., 2010. Fungal components of biological soil
crusts: insights from culture dependent and culture independent studies. Bibl
Lichenol. 105, 197-210.

Baumann, K., Siebers, M., Kruse, J., Eckhardt, K.U., Hu, Y., Michalik, D., Siebers, N.,
Kar, G., Karsten, U., Leinweber, P., 2019. Biological soil crusts as key player in
biogeochemical P cycling during pedogenesis of sandy substrate. Geoderma 338,
145-158. https://doi.org/10.1016/j.geoderma.2018.11.034.

Beckett, R.P., Zavarzina, A.G., Liers, C., 2013. Oxidoreductases and cellulases in lichens:
possible roles in lichen biology and soil organic matter turnover. Fungal Biol. 117
(6), 431-438. https://doi.org/10.1016/j.funbio.2013.04.007.

Beilke, A.J., Bockheim, J.G., 2013. Carbon and nitrogen trends in soil chronosequences
of the Transantarctic Mountains. Geoderma 197-198, 117-125. https://doi.org/
10.1016/j.geoderma.2013.01.004.

Belnap, J., Lange, O.L., 2003. Biological Soil Crusts: Structure, Function, and
Management. (Ecological Studies: Vol. 150). Springer-Verlag Berlin Heidelberg, New
York.

Berdugo, M., Vidiella, B., Solé, R.V., Maestre, F.T., 2022. Ecological mechanisms
underlying aridity thresholds in global drylands. Func. Ecol. 36, 4-23. https://doi.
org/10.1111/1365-2435.13962.

Borchhardt, N., Baum, C., Thiem, D., Karsten, U., Leinweber, P., Hrynkiewicz, K., 2019.
Soil microbial phosphorus turnover and identity of algae and fungi in biological soil
crusts along a transect in a glacier foreland. Eur. J. Soil Biol. 91, 9-17. https://doi.
org/10.1016/j.ejsobi.2018.12.006.

Borin, S., Ventura, S., Tambone, F., Mapelli, F., Schubotz, F., Brusetti, L., Scaglia, B.,
D’Acqui, L., Solheim, B., Turicchia, S., Marasco, R., Hinrichs, K.U., Baldj, F.,
Adani, F., Daffonchio, D., 2009. Rock weathering creates oases of life in a high Arctic
desert. Environ. Microbiol. 12, 293-303. https://doi.org/10.1111/j.1462-
2920.2009.02059.x.

Bowker, M.A., Miller, M.E., Belnap, J., Sisk, T.D., Johnson, N.C., 2008. Prioritizing
conservation effort through the use of biological soil crusts as ecosystem function
indicators in an arid region. Conserv. Biol. 22 (6), 1533-1543. https://doi.org/
10.1111/j.1523-1739.2008.01036.x.

ter Braak, C.J.F., Smilauer, P., 1998. CANOCO Reference Manual and User’s Guide to
CANOCO for Windows: Software for Canonical Community Ordination (Version 4).
Microcomputer Power, Ithaca NY.

Breen, K., Lévesque, E., 2008. The influence of biological soil crusts on soil
characteristics along a high Arctic glacier foreland, Nunavut. Canada Arct. Antarct.
Alp. Res. 40 (2), 287-297. https://doi.org/10.1657/1523-0430(06-098)[BREEN]
2.0.CO;2.

Brodo, I.M., Sharnoff, S.D., Sharnoff, S., 2001. Lichens of North America. Yale University
Press, New Haven.

Biidel, B., Vivas, M., Lange, O.L., 2013. Lichen species dominance and the resulting
photosynthetic behavior of Sonoran Desert soil crust types (Baja California, Mexico).
Ecol. Process. 2, 6. https://doi.org/10.1186/2192-1709-2-6.

Biidel, B., Colesie, C., Green, T., Grube, M., Lazaro, R., Loewen-Schneider, K., Maier, S.,
Peer, T., Pintado, A., Raggio, J., Ruprecht, U., Sancho, L., Schroeter, B., Tiirk, R.,
Weber, B., Wedin, M., Westberg, M., Briegel-Williams, L., Zheng, L., 2014. Improved
appreciation of the functioning and importance of biological soil crusts in Europe:
the soil crust international project (SCIN). Biodivers. Conserv. 23 https://doi.org/
10.1007/510531-014-0645-2.

Bush, R., McInerney, F., 2013. Leaf wax n-alkane distributions in and across modern
plants: implications for paleoecology and chemotaxonomy. Geochim. Cosmochim.
Acta 117, 161-179. https://doi.org/10.1016/j.gca.2013.04.016.

Cabrerizo, A., Tejedo, P., Dachs, J., Benayas, J., 2016. Anthropogenic and biogenic
hydrocarbons in soils and vegetation from the South Shetland Islands (Antarctica).
Sci. Total Environ. 569-570, 1500-1509. https://doi.org/10.1016/j.
gca.2013.04.016.

Capkova, K., Hauer, T., Rehakova, K., Dolezal, J., 2016. Some like it high! Phylogenetic
diversity of high-elevation cyanobacterial community from biological soil crusts of
Western Himalaya. Microb. Ecol. 71 https://doi.org/10.1007/500248-015-0694-4.

Carrizo, D., Sanchez-Garcia, L., Javier Menes, R., Garcia-Rodriguez, F., 2019.
Discriminating sources and preservation of organic matter in surface sediments from
five Antarctic lakes in the Fildes peninsula (King George Island) by lipid biomarkers


