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Abstract. Arctic cryoconite holes represent highly biologi-
cally active aquatic habitats on the glacier surface character-
ized by the dynamic nature of their formation and function-
ing. The most common cryoconite apex consumers are the
cosmopolitan invertebrates — tardigrades and rotifers. Sev-
eral studies have highlighted the potential relevance of tardi-
grades and rotifers to cryoconite holes’ ecosystem function-
ing. However, due to the dominant occurrence of prokary-
otes, these consumers are usually out of the major scope of
most studies aimed at understanding biological processes on
glaciers. The aim of this descriptive study is to present pio-
neering data on isotopic composition of tardigrades, rotifers
and cryoconite from three High Arctic glaciers in Svalbard
and discuss their role in a cryoconite hole trophic network.
We found that tardigrades have lower 8!°N values than ro-
tifers, which indicates different food requirements or dif-
ferent isotopic fractionation of both consumers. The §'3C
values revealed differences between consumers and organic
matter in cryoconite among glaciers. However, the mecha-
nistic explanation of these variations requires further investi-
gation focused on the particular diet of cryoconite consumers
and their isotopic ratio. Our study introduces the first obser-
vation of carbon and nitrogen stable isotopic composition of
top consumers in cryoconite holes analysed by an improved
method for cryoconite sample processing, paving the way for
further studies of the supraglacial trophic network.

1 Introduction

Supraglacial habitat, the environment on the glacier surface,
is subjected to a continuous as well as episodic input of al-
lochthonous and autochthonous material and forms a bio-
geochemical reactor involving a variety of biotic and abiotic
processes. Most of the biotic activity is usually connected
to ablation zones (areas with an ice loss exceeding its gain)
which have a global tendency to increase their surface area
due to climate change (Hodson et al., 2008; Stibal et al.,
2012a). Moreover, the export of the biological communities
and their metabolic production has the potential to influence
the downstream deglaciated areas and coastal marine ecosys-
tems (Bardgett et al., 2007; Foreman et al., 2007; Hodson et
al., 2008; Hood et al., 2009; Williams and Ferrigno, 2012).
The accumulated fine material on the glacier surface (so-
called cryoconite; Nordenskiold, 1875) — due to its dark
colour — reduces albedo of the glacier ice and creates water-
filled depressions called cryoconite holes (Cook et al., 2016;
Takeuchi et al., 2001). The diameter and the depth of cry-
oconite holes usually range from a few centimetres to tens of
centimetres (Gerdel and Drouet, 1960; Fountain et al., 2004;
Zawierucha et al., 2018a, 2019a). At the bottom of the holes,
cryoconite forms aggregates (cryoconite granules) composed
of bacteria and organic and inorganic matter (Takeuchi et
al., 2001) which provide a suitable environment for vari-
ous organisms (Zawierucha et al., 2015, 2021). The sup-
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ply of organic and inorganic matter into cryoconite holes is
restricted to allochthonous input from atmospheric deposi-
tion, weathering of mineral dust, aeolian deposition and lo-
cal bird guano deposition (Anesio et al., 2009; Benassai et
al., 2005; Edwards et al., 2014; Hodson et al., 2005; Stibal
et al., 2008; Telling et al., 2011; Vonnahme et al., 2016; Xu
etal., 2010; Zérsk)’/ et al., 2013). The autochthonous input of
matter is generally restricted to microbial activity and recy-
cling (Telling et al., 2011, 2012). Moreover, adjacent areas
of glaciers can vary a lot in terms of topography, geology,
vegetation and stage of soil development. Therefore, the al-
lochthonous matter brought to the glacial surface can influ-
ence the composition of its surface material and biota (Grze-
siak et al., 2015; Marshall and Chalmers, 1997; Stibal et al.,
2008).