https://doi.org/10.1016/j.geodrs.2023.e00636
https://doi.org/10.1016/j.geodrs.2023.e00636
https://doi.org/10.1016/j.geoderma.2021.115340
https://doi.org/10.1016/j.geoderma.2021.115340
https://doi.org/10.1017/RDC.2021.78
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0015
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0015
https://doi.org/10.1016/S0038-0717(01)00137-7
https://doi.org/10.1016/S0038-0717(01)00137-7
https://doi.org/10.1016/j.wasec.2020.100072
https://doi.org/10.1098/rsbl.2007.0242
https://doi.org/10.1007/s10533-005-1424-7
https://www.semanticscholar.org/paper/Methods-of-analysis-for-soils-of-arid-and-semi-arid-Bashour-Sayegh/b313a557b2a591fcf690da74e88bf004dea56e3a
https://www.semanticscholar.org/paper/Methods-of-analysis-for-soils-of-arid-and-semi-arid-Bashour-Sayegh/b313a557b2a591fcf690da74e88bf004dea56e3a
https://www.semanticscholar.org/paper/Methods-of-analysis-for-soils-of-arid-and-semi-arid-Bashour-Sayegh/b313a557b2a591fcf690da74e88bf004dea56e3a
https://doi.org/10.1016/j.soilbio.2014.05.004
https://doi.org/10.1016/j.soilbio.2014.05.004
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0050
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0050
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0050
https://doi.org/10.1016/j.geoderma.2018.11.034
https://doi.org/10.1016/j.funbio.2013.04.007
https://doi.org/10.1016/j.geoderma.2013.01.004
https://doi.org/10.1016/j.geoderma.2013.01.004
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0065
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0065
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0065
https://doi.org/10.1111/1365-2435.13962
https://doi.org/10.1111/1365-2435.13962
https://doi.org/10.1016/j.ejsobi.2018.12.006
https://doi.org/10.1016/j.ejsobi.2018.12.006
https://doi.org/10.1111/j.1462-2920.2009.02059.x
https://doi.org/10.1111/j.1462-2920.2009.02059.x
https://doi.org/10.1111/j.1523-1739.2008.01036.x
https://doi.org/10.1111/j.1523-1739.2008.01036.x
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0085
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0085
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0085
https://doi.org/10.1657/1523-0430(06-098)[BREEN]2.0.CO;2
https://doi.org/10.1657/1523-0430(06-098)[BREEN]2.0.CO;2
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0095
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0095
https://doi.org/10.1186/2192-1709-2-6
https://doi.org/10.1007/s10531-014-0645-2
https://doi.org/10.1007/s10531-014-0645-2
https://doi.org/10.1016/j.gca.2013.04.016
https://doi.org/10.1016/j.gca.2013.04.016
https://doi.org/10.1016/j.gca.2013.04.016
https://doi.org/10.1007/s00248-015-0694-4

M. Metrak et al.

and compound-specific isotopic analysis. Sci. Total Environ. 672, 657-668. https://
doi.org/10.1016/j.scitotenv.2019.03.459.

Carrizo, D., Sanchez-Garcia, L., Menes, R.J., Garcia-Rodriguez, F., 2019. Discriminating
sources and preservation of organic matter in surface sediments from five Antarctic
lakes in the Fildes Peninsula (King George Island) by lipid biomarkers and
compound-specific isotopic analysis. Sci. Total Environ. 672, 657-668. https://doi.
org/10.1016/j.scitotenv.2019.03.459.

Castillo-Monroy, A.P., Bowker, M.A., Maestre, F.T., Rodriguez-Echeverria, S.,

Martinez, 1., Barraza-Zepeda, C.E., Escolar, C., 2011. Relationships between
biological soil crusts, bacterial diversity and abundance, and ecosystem functioning:
insights from a semi-arid Mediterranean environment. J. Veg. Sci. 22, 165-174.
https://doi.org/10.1111/j.1654-1103.2010.01236.x.

Chamizo, S., Cantdn, Y., Miralles-Mellado, 1., Domingo, F., 2012. Biological soil crust
development affects physicochemical characteristics of soil surface in semiarid
ecosystems. Soil Biol. Biochem. 49, 96-105. https://doi.org/10.1016/j.
s0ilbio.2012.02.017.

Chen, J., Blume, H.-P., Beyer, L., 2000. Weathering of rocks induced by lichen
colonization — a review. Catena 39 (2), 121-146. https://doi.org/10.1016/50341-
8162(99)00085-5.

Chibowski, P., Zegarek, M., Zarzycka, A., Suska-Malawska, M., 2023. Ecosystem
engineers in the extreme: The modest impact of marmots on vegetation cover and
plant nitrogen and phosphorus content in a cold, extremely arid mountain
environment. Ecol. Evol. 13, €9948. https://doi.org/10.1002/ece3.9948.

Cole, G.B., Bateman, T.J., Moraes, T.F., 2021. The surface lipoproteins of gram-negative
bacteria: protectors and foragers in harsh environments. J. Biol. Chem. 296, 100147
https://doi.org/10.1074/jbc.REV120.008745.

Colesie, C., Gommeaux, M., Green, T., Biidel, B., 2014. Biological soil crusts in
continental Antarctica: Garwood Valley, southern Victoria land, and Diamond Hill,
Darwin Mountains Region. Antarct. Sci. 26 (2), 115-123. https://doi.org/10.1017/
S0954102013000291.

Concostrina-Zubiri, L., Huber-Sannwald, E., Martinez, 1., Flores Flores, J.L., Reyes-
Agiiero, J.A., Escude, A., Belnap, J., 2014. Biological soil crusts across
disturbance-recovery scenarios: effect of grazing regime on community dynamics.
Ecol. Appl. 24 (7), 1863-1877. https://doi.org/10.1890/13-1416.1.

Couradeau, E., Roush, D., Guida, B.S., Garcia-Pichel, F., 2017. Diversity and mineral
substrate preference in endolithic microbial communities from marine intertidal
outcrops (Isla de Mona, Puerto Rico). Biogeosciences 14, 311-324. https://doi.org/
10.5194/bg-14-311-2017.

Cycon, M., Markowicz, A., Borymski, S., Wéjcik, M., Piotrowska-Seget, Z., 2013.
Imidacloprid induces changes in the structure, genetic diversity and catabolic
activity of soil microbial communities. J. Environ. Manag. 131C, 55-65. https://doi.
org/10.1016/j.jenvman.2013.09.041.

De Ridder-Duine, A., Smant, W., Van der Wal, A., Van Veen, J.A., De Boer, W., 2006.
Evaluation of a simple, non-alkaline extraction protocol to quantify soil ergosterol.
Pedobiologia 50 (4), 293-300. https://doi.org/10.1016/j.pedobi.2006.03.004.

Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T.E., Benavent-Gonzdlez, A., Eldridge, D.
J., Bardgett, R.D., Maestre, F.T., Singh, B.K., Fierer, N., 2018. A global atlas of the
dominant bacteria found in soil. Science 359 (6373), 320-325. https://doi.org/
10.1126/science.aap9516.

Duncan, B., McKay, R., Bendle, J., Naish, T., Inglis, G.N., Moossen, H., Levy, R.,
Ventura, G.T., Lewis, A., Chamberlain, B., Walker, C., 2018. Lipid biomarker
distributions in Oligocene and Miocene sediments from the Ross Sea region,
Antarctica: implications for use of biomarker proxies in glacially influenced settings.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 516, 71-89. https://doi.org/10.1016/j.
palaeo.2018.11.028.

Elbert, W., Weber, B., Burrows, S., Steinkamp, J., Biidel, B., Andreae, M.O., Poschl, U.,
2012. Contribution of cryptogamic covers to the global cycles of carbon and
nitrogen. Nat. Geosci. 5, 459-462. https://doi.org/10.1038/NGEO1486.

Escolar, C., Martinez, 1., Bowker, M.A., Maestre, F.T., 2012. Warming reduces the growth
and diversity of biological soil crusts in a semi-arid environment: implications for
ecosystem structure and functioning. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 367
(1606), 3087-3099. https://doi.org/10.1098/rstb.2011.0344.

Fanin, N., Kardol, P., Farrell, M., Nilsson, M.-C., Gundale, M., Wardle, D., 2019. The ratio
of gram-positive to gram-negative bacterial PLFA markers as an indicator of carbon
availability in organic soils. Soil Biol. Biochem. 128, 11-114. https://doi.org/
10.1016/j.s0ilbio.2018.10.010.

Ferrenberg, S., Tucker, C.L., Reibold, R., Howell, A., Reed, S.C., 2022. Quantifying the
influence of different biocrust community states and their responses to warming
temperatures on soil biogeochemistry in field and mesocosm studies. Geoderma 409,
115633. https://doi.org/10.1016/j.geoderma.2021.115633.

Finaev, A., Liu, S., Bao, W., Li, J., 2016. Climate change and water potential of the Pamir
mountains. Geogr. Environ. Sustain. 9, 88-105. https://doi.org/10.15356/2071-
9388_03v09_2016_06.

Frostegard, A., Tunlid, A., Bath, E., 1993. Phospholipid fatty acid composition, biomass,
and activity of microbial communities from two soil types experimentally exposed to
different heavy metals. Appl. Environ. Microbial. 59 (11), 3605-3617. https://doi.
org/10.1128/aem.59.11.3605-3617.1993.

Gadek, B., Rojan, E., Suska-Malawska, M., 2022. Glacier surge without disturbance of the
foreland relief, eastern Pamir, Tajikistan. Miscell. Geograph. — Reg. Stud. Develop.
26 (2) https://doi.org/10.2478/mgrsd-2022-000.

Garcia-Pichel, F., Johnson, S.L., Youngkin, D., Belnap, J., 2003. Small-scale vertical
distribution of bacterial biomass and diversity in biological soil crusts from arid
lands in the Colorado plateau. Microb. Ecol. 46 (3), 312-321. https://doi.org/
10.1007/500248-003-1004-0.

16

Geoderma Regional 33 (2023) e00636

Garibotti, 1., Polo, M., Tabeni, S., 2018. Linking biological soil crust attributes to the
multifunctionality of vegetated patches and interspaces in a semiarid shrubland.
Funct. Ecol. 32 https://doi.org/10.1111/1365-2435.13044.

Graham, L.E., Graham, J.M., Wilcox, L.W., Cook, M.E., Arancibia-Avila, P., Knack, J.J.,
2018. Evolutionary roots of plant microbiomes and biogeochemical impacts of
nonvascular autotroph-microbiome systems over deep time. Int. J. Plant Sci. 179 (7),
505-522. https://doi.org/10.1086,/698709.

Green, T., Pintado, A., Raggio, J., Sancho, L., 2018. The lifestyle of lichens in soil crusts.
Lichenologist 50 (3), 397-410. https://doi.org/10.1017/50024282918000130.

Grube, M., Cardinale, M., De Castro, J.V., Miiller, H., Berg, G., 2009. Species-specific
structural and functional diversity of bacterial communities in lichen symbioses.
ISME J. 3, 1105-1115. https://doi.org/10.1038/ismej.2009.63.

Guan, P., Zhanga, X., Yu, J., Cheng, Y., Li, Q., Andriuzzi, W., Liang, W., 2018. Soil
microbial food web channels associated with biological soil crusts in desertification
restoration: the carbon flow from microbes to nematodes. Soil Biol. Biochem. 116,
82-90. https://doi.org/10.1016/j.s0ilbio.2017.10.003.

Hugonnet, R., McNabb, R., Berthier, E., Menounos, B., Nuth, C., Girod, L., Farinotti, D.,
Huss, M., Dussaillant, L., Brun, F., Kadb, A., 2021. Accelerated global glacier mass
loss in the early twenty-first century. Nature 592, 726-731. https://doi.org/
10.1038/541586-021-03436-z.

Hund, A.J., 2014. Antarctica and the Arctic circle: a geographic encyclopedia of the
Earth’s polar regions. ABC-CLIO 74.

Ikonnikov, S.S., 1963. Key to the Plants of the Pamir. Academy of Sciences of Tajikistan,
Dushanbe (in Russian).

ISO 16729, 2013. https://www.iso.org/obp/ui/#iso:std:iso:16729:ed-1:v1:en [accessed
29 July 2021].

1USS Working Group WRB, 2015. World Reference Base for Soil Resources 2014, update
2015. International soil classification system for naming soils and creating legends
for soil maps. World Soil Resources Reports No. 106. FAO, Rome.

IUSS Working Group WRB, 2015. World Reference Base for Soil Resources 2014, Update
2015. International Soil Classification System for Naming Soils and Creating Legends
for Soil Maps. In: World Soil Resources Reports, 106. Food and Agriculture
Organization of the United Nations (FAO), Rome.

Jambrina-Enriquez, M., Sachse, D., Valero-Garcés, B., 2016. A deglaciation and Holocene
biomarker-based reconstruction of climate and environmental variability in NW
Iberian Peninsula: the Sanabria Lake sequence. J. Paleolimnol. 56, 49-66. https://
doi.org/10.1007/5s10933-016-9890-6.

Janatkova, K., Rehdkova, K., Dolezal, J., Simek, M., Chlumska, Z., Dvorsky, M.,
Kopecky, M., 2013. Community structure of soil phototrophs along environmental
gradients in arid Himalaya. Environ. Microbiol. 15 (9), 2505-2516. https://doi.org/
10.1111/1462-2920.12132.

Janssen, B.H., 1996. Nitrogen mineralization in relation to C:N ratio and
decomposability of organic materials. Plant Soil 181, 39-45.

Jung, P., Briegel-Williams, L., Simon, A., Thyssen, A., Biidel, B., 2018. Uncovering
biological soil crusts: carbon content and structure of intact Arctic, Antarctic and
alpine biological soil crusts. Biogeosciences 15, 1149-1160. https://doi.org/
10.5194/bg-15-1149-2018.

Kabata, C., Zapart, J., 2012. Initial soil development and carbon accumulation on
moraines of the rapidly retreating Werenskiold glacier, SW Spitsbergen, Svalbard
archipelago. Geoderma 175-176, 9-20. https://doi.org/10.1016/j.
geoderma.2012.01.025.

Kabatla, C., Chachulski, t.., Gadek, B., Korabiewski, B., M¢trak, M., Suska-Malawska, M.,
2021. Soil development and spatial differentiation in a glacial river valley under cold
and extremely arid climate of east Pamir Mountains. Sci. Total Environ. 758 https://
doi.org/10.1016/j.scitotenv.2020.144308.