Cryoconite holes cover about 7 % of the surface of the
ablation zone (Bgggild et al., 2010; Fountain et al., 2004;
Stibal et al., 2012b) and form the most nutrient-rich and bio-
logically active habitats within the supraglacial environment
(Cameron et al., 2012; Hodson et al., 2008). As mentioned
by Sawstrom et al. (2002), the rate of photosynthesis in cry-
oconite holes is comparable with rates of polar lakes, and
consequently the rate of respiration and utilization of organic
matter is very high (Hodson et al., 2008). Thus, cryoconite
holes form an important net carbon sink or source in po-
lar ecosystems which depends on the balance between au-
totrophic and heterotrophic production (Stibal et al., 2012a).
Moreover, due to their high biological activity, cryoconite
holes efficiently retain nutrients (Bagshaw et al., 2013), and
the accumulated matter can consequently provide a source
of important nutrients moving into adjacent areas (Anesio
et al., 2010; Porazinska et al., 2004). Therefore, the impact
of cryoconite holes on glacier ecosystems’ nutrient path-
ways (e.g. carbon, nitrogen and other microelements) and on
downstream ecosystems is a key component for an under-
standing of the glacial ecosystems’ functioning (Anesio et
al., 2010; Bagshaw et al., 2013; Stibal et al., 2012a; Telling
etal., 2011).

Organisms inhabiting cryoconite holes range from bacte-
ria, algae and fungi to metazoans such as tardigrades (phy-
lum Tardigrada) and rotifers (phylum Rotifera) (Cook et
al., 2016; Kaczmarek et al., 2016; Zawierucha et al., 2015,
2021). Tardigrades and rotifers are cosmopolitan micro-
scopic invertebrates contributing to multiple aquatic and ter-
restrial trophic levels as carnivorous, herbivorous, omnivo-
rous and microbivorous species (Guidetti et al., 2012; Guil
and Sanchez-Moreno, 2013; Hallas and Yeates, 1972; Ku-
tikova, 2003). Due to their ability to survive various extreme
conditions (Guidetti et al., 2011; Ricci, 2001), these animals
represent a large component of microfauna in polar and high
mountain regions and are the exclusive metazoans inhabit-
ing cryoconite holes in the Arctic (Zawierucha et al., 2018a,
2019b).