Karsten, U., Holzinger, A., 2014. Green algae in alpine biological soil crust communities:
acclimation strategies against ultraviolet radiation and dehydration. Biodivers.
Conserv. 23, 1845-1858. https://doi.org/10.1007/510531-014-0653-2.

Kayumov, A., 2010. Glacier resources of Tajikistan in conditions of the climate change.
State Agency for Hydrometeorology of Committee for Environmental Protection
under the Government of the Republic of Tajikistan. https://s3.amazonaws.com
/media.archnet.org/system/publications/contents/6892/original/DPC3768.pdf?
1384804666 [accessed 20.06.2022].

Kenyon, C.N., 1972. Fatty acid composition of unicellular strains of blue-green algae.
J. Bacteriol. 109 (2), 827-834.

Kenyon, C.N., Rippka, R., Stanier, R.Y., 1972. Fatty acid composition and physiological
properties of some filamentous blue-green algae. Arch. Mikrobiol. 83, 216-236.

Komatsu, T., 2016. Geomorphic features of the eastern Pamirs, with a focus on the
occurrence of intermontane basins. In: Kreutzmann, H., Watanabe, T. (Eds.),
Advances in Asian Human-Environmental Research. Springer. https://doi.org/
10.1007/978-3-319-23198-3_4.

Kotas, P., Santruckova, H., Elster, J., Kastovska, E., 2018. Soil microbial biomass, activity
and community composition along altitudinal gradients in the high Arctic
(Billefjorden, Svalbard). Biogeosciences 15, 1-31. https://doi.org/10.5194/bg-15-
1879-2018.

Koyama, A., Harlow, B., Kuske, C.R., Belnap, J., Evans, R.D., 2018. Plant and microbial
biomarkers suggest mechanisms of soil organic carbon accumulation in a Mojave
Desert ecosystem under elevated CO2, soil biol. Biochem. 120, 48-57. https://doi.
org/10.1016/j.s0ilbio.2018.01.033.

Kudratov, I., Mayrhofer, H., 2002. Catalogue of the lichenized and lichenicolous fungi of
Tajikistan. Herzogia 15, 91-128. https://doi.org/10.1127/herzogia/15/2002/91.

Lange, O., Biidel, B., Meyer, A., Kilian, E., 1993. Further evidence that activation of net
photosynthesis by dry cyanobacterial lichens requires liquid water. Lichenologist 25
(2), 175-189. https://doi.org/10.1006/1ich.1993.1025.


https://doi.org/10.1016/j.scitotenv.2019.03.459
https://doi.org/10.1016/j.scitotenv.2019.03.459
https://doi.org/10.1016/j.scitotenv.2019.03.459
https://doi.org/10.1016/j.scitotenv.2019.03.459
https://doi.org/10.1111/j.1654-1103.2010.01236.x
https://doi.org/10.1016/j.soilbio.2012.02.017
https://doi.org/10.1016/j.soilbio.2012.02.017
https://doi.org/10.1016/S0341-8162(99)00085-5
https://doi.org/10.1016/S0341-8162(99)00085-5
https://doi.org/10.1002/ece3.9948
https://doi.org/10.1074/jbc.REV120.008745
https://doi.org/10.1017/S0954102013000291
https://doi.org/10.1017/S0954102013000291
https://doi.org/10.1890/13-1416.1
https://doi.org/10.5194/bg-14-311-2017
https://doi.org/10.5194/bg-14-311-2017
https://doi.org/10.1016/j.jenvman.2013.09.041
https://doi.org/10.1016/j.jenvman.2013.09.041
https://doi.org/10.1016/j.pedobi.2006.03.004
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1126/science.aap9516
https://doi.org/10.1016/j.palaeo.2018.11.028
https://doi.org/10.1016/j.palaeo.2018.11.028
https://doi.org/10.1038/NGEO1486
https://doi.org/10.1098/rstb.2011.0344
https://doi.org/10.1016/j.soilbio.2018.10.010
https://doi.org/10.1016/j.soilbio.2018.10.010
https://doi.org/10.1016/j.geoderma.2021.115633
https://doi.org/10.15356/2071-9388_03v09_2016_06
https://doi.org/10.15356/2071-9388_03v09_2016_06
https://doi.org/10.1128/aem.59.11.3605-3617.1993
https://doi.org/10.1128/aem.59.11.3605-3617.1993
https://doi.org/10.2478/mgrsd-2022-000
https://doi.org/10.1007/s00248-003-1004-0
https://doi.org/10.1007/s00248-003-1004-0
https://doi.org/10.1111/1365-2435.13044
https://doi.org/10.1086/698709
https://doi.org/10.1017/S0024282918000130
https://doi.org/10.1038/ismej.2009.63
https://doi.org/10.1016/j.soilbio.2017.10.003
https://doi.org/10.1038/s41586-021-03436-z
https://doi.org/10.1038/s41586-021-03436-z
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0265
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0265
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0270
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0270
https://www.iso.org/obp/ui/#iso:std:iso:16729:ed-1:v1:en
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0280
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0280
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0280
http://refhub.elsevier.com/S2352-0094(23)00032-9/optJvYMIKpc4a
http://refhub.elsevier.com/S2352-0094(23)00032-9/optJvYMIKpc4a
http://refhub.elsevier.com/S2352-0094(23)00032-9/optJvYMIKpc4a
http://refhub.elsevier.com/S2352-0094(23)00032-9/optJvYMIKpc4a
https://doi.org/10.1007/s10933-016-9890-6
https://doi.org/10.1007/s10933-016-9890-6
https://doi.org/10.1111/1462-2920.12132
https://doi.org/10.1111/1462-2920.12132
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0295
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0295
https://doi.org/10.5194/bg-15-1149-2018
https://doi.org/10.5194/bg-15-1149-2018
https://doi.org/10.1016/j.geoderma.2012.01.025
https://doi.org/10.1016/j.geoderma.2012.01.025
https://doi.org/10.1016/j.scitotenv.2020.144308
https://doi.org/10.1016/j.scitotenv.2020.144308
https://doi.org/10.1007/s10531-014-0653-2
https://s3.amazonaws.com/media.archnet.org/system/publications/contents/6892/original/DPC3768.pdf?1384804666
https://s3.amazonaws.com/media.archnet.org/system/publications/contents/6892/original/DPC3768.pdf?1384804666
https://s3.amazonaws.com/media.archnet.org/system/publications/contents/6892/original/DPC3768.pdf?1384804666
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0325
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0325
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0330
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0330
https://doi.org/10.1007/978-3-319-23198-3_4
https://doi.org/10.1007/978-3-319-23198-3_4
https://doi.org/10.5194/bg-15-1879-2018
https://doi.org/10.5194/bg-15-1879-2018
https://doi.org/10.1016/j.soilbio.2018.01.033
https://doi.org/10.1016/j.soilbio.2018.01.033
https://doi.org/10.1127/herzogia/15/2002/91
https://doi.org/10.1006/lich.1993.1025

M. Metrak et al.

Li, S., Bowker, M.A., Xiao, Bo, 2021. Biocrusts enhance non-rainfall water deposition and
alter its distribution in dryland soils. J. Hydrol. 595, 126050 https://doi.org/
10.1016/j.jhydrol.2021.126050.