As the top consumers of Arctic cryoconite holes, tardi-
grades and rotifers may represent an important driver of the
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community of primary producers by grazing and nutrient re-
cycling, thus setting stoichiometric constraints on the local
community (Elser and Urabe, 1999; Vonnahme et al., 2016;
Zawierucha et al., 2018a, 2021). Previous research on biota
from cryoconite holes on Svalbard archipelago has revealed
that the size distribution and concentration of algae, par-
ticularly Zygnematales and Chlorococcales, correlates with
the community structure of consumers represented by tardi-
grades and rotifers (Vonnahme et al., 2016). Documented
correlations indicate that grazing likely has an impact on the
structure of primary producers in cryoconite holes and pre-
sumably contributes to available nutrient quantities and ratios
in cryoconite. Nevertheless, other studies from the margin of
the Greenland ice sheet have revealed a lack of quantitative
relations between the numbers of top consumers and poten-
tial food such as cyanobacteria and algae (Zawierucha et al.,
2018a) and demonstrated the variability in supraglacial sys-
tems which is influenced by multiple factors occurring on
various glaciers (Porazinska et al., 2004). As described by
Striteckd and Devetter (2015), tardigrades and rotifers are
efficient filtrators and especially rotifers reveal high filtra-
tion rates in cryoconite holes. The feeding behaviour and
morphology of the feeding apparatus indicate that cryoconite
species consume mostly algae, bacteria and detritus (Devet-
ter, 2009; Iakovenko et al., 2015; Zawierucha et al., 2016).
However, their diet in various environments differs inter-
specifically (Guidetti et al., 2012; Guil and Sanchez-Moreno,
2013; Hallas and Yeates, 1972; Kutikova, 2003; Mialet et al.,
2013; Wallace and Snell, 2010; Zawierucha et al., 2016).
Analyses of stable isotopes are a well-developed tool
which enables us to uncover the trophic interactions of or-
ganisms within various systems (McCutchan et al., 2003;
O’Reilly et al., 2003; Wada, 2009; Yoshii et al., 1999). Be-
cause of the differences in isotopic fractionation, 8'3C and
8N isotopic values of organisms and their potential food
can reflect their possible mutual relationships and positions
within the food web (Michener and Lajtha, 2008). Isotopic
fractionation is caused by physical or biochemical processes
which favour lighter or discriminate heavier isotopes (Mich-
ener and Lajtha, 2008). The § 13C value reflects the diet of
the organism and is similar or slightly higher within the an-
imal compared to its food (Peterson and Fry, 1987). The
slight increase between organismal §'3C and the §'3C val-
ues of its diet is caused by a higher assimilation of heavier
13C supported by the discrimination against '3C during res-
piration (Blair et al., 1985; DeNiro and Epstein, 1978; Ek-
blad and Hogberg, 2000; Wada, 2009). Therefore, the pro-
cess of consumption and growth generally tends to increase
the 8'3C within the consumer’s body compared to its diet.
However, larger variations in 813C are balanced by a higher
release of 13C during excretion (DeNiro and Epstein, 1978).
The 8'N values reflect the nitrogen isotopic composition of
the organism’s diet and point to the position of organisms in
a food chain (DeNiro and Epstein, 1981). The 8N value
is usually higher in the animal body compared to its diet
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and increases with the trophic level (DeNiro and Epstein,
1981; Kling et al., 1992; Zah et al., 2001). This increase is
mostly caused by a higher proportion of proteins within the
diet and subsequent preferential excretion of '*N during pro-
tein metabolism (Kling et al., 1992; McCutchan et al., 2003).
Furthermore, if the environment is limited by a specific nu-
trient, the consumer’s body fractionates isotopes differently
than in the case of no nutrient limitation (Michener and La-
jtha, 2008; Santricek et al., 2018). For example, Adams and
Sterner (2000) described that if the diet had a high C : N ratio,
the 819N of the consumer’s body increased. Another study
demonstrated that if the diet is limited by a nutrient, the con-
sumer’s body tends to increase or decrease the fractionation
against heavier isotope to keep its isotopic values almost con-
stant (Aberle and Malzahn, 2007). Stable isotopes of carbon
and nitrogen are the most common food web tracers used in
ecological studies (Michener and Lajtha, 2008). In the case
of invertebrates, many studies focus on aquatic or soil food
webs where producers and consumers can be easily collected
and prepared, and their body size enables us to create the re-
quired number of analyses with a sufficient number of indi-
viduals (e.g. Ponsard and Arditi, 2000; Wada, 2009). Several
studies have also focused on carbon and nitrogen stable iso-
topes in polar areas (Almela et al., 2019; Shaw et al., 2018;
Veldzquez et al., 2017). However, none of them have been on
glaciers, which are an intrinsic part of polar ecosystems and
high mountain areas.

The primary producers such as cyanobacteria and algae are
an important biotic component reflecting differences in the
nutrient input on the glacier surface and contributing to the
glacial ecosystem functioning (Hodson et al., 2008; Stibal
et al., 2012b; Vonnahme et al., 2016). Studies focusing on
the role of top consumers in cryoconite holes are lacking,
however, which may hinder our understanding of cryoconite
holes’ and glacial ecosystems’ ecology. This study is based
on data from three High Arctic inland glaciers, all three lo-
cated in a different geomorphological and geological context.
We expected that different geomorphological characteristics
would be reflected in the input of organic matter and thus
in the composition of its consumers (Cameron et al., 2012;
Edwards et al., 2013a, b). The current state of knowledge
about abundances and feeding rates of glacier invertebrates
suggests that they possess a substantial capacity to influence
the biotic fluxes of nutrients and energy on the glacier sur-
face. Therefore, we assume that the activity of invertebrates
is likely an important component of the nutrient recycling
in the glacier system with possible implications for down-
stream ecological processes. Here we apply the stable iso-
tope analysis to examine whether the top consumers — tardi-
grades and rotifers — show probable differences in their food
sources in the glacial ecosystem and discuss their trophic po-
sition in cryoconite holes. This work presents the first evi-
dence of differences in food sources or isotopic fractionation
in two widespread groups of glacier invertebrates and is an
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important step in the ongoing research focusing on underly-
ing mechanisms in the observed patterns.