Liu, Y., Xing, Z., Yang, H., 2017. Effect of biological soil crusts on microbial activity in
soils of the Tengger Desert (China). J. Arid Environ. 144, 201-211. https://doi.org/
10.1016/j.jaridenv.2017.04.003.

Mager, D.M., 2010. Carbohydrates in cyanobacterial soil crusts as a source of carbon in
the southwest Kalahari, Botswana. Soil Biol. Biochem. 42 (2), 313-318. https://doi.
org/10.1016/j.s0ilbi0.2009.11.009.

Maier, S., Schmidt, T.S.B., Zheng, L., Peer, T., Wagner, V., Grube, M., 2014. Analyses of
dryland biological soil crusts highlight lichens as an important regulator of microbial
communities. Biodivers. Conserv. 23, 1735-1755. https://doi.org/10.1007/510531-
014-0719-1.

Maier, S., Tamm, A., Wu, D., Caesar, J., Grube, M., Weber, B., 2018. Photoautotrophic
organisms control microbial abundance, diversity, and physiology in different types
of biological soil crusts. ISME J. 12, 1032-1046. https://doi.org/10.1038/541396-
018-0062-8.

Marinetti, A., D’Amico, M., Probo, M., Quaglia, E., Ravetto, E.S., Celi, L., Lonati, M.,
2021. Successional herbaceous species affect soil processes in a high-elevation alpine
proglacial Chronosequence. Front. Environ. Sci. 8, 615499 https://doi.org/10.3389/
fenvs.2020.615499.

Marzi, R., Torkelson, B.E., Olson, R.K., 1993. A revised carbon preference index. Org.
Geochem. 20, 1303-1306.

Mergelov, N., Dolgikh, A., Shorkunov, 1., Zazovskaya, E., Soina, V., Yakushev, A.,
Fedorov-Davydov, D., Priakhin, S., Dobryansky, A., 2020. Hypolithic communities
shape soils and organic matter reservoirs in the ice-free landscapes of East
Antarctica. Sci. Rep. 10, 10277. https://doi.org/10.1038/541598-020-67248-3.

Megtrak, M., Trojan, A., Suska-Malawska, M., 2021. Composition of selected lipid
fractions in 13 alpine Cryophytic plant species growing in the eastern Pamir
Mountains, Tajikistan. Chem. Nat. Compd. 57, 1093-1097. https://doi.org/
10.1007/510600-021-03556-y.

Mille-Lindblom, C., von Wachenfeldt, E., Tranvik, L.J., 2004. Ergosterol as a measure of
living fungal biomass: persistence in environmental samples after fungal death.

J. Microbiol. Methods 59, 253-262. https://doi.org/10.1016/j.mimet.2004.07.010.

Miralles, 1., Trasar-Cepeda, C., Leirds, M.C., Gil-Sotres, F., 2013. Labile carbon in
biological soil crusts in the Tabernas desert, SE Spain. Soil Biol. Biochem. 58, 1-8.
https://doi.org/10.1016/j.50ilbio.2012.11.010.

Miralles, 1., Lazaro, R., Sanchez-Maranén, M., Soriano, M., Ortega, R., 2020a. Biocrust
cover and successional stages influence soil bacterial composition and diversity in
semiarid ecosystems. Sci. Total Environ. 709, 134654 https://doi.org/10.1016/j.
scitotenv.2019.134654.

Miralles, 1., Soria, R., Lucas-Borja, M.E., Soriano, M., Ortega, R., 2020b. Effect of
biocrusts on bacterial community composition at different soil depths in
Mediterranean semi-arid ecosystems. Sci. Total Environ. 733, 138613 https://doi.
org/10.1016/j.scitotenv.2020.138613.

Miralles, 1., Trasar-Cepeda, C., Soria, R., Ortega, R., Lucas-Borja, M.E., 2021.
Environmental and ecological factors influencing soil functionality of biologically
crusted soils by different lichen species in drylands. Sci. Total Environ. 794, 48491.
https://doi.org/10.1016/j.scitotenv.2021.148491.

Mischke, S., Lai, Z., Aichner, B., Heinecke, L., Mahmoudov, Z., Kuessner, M.,
Herzschuh, U., 2017. Radiocarbon and optically stimulated luminescence dating of
sediments from Lake Karakul, Tajikistan. Quat. Geochronol. 41, 51-61. https://doi.
org/10.1016/j.quageo.2017.05.008.

Molg, N., Bolch, T., Rastner, P., Strozzi, T., Paul, F., 2018. A consistent glacier inventory
for Karakoram and Pamir derived from Landsat data: distribution of debris cover and
mapping challenges. Earth Syst. Sci. Data 10, 1807-1827. https://doi.org/10.5194/
essd-10-1807-2018.

Naylor, D., Coleman-Derr, D., 2018. Drought stress and root-associated bacterial
communities. Front. Plant Sci. 8, 2223. https://doi.org/10.3389/fpls.2017.02223.

Nejidat, A., Potrafka, R.M., Zaady, E., 2016. Successional biocrust stages on dead shrub
soil mounds after severe drought: effect of micro-geomorphology on microbial
community structure and ecosystem recovery. Soil Biol. Biochem. 103, 213-220.
https://doi.org/10.1016/j.s0ilbio.2016.08.028.

Nielsen, K.M., Johnsen, P.J., Bensasson, D., Daffonchio, D., 2007. Release and persistence
of extracellular DNA in the environment. Environ. Biosaf. Res. 6 (1-2), 37-53.
https://doi.org/10.1051/ebr:2007031.

Normatov, I., Normatov, P., 2020. Climate change impact on hydrological characteristics
and water availability of the mountain Pamir Rivers. PIAHS 383, 31-41. https://doi.
org/10.5194/piahs-383-31-2020.

Ofiti, N., Zosso, C., Soong, J., Solly, E., Torn, M., Wiesenberg, G., Schmidt, M., 2021.
Warming promotes loss of subsoil carbon through accelerated degradation of plant-
derived organic matter. Soil Biol. Biochem. 156, 108185 https://doi.org/10.1016/j.
s0ilbio.2021.108185.

Pennanen, T., Liski, J., Baath, E., Kitunen, V., Uotila, J., Westman, C.J., Fritze, H., 1999.
Structure of the microbial communities in coniferous Forest soils in relation to site
fertility and stand development stage. Microb. Ecol. 38 (2), 168-179. https://doi.
org/10.1007/5002489900161.

Pérez, F.L., 1997. Microbiotic crusts in the high equatorial Andes, and their influence on
paramo soils. Catena 31, 173-198.

Pietrasiak, N., Regus, J.U., Johansen, J.R., Lam, D., Sachs, J.L., Santiago, L.S., 2013.
Biological soil crust community types differ in key ecological functions. Soil Biol.
Biochem. 65, 168-171. https://doi.org/10.1016/j.50ilbi0.2013.05.011.

Plociniczak, T., Sinkkonen, A., Romantschuk, M., Piotrowska-Seget, Z., 2013.
Characterization of Enterobacter intermedius MH8b and its use for the enhancement of
heavy metals uptake by Sinapis alba L. Appl. Soil Ecol. 63, 1-7. https://doi.org/
10.1016/j.aps0il.2012.09.009.

17

Geoderma Regional 33 (2023) e00636

Potts, M., Olie, J.J., Nickels, J.S., Parsons, J., White, D.C., 1987. Variation in
phospholipid Ester-linked fatty acids and carotenoids of Dessicated Nostoc commune
(Cyanobacteria) from different geographic locations. Appl. Environ. Microbiol. 53
(1), 4-9.

Punkari, M., Droogers, P., Inmerzeel, W., Korhonen, N., Lutz, A., Venéldinen, A., 2014.
Climate change and sustainable water Management in Central Asia. In: ADB Central
and West Asia working paper series 5, pp. 1-22. http://hdl.handle.net/11540/1296
[accessed 20.06.2022].

Rehakova, K., Chlumskd, Z., Dolezal, J., 2011. Soil cyanobacterial and microalgal
diversity in Dry Mountains of Ladakh, NW Himalaya, as related to site, altitude, and
vegetation. Microb. Ecol. 62, 337-346. https://doi.org/10.1007/500248-011-9878-
8.

Reszczyniska, E., Hanaka, A., 2020. Lipids composition in plant membranes. Cell
Biochem. Biophys. 78, 401-414. https://doi.org/10.1007/512013-020-00947-w.
Rippin, M., Lange, S., Sausen, N., Becker, B., 2018. Biodiversity of biological soil crusts
from the polar regions revealed by metabarcoding. FEMS Microbiol. Ecol. 94 https://

doi.org/10.1093/femsec/fiy036.

Rodriguez-Caballero, E., Canton, Y., Lazaro, R., Chamizo, S., Escudero, A., 2013. Soil loss
and runoff in semiarid ecosystems: a complex interaction between biological soil
crusts, Micro-topography, and hydrological drivers. Ecosystems 16, 529-546.
https://doi.org/10.1007/5s10021-012-9626-z.

Rojan, E., 2007. The morphogenetic role of glaciers in the north-western Pamirs. Stupskie
Prace Geograf. 4, 123-133 [in Polish with English abstract].

Rosentreter, R., Belnap, J., 2001. Biological soil crusts of North America. In: Belnap, J.,
Lange, O.L. (Eds.), Biological Soil Crusts: Structure, Function, and Management.
Ecological Studies (Analysis and Synthesis), vol. 150. Springer, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-56475-8_2.

Rosentreter, R., Eldridge, D.J., Westberg, M., Williams, L., Grube, M., 2016. Structure,
composition, and function of biocrust lichen communities. In: Weber, B., Biidel, B.,
Belnap, J. (Eds.), Biological Soil Crusts: An Organizing Principle in Drylands.
Ecological Studies (Analysis and Synthesis), vol. 226. Springer, Cham. https://doi.
org/10.1007/978-3-319-30214-0_7.

Rossi, F., De Philippis, R., 2015. Role of cyanobacterial exopolysaccharides in
phototrophic biofilms and in complex microbial Mats. Life 5 (2), 1218-1238.
https://doi.org/10.3390/1ife5021218.

Rossi, F., Mugnai, G., De Philippis, R., 2018. Complex role of the polymeric matrix in
biological soil crusts. Plant Soil 429, 19-34. https://doi.org/10.1007/s11104-017-
3441-4.

Ruzicka, S., Edgerton, D., Norman, M., Hill, T., 2000. The utility of ergosterol as a
bioindicator of fungi in temperate soils. Soil Biol. Biochem. 32, 989-1005. https://
doi.org/10.1016/5S0038-0717(00)00009-2.

Samolov, E., Baumann, K., Biidel, B., Jung, P., Leinweber, P., Mikhailyuk, T., Karsten, U.,
Glaser, K., 2020. Biodiversity of algae and Cyanobacteria in biological soil crusts
collected along a climatic gradient in Chile using an integrative approach.
Microorganisms 8 (7), 1047. https://doi.org/10.3390/microorganisms8071047.

Schmidt, S.K., Reed, S.C., Nemergut, D.R., Grandy, S., Cleveland, C., Weintraub, M.,
Hill, A., Costello, E., Meyer, A.F., Neff, J., Martin, A.M., 2008. The earliest stages of
ecosystem succession in high-elevation (5000 metres above sea level), recently
deglaciated soils. Proc. R. Soc. B 275 (1653), 2793-2802. https://doi.org/10.1098/
rspb.2008.0808.

Schulz, S., Brankatschk, R., Diimig, A., Kogel-Knabner, 1., Schloter, M., Zeyer, J., 2013.
The role of microorganisms at different stages of ecosystem development for soil
formation. Biogeosciences 10, 3983-3996. https://doi.org/10.5194/bg-10-3983-
2013.

Smith, C.W., Aproot, A., Coppins, B.J., Fletcher, A., Gilbert, O.L., James, P.W.,
Wolseley, P.A., 2009. The Lichens of Great Britain and Ireland. British Lichen
Society.

Spain, A., Krumholz, L., Elshahed, M., 2009. Abundance, composition, diversity and
novelty of soil Proteobacteria. ISME J. 3, 992-1000. https://doi.org/10.1038/
isme;j.2009.43.

Steven, B., Kuske, C.R., Gallegos-Graves, L.V., Reed, S.C., Belnap, J., 2015. Climate
change and physical disturbance manipulations result in distinct biological soil crust
communities. Appl. Environ. Microbiol. 81 (21), 7448-7459. https://doi.org/
10.1128/AEM.01443-15.

Taylor, A., Benedetti, M., Haws, J., Lane, C., 2019. The hydrogen isotopic compositions
of sedimentary mid-chain n-alkanes record ecological change at a Portuguese
paleowetland. Quat. Int. 532, 23-33. https://doi.org/10.1016/j.
quaint.2019.09.009.

Vilmundardéttir, O., Gisladéttir, G., Lal, R., 2015. Between ice and ocean; soil
development along an age chronosequence formed by the retreating
Breidamerkurjokull glacier, SE-Iceland, Geoderma. https://doi.org/10.1016/j.
geoderma.2015.06.016.