2 Material and methods
2.1 Study site and sampling

Samples of cryoconite were collected from three glaciers
(Ebbabreen, Nordenskioldbreen and Svenbreen; breen
means glacier in Norwegian) located in central Svalbard
(78° N, 14-17° E) during July and August 2016. Svenbreen
is a representative of small glaciers in the geologically older
part of the Billefjorden Fault Zone. Ebbabreen and Norden-
skitldbreen are larger valley glaciers within a geologically
younger zone. On each glacier, representative cryoconite
holes (varied in shape, size and depth) were sampled in the
upper (close to the equilibrium line) and the lower (closer
to the glacier terminus) part of the ablation zone around the
main axis of the glacier. Sampling was conducted twice from
each glacier (within the interval of approximately 1 week
between each sampling) using a high-density polyethylene
(HDPE) bottle with two siphons according to Mueller et
al. (2001) with modifications after Vonnahme et al. (2016).
Cryoconite samples from each part of the ablation zone were
poured together and put into sterile Whirl-Pak® bags (Nasco,
Fort Atkinson, WI). Water pH was measured during the sam-
pling by a Hanna Instruments tester (HI 98130). Data about
the air temperature were provided by the meteorological sta-
tion at Bertilbreen which is a glacier adjacent to the exam-
ined Svenbreen. After sampling, cryoconite was stored on
ice in a field refrigerator (a plastic barrel entrenched into per-
mafrost) and subsequently frozen at —20 °C and kept frozen
until analysis.

2.2 Preparation of samples for isotopic analyses

For each replicate, a part of cryoconite (~ 2—4 cm?) was sep-
arately melted by dropping distilled water through the sam-
ple into a glass beaker, transferred into a falcon tube and
stored in a cooling box. Animals were collected under a
light microscope (Olympus CX31 and Leica DM750) us-
ing a glass Pasteur pipette. All work was performed using
nitrile gloves to avoid carbon contamination. Every individ-
ual specimen was cleaned of superficial mineral and organic
particles and transferred at least once to a drop of clean dis-
tilled water before transferring into an Eppendorf tube. The
Eppendorf tubes were also continuously cooled by a cool-
ing pad. The collected individuals were stored in a freezer
at —20 °C until lyophilization and further processing started.
After at least 300 individuals of both taxa (tardigrades and
rotifers) were collected from each sample, the Eppendorf
tubes were thawed and all individuals from each sample were
transferred into a pre-weighted tin capsule (Costech 41077,
5 x 9 mm). If the water content in the capsule exceeded one-
half of the volume, capsules were dried inside a desiccator
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with silica gel (0.5-2.5 h) until the water inside the capsules
was reduced to one-third of the volume. The samples were
consequently frozen at —20°C, and at least half an hour
before the lyophilization they were stored at —80°C. The
duration of the lyophilization was 4 h. Thereafter, samples
were weighed (Mettler Toledo Excellence Plus XP6; linear-
ity = 0.0004 mg), and the capsules were closed and wrapped
and analysed immediately or stored in a desiccator until the
analyses were performed. The average dry weight of inverte-
brates in the capsule was ~ 29.5 pug. Also, since the identifi-
cation of species requires specific preparation (see Sect. 2.5),
samples for isotopic analyses were pooled samples of all
species occurring in used cryoconite. Four replicates of tardi-
grades, rotifers and cryoconite from Svenbreen; five repli-
cates of tardigrades, four replicates of rotifers and three repli-
cates of cryoconite from Nordenskioldbreen; and three repli-
cates of tardigrades, two replicates of rotifers and two repli-
cates of cryoconite from Ebbabreen were collected for the
isotopic analyses. Due to the adaptation of cryoconite con-
sumers to specific conditions occurring on the glacier sur-
face (e.g. low temperature, low content of available nutri-
ents), we modified commonly used methods to avoid alter-
ation of their chemical composition during the preparation
for isotopic analyses.