Wang, J., Zhang, P., Bao, J.T., Zhao, J.C., Song, G., Yang, H.T., Huang, L., He, M.Z., Li, X.
R., 2020. Comparison of cyanobacterial communities in temperate deserts: a cue for
artificial inoculation of biological soil crusts. Sci. Total Environ. 745 (25), 140970
https://doi.org/10.1016/j.scitotenv.2020.140970.

Weber, B., Biidel, B., Belnap, J., 2016. Biological Soil Crusts: An Organising Principle in
Drylands. (Ecological Studies: Analysis and Synthesis, Vol. 226). Springer
International Publishing Switzerland.

Weete, J.D., Abril, M., Blackwell, M., 2010. Phylogenetic distribution of fungal sterols.
PL0S One 5, €10899. https://doi.org/10.1371/journal.pone.0010899.

Wietrzyk-Pelka, P., Rola, K., Szymanski, W., Wegrzyn, M.H., 2020. Organic carbon
accumulation in the glacier forelands with regard to variability of environmental
conditions in different ecogenesis stages of high Arctic ecosystems. Sci. Total
Environ. 717, 135151 https://doi.org/10.1016/j.scitotenv.2019.135151.


https://doi.org/10.1016/j.jhydrol.2021.126050
https://doi.org/10.1016/j.jhydrol.2021.126050
https://doi.org/10.1016/j.jaridenv.2017.04.003
https://doi.org/10.1016/j.jaridenv.2017.04.003
https://doi.org/10.1016/j.soilbio.2009.11.009
https://doi.org/10.1016/j.soilbio.2009.11.009
https://doi.org/10.1007/s10531-014-0719-1
https://doi.org/10.1007/s10531-014-0719-1
https://doi.org/10.1038/s41396-018-0062-8
https://doi.org/10.1038/s41396-018-0062-8
https://doi.org/10.3389/fenvs.2020.615499
https://doi.org/10.3389/fenvs.2020.615499
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0395
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0395
https://doi.org/10.1038/s41598-020-67248-3
https://doi.org/10.1007/s10600-021-03556-y
https://doi.org/10.1007/s10600-021-03556-y
https://doi.org/10.1016/j.mimet.2004.07.010
https://doi.org/10.1016/j.soilbio.2012.11.010
https://doi.org/10.1016/j.scitotenv.2019.134654
https://doi.org/10.1016/j.scitotenv.2019.134654
https://doi.org/10.1016/j.scitotenv.2020.138613
https://doi.org/10.1016/j.scitotenv.2020.138613
https://doi.org/10.1016/j.scitotenv.2021.148491
https://doi.org/10.1016/j.quageo.2017.05.008
https://doi.org/10.1016/j.quageo.2017.05.008
https://doi.org/10.5194/essd-10-1807-2018
https://doi.org/10.5194/essd-10-1807-2018
https://doi.org/10.3389/fpls.2017.02223
https://doi.org/10.1016/j.soilbio.2016.08.028
https://doi.org/10.1051/ebr:2007031
https://doi.org/10.5194/piahs-383-31-2020
https://doi.org/10.5194/piahs-383-31-2020
https://doi.org/10.1016/j.soilbio.2021.108185
https://doi.org/10.1016/j.soilbio.2021.108185
https://doi.org/10.1007/s002489900161
https://doi.org/10.1007/s002489900161
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0475
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0475
https://doi.org/10.1016/j.soilbio.2013.05.011
https://doi.org/10.1016/j.apsoil.2012.09.009
https://doi.org/10.1016/j.apsoil.2012.09.009
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0490
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0490
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0490
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0490
http://hdl.handle.net/11540/1296
https://doi.org/10.1007/s00248-011-9878-8
https://doi.org/10.1007/s00248-011-9878-8
https://doi.org/10.1007/s12013-020-00947-w
https://doi.org/10.1093/femsec/fiy036
https://doi.org/10.1093/femsec/fiy036
https://doi.org/10.1007/s10021-012-9626-z
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0520
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0520
https://doi.org/10.1007/978-3-642-56475-8_2
https://doi.org/10.1007/978-3-319-30214-0_7
https://doi.org/10.1007/978-3-319-30214-0_7
https://doi.org/10.3390/life5021218
https://doi.org/10.1007/s11104-017-3441-4
https://doi.org/10.1007/s11104-017-3441-4
https://doi.org/10.1016/S0038-0717(00)00009-2
https://doi.org/10.1016/S0038-0717(00)00009-2
https://doi.org/10.3390/microorganisms8071047
https://doi.org/10.1098/rspb.2008.0808
https://doi.org/10.1098/rspb.2008.0808
https://doi.org/10.5194/bg-10-3983-2013
https://doi.org/10.5194/bg-10-3983-2013
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0565
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0565
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0565
https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.1128/AEM.01443-15
https://doi.org/10.1128/AEM.01443-15
https://doi.org/10.1016/j.quaint.2019.09.009
https://doi.org/10.1016/j.quaint.2019.09.009
https://doi.org/10.1016/j.geoderma.2015.06.016
https://doi.org/10.1016/j.geoderma.2015.06.016
https://doi.org/10.1016/j.scitotenv.2020.140970
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0600
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0600
http://refhub.elsevier.com/S2352-0094(23)00032-9/rf0600
https://doi.org/10.1371/journal.pone.0010899
https://doi.org/10.1016/j.scitotenv.2019.135151

M. Metrak et al.

Wietrzyk-Pelka, P., Rola, K., Patchett, A., Szymanski, W., Wegrzyn, M., Bjork, R., 2021.
Patterns and drivers of cryptogam and vascular plant diversity in glacier forelands.
Sci. Total Environ. 770, 144793 https://doi.org/10.1016/j.scitotenv.2020.144793.

Williams, L., Borchhardt, N., Colesie, C., Baum, C., Komsic-Buchmann, K., Rippin, M.,
Beker, B., Karsten, U., Biidel, B., 2017. Biological soil crusts of Arctic Svalbard and of
Livingston Island, Antarctica. Polar Biol. 40, 399-411. https://doi.org/10.1007/
s00300-016-1967-1.

Wojcik, R., Eichel, J., Bradley, J.A., Benning, L.G., 2021. How allogenic factors affect
succession in glacier forefields. Earth Sci. Rev. 218, 103642 https://doi.org/
10.1016/j.earscirev.2021.103642.

Xiao, B., Bowker, M.A., 2020. Moss-biocrusts strongly decrease soil surface albedo,
altering land-surface energy balance in a dryland ecosystem. Sci. Total Environ. 741
(1), 140425 https://doi.org/10.1016/j.scitotenv.2020.140425.

Xu, H., Zhang, Y., Shao, X., Liu, N., 2021. Soil nitrogen and climate drive the positive
effect of biological soil crusts on soil organic carbon sequestration in drylands: a
Meta-analysis. Sci. Total Environ. 803, 150030 https://doi.org/10.1016/j.
scitotenv.2021.150030.

Young, K.E., Ferrenberg, S., Reibold, R., Reed, S.C., Swenson, T., Northen, T., Darrouzet-
Nardi, A., 2022. Vertical movement of soluble carbon and nutrients from biocrusts to
subsurface mineral soils. Geoderma 405, 115495. https://doi.org/10.1016/j.
geoderma.2021.115495.

Zaady, E., Ben-David, E.A., Sher, Y., Tzirkin, R., Nejidat, A., 2010. Inferring biological
soil crust successional stage using combined PLFA, DGGE, physical and
biophysiological analyses. Soil Biol. Biochem. 42 (5), 842-849. https://doi.org/
10.1016/j.s0ilbio.2010.02.002.

Zech, M., Pedentchouk, N., Buggle, B., Leiber, K., Kalbitz, K., Markovi¢, S.B., Glaser, B.,
2011. Effect of leaf litter degradation and seasonality on D/H isotope ratios of

18

Geoderma Regional 33 (2023) e00636

nalkane biomarkers. Geochem. Cosmochim. Acta 75 (17), 4917-4928. https://doi.
0rg/10.1016/j.gca.2011.06.006.

Zedda, L., Grongroft, A., Schultz, M., Petersen, A., Mills, A., Rambold, G., 2011.
Distribution patterns of soil lichens across different biomes of southern Africa.

J. Arid Environ. 75 (2), 215-220. https://doi.org/10.1016/j.jaridenv.2010.10.007.

Zelles, L., 1999. Fatty acid patterns of phospholipids and lipopolysaccharides in the
characterisation of microbial communities in soil: a review. Biol. Fertil. Soils 29,
111-129. https://doi.org/10.1007/s00374005(

Zhang, J., Ji, L., Deluca, T., Wang, G., Sun, S.-Q., Xiangyang, S., Zhaoyong, H.,

Zhang, W., 2021. Biogeochemical stoichiometry of soil and plant functional groups
along a primary successional gradient following glacial retreat on the eastern
Tibetan plateau. GECCO 26, e01491. https://doi.org/10.1016/j.gecco.2021.e01491.

Zhang, Y., Zheng, N., Wang, J., Yao, H., Qiu, Q., Chapman, S.J., 2019. High turnover rate
of free phospholipids in soil confirms the classic hypothesis of PLFA methodology.
Soil Biol. Biochem. 135, 323-330. https://doi.org/10.1016/j.50ilbio.2019.05.023.

Zhou, G., Xu, S., Ciais, P., Manzoni, S., Fang, J., Yu, G., Tang, X., Zhou, P., Wang, W.,
Yan, J., Wang, G., Ma, K., Li, S., Du, S., Han, S., Ma, Y., Zhang, D., Liu, J., Liu, S.,
Chu, G., Zhang, Q., Li, Y., Huang, W., Ren, H., Lu, X., Chen, X., 2019. Climate and
litter C/N ratio constrain soil organic carbon accumulation. Natl. Sci. Rev. 6 (4),
746-757. https://doi.org/10.1093/nsr/nwz045.

Zuijlen, K., Asplund, J., Sundsbg, S., Dahle, O.S., Klanderud, K., 2021. Ambient and
experimental warming effects on an alpine bryophyte community. Arct. Sci. 8 (3),
831-842. https://doi.org/10.1139/as-2020-0047.

Zumsteg, A., Luster, J., Goransson, H., Smittenberg, R.H., Brunner, 1., Bernasconi, S.M.,
Zeyer, J., Frey, B., 2012. Bacterial, archaeal and fungal succession in the Forefield of
areceding glacier. Microb. Ecol. 63, 552-564. https://doi.org/10.1007/500248-011-
9991-8.



https://doi.org/10.1016/j.scitotenv.2020.144793
https://doi.org/10.1007/s00300-016-1967-1
https://doi.org/10.1007/s00300-016-1967-1
https://doi.org/10.1016/j.earscirev.2021.103642
https://doi.org/10.1016/j.earscirev.2021.103642
https://doi.org/10.1016/j.scitotenv.2020.140425
https://doi.org/10.1016/j.scitotenv.2021.150030
https://doi.org/10.1016/j.scitotenv.2021.150030
https://doi.org/10.1016/j.geoderma.2021.115495
https://doi.org/10.1016/j.geoderma.2021.115495
https://doi.org/10.1016/j.soilbio.2010.02.002
https://doi.org/10.1016/j.soilbio.2010.02.002
https://doi.org/10.1016/j.gca.2011.06.006
https://doi.org/10.1016/j.gca.2011.06.006
https://doi.org/10.1016/j.jaridenv.2010.10.007
https://doi.org/10.1007/s003740050533
https://doi.org/10.1016/j.gecco.2021.e01491
https://doi.org/10.1016/j.soilbio.2019.05.023
https://doi.org/10.1093/nsr/nwz045
https://doi.org/10.1139/as-2020-0047
https://doi.org/10.1007/s00248-011-9991-8
https://doi.org/10.1007/s00248-011-9991-8

	Morphology and distribution of biological soil crusts and their potential role in soil-forming processes under dry high-alt ...
	1 Introduction
	2 Materials and methods
	2.1 Location of study plots
	2.2 Analysis of the biologically active soil cover
	2.3 Analyses of microbial biomass
	2.4 Analyses of C, N, P contents and potential accumulation in the studied soils and BSCs
	2.5 Analyses of the origin and transformation degree of organic matter in the studied soils and BSCs
	2.6 Statistical analyses

	3 Results
	3.1 Distribution and coverage of the identified soil cover types
	3.2 Multivariate analysis of microbial biomass, nutrient content and organic matter transformation in the studied soils and ...
	3.3 Microbial biomass in the studied soils and BSCs
	3.4 Potential accumulation and enrichment in N, C and P in the studied soils and BSCs
	3.5 Origin and transformation of organic matter in the studied soils and BSCs

	4 Discussion
	4.1 BSC cover and distribution in the Uisu Glacier foreland
	4.2 Morphological diversity of BSCs from the Uisu Glacier foreland
	4.3 Microbial biomass in BSCs from the Uisu Glacier foreland
	4.4 Nutrient content and potential accumulation in crust biomass, and nutrient enrichment in sub-crust soils from the Uisu  ...
	4.5 Impact of BSCs on soil C, N and P pool as compared to vascular plants
	4.6 Origin and transformation of organic matter in BSCs, sub-crust soils and soils under vascular plants

	5 Summary
	6 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