Cryoconite intended for the isotopic analyses was cleaned
from tardigrades and rotifers, which were collected in par-
allel for isotopic analyses described above. After the collec-
tion, cryoconite was stored in Eppendorf tubes at —20°C.
When all samples were prepared, cryoconite was homoge-
nized using an agate pestle and mortar and dried in a thin
layer on a Petri dish at 45 °C. The duration of drying was 8 h.

For the analyses of §'°N in organic matter (OM), cry-
oconite was transferred without any other preparation into
pre-weighed tin capsules (Costech 41077, 5 x 9mm) and
weighed. The average amount of cryoconite used for anal-
yses was ~ 31 mg. For the analyses of §!3C in organic mat-
ter, 1 1-12 mg of cryoconite was transferred into pre-weighed
silver capsules (Elemental Microanalysis, 8 x 5 mm, D2008)
and carbonates (e.g. calcite, dolomite) were dissolved us-
ing 10 % HCI moistened with diH,O. The acid was pipet-
ted into the capsules followed by additions of 10, 20, 30,
50 and 100 uL with drying after each addition according to
Brodie et al. (2011) with the modification after Vinduskova
et al. (2019). After the last acid addition, samples were left
drying at 50 °C for 17 h. After drying, silver capsules were
inserted into tin capsules and put into a desiccator for 10—
20d.

2.3 Stable isotopes analyses

The §'3C and 89N values in all samples were analysed using
a Flash 2000 elemental analyser (Thermo Fisher Scientific,
Bremen, Germany). Released gases (NO,,, CO») separated in
a gas chromatography column were transferred to a Delta V
Advantage isotope-ratio mass spectrometer (Thermo Fisher
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Scientific, Bremen, Germany) through a capillary by a Con-
tinuous Flow IV system (Thermo Fisher Scientific, Bremen,
Germany). The stable isotope results are expressed in stan-
dard delta notation (§) with samples measured relative to the
Pee Dee Belemnite for carbon isotopes and atmospheric N»
for nitrogen isotopes and normalized to a regression curve
based on international standards IAEA-CH-6, IAEA-CH-3
and TAEA-600 (International Atomic Energy Agency, Vi-
enna) for carbon and IAEA-N-2, IAEA-N-1 and IAEA-NO-3
(International Atomic Energy Agency, Vienna) for nitrogen.
The regression curve of the total gas for analyses of cry-
oconite was based on the international standards Soil Stan-
dard Peaty OAS (Elemental Microanalysis, UK) and Soil
Standard Clay OAS (Elemental Microanalysis, UK). Ana-
lytical precision as a long reproducibility for standards was
within £0.03 %o for §'3C and £0.02 %o for §'5N.

The isotopic values of nitrogen in OM as well as organic
carbon (decarbonized cryoconite) in cryoconite were used
as a reference to the isotopic composition of potential food
sources for the invertebrates.

2.4 X-ray diffraction

To reveal the differences in geological composition of sed-
iment among the three glaciers, mineral phases of homog-
enized sediment were determined by an X-ray diffraction
analysis on the Panalytical X Pert Pro (PW3040/60) with
an X’Celerator detector. The measurements were conducted
under the following conditions: radiation — CuKe, 40kV,
30mA; angular range —3 to 70° 20; step 0.02°/150s. The
results were evaluated using an X'Pert HighScore Plus
1.0d software program with a JCPDS PDF-2 (ICDD, 2002)
database.

2.5 Cryoconite holes’ community composition

For the species identification, at least 10cm?® of cryoconite
was used from each sample. Tardigrades were collected us-
ing a glass Pasteur pipette, and the first observation was made
under a stereomicroscope (Olympus SZ51). Immediately af-
ter collecting, clean tardigrades were transferred onto glass
slides and mounted in a small drop of Hoyer’s medium (An-
derson, 1954; Ramazzotti and Maucci, 1983). After 1d of
drying in 56 °C, tardigrades were identified under a light mi-
croscope with phase contrast (Olympus BX53) associated
with a digital camera ARTCAM-500. Due to the ambigui-
ties associated with the identification of cryoconite species
(species complexes and hidden molecular lines; Zawierucha
et al.,, 2020), tardigrades were classified into the trophic
groups based on the dominant feeding behaviour and feed-
ing apparatus morphology according to Guidetti et al. (2012),
Guil and Sanchez-Moreno (2013), Hallas and Yeates (1972),
and Kosztyta et al. (2016). Specimens of bdelloid rotifers
were identified using a compound light microscope when
moving (identification is performed using the morphology of
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their cirri and trophi). Identification of feeding behaviour of
rotifers was primarily conducted following the monograph
by Doner (1965). For the identification of eukaryotic primary
producers, small drops of thawed and well-mixed cryoconite
were placed on the mount. Afterwards, algae and cyanobac-
teria were identified using a light microscope Olympus BX51
equipped with Nomarski interference contrast and the dig-
ital camera Canon EOS 700D. Identification was based on
publications by Ettl and Girtner (2014), Starmach (1966),
and Wehr et al. (2015). Quantification of primary producers
was omitted due to the preservation of samples by freezing
which presumably has a taxon-specific effect on the survival
of cells of the phototrophs. This presumption is based on the
observed low survival rate of glacial algal cells (Mesotae-
nium, Ancylonema) in freeze—thaw cycles (Jakub D. Zarsky,
personal communication, 2020). The proportional represen-
tation of consumers in each sample was calculated during
the collecting of tardigrades and rotifers for isotopic analy-
ses, and it is presented as frequency (in %) relative to the total
number of collected animals on each glacier. A difference in
relative abundance lower than 5 % was considered an equal
proportion.

2.6 Statistical analyses

All statistical analyses were conducted in R version 3.5.3
(R Development Core Team, 2018). To test the differences
between 8'°N isotopic values of tardigrades and rotifers, a
Kruskal-Wallis rank sum test was used. Before the correla-
tion coefficient tests were applied, a Shapiro—Wilk test was
used to test the normal distribution of the data. Therefore,
the Pearson’s rank correlation coefficient was calculated for
all the correlations between isotopic values (8'3C and §N)
of cryoconite and isotopic values of tardigrades and rotifers
which were normally distributed. The 89N of tardigrades
and frequency of omnivorous tardigrades among glaciers
were non-normally distributed; thus Spearman’s product-
moment correlation coefficient was used. Correlation coef-
ficients using the Shannon—Wiener index of diversity were
used to reveal differences between species composition and
isotopic values (819N, 8'3C) of tardigrades. To compare iso-
topic values of tardigrades, rotifers and cryoconite from each
sampling site, one-way ANOVA and Tukey multiple compar-
isons of means were applied. For the purpose of statistical
analyses, all replicates from the same sampling campaigns
were averaged.
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3 Results

3.1 Mineral composition and characteristics of
cryoconite

X-ray diffraction of cryoconite showed that the glaciers dif-
fer in mineral composition. Svenbreen has a low amount of
dolomite and amphibole which are dominantly found within
the metamorphic basement rocks around Ebbabreen and Nor-
denskioldbreen. The distribution of minerals within each
glacier is shown in Table Al (Appendix). ANOVA applied
to the mean §'3C values of OC in cryoconite did not reveal
any significant difference between glaciers. Due to logistical
issues, pH in cryoconite holes was measured only on Sven-
breen and Nordenskitldbreen with pH < 7.

3.2 Isotopic values

The isotopic value of nitrogen showed significant dif-
ferences in 8N between tardigrades and rotifers in
all samples (Kruskal-Wallis x2=12.685; df=1, n =22;
p value = 0.00037). All measured 89N values of tardigrades
revealed lower 89N values than rotifers as shown in Fig. 1
and Table 1.

Furthermore, we measured 89N values of nitrogen in or-
ganic matter from cryoconite, but there was no significant
relation with 819N values of tardigrades and rotifers found.

Regarding the isotopic values of carbon, we found a pos-
itive correlation of the 8'3C values of decarbonized cry-
oconite and the 8'3C of rotifers (Pearson’s product-moment
correlation » = 0.83; n = 19; p value = 0.006) (Fig. 2a). The
respective relationship among tardigrades was not signifi-
cant (Pearson’s product-moment correlation r = 0.67; n =
21; p value =0.07) (Fig. 2b).

In all samples, differences in $13C and 83N of tardi-
grades and rotifers and differences in §!'3C of decarbonized
cryoconite among glaciers were tested using ANOVA with
the mean values of 8'°C and 6!°N and the Tukey multi-
ple comparisons of means. These analyses showed a signif-
icant difference in §'3C values of rotifers between glaciers
(p value =0.029) (Fig. 3a), mostly between Nordenskiold-
breen and Svenbreen (p value =0.025). All other tests did
not reveal any significant pattern (Fig. 3).

3.3 Cryoconite holes’ community composition

During the collection of animals for isotopic analyses, we
counted the frequency of tardigrades and rotifers within all
replicates (Table 1). On all three glaciers, tardigrades and ro-
tifers co-occurred. However, Svenbreen revealed dominance
of rotifers from the total number of 7375 collected individ-
uals, Ebbabreen was dominated by tardigrades from the to-
tal number of 5163 collected individuals, and Nordenskiold-
breen revealed an equal proportion of tardigrades and rotifers
from the total number of 6401 collected individuals.

Biogeosciences, 18, 1543-1557, 2021
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Table 1. Description of samples and isotopic values (813C, 815N) of tardigrades, rotifers and cryoconite. Isotopic values are presented in per
mille and related to the international standards of the Pee Dee Belemnite for carbon and atmospheric N5 for nitrogen. The § 13¢* are values
of cryoconite after carbonate removal. The frequency of consumers on each glacier is expressed in percent relative to the total quantity of
collected consumers for isotopic analyses. T signifies tardigrades, and R signifies rotifers.

Glacier Tardigrades ‘ Rotifers ‘ Cryoconite ‘ Frequency
SN sBc | sBN sBc | BN sBcr | T R
Sven —3.55 2375 | —-1.57 -27.09 | —2.20 —22.65 | 39 61
—4.04 —-2636 | —1.81 —26.69 | —2.17 —22.08
—-3.52 -2633 | —2.04 -—-31.16 | —2.24 —24.09
—4.39 —-2645 | —1.04 —2853 | —1.64 —23.25
Nordenskiold —4.39 —2291 | —2.20 —-23.36 | —3.58 —21.56 | 49 51
—345 2330 | —-1.72 -23.25 | —230 —20.56
—-3.76 —2258 | =230 —23.02 | —2.98 —22.52
—4.15 —2478 | —-3.02 -25.19
—-3.93 -25.11
Ebba —-1.73  -24.19 0.69 —26.32 | —2.30 —22.24 | 58 42
—4.85 —2522 | —-2.38 —25.13 | —4.29 2331
—4.33  -25.15

Regarding the species composition of primary producers,
we identified representatives of algae and cyanobacteria from
all samples. In the case of algae, we observed mostly Zygne-
matales (Ancylonema sp., Mesotaenium sp.). In the case
of cyanobacteria, we observed Oscillatoriales (Phormidium
sp.), Nostocales (Nostoc) and Synechococcales (Leptolyng-
bya sp.).

During the division of consumers into trophic groups, only
tardigrades were identified in a sufficient number for anal-
yses. Rotifers found within the samples were identified as
Macrotrachella sp. and Adineta sp. However, they could not
be divided and analysed due to the majority of individu-
als occurring in a dormant stage, which made it impossible
to observe the morphology of their cirri and trophi (jaws)
necessary for their identification. Regarding tardigrades, we
identified 1117 individuals which were divided into three
trophic groups: Pilatobius glacialis Zawierucha et al., 2020
as microbivores (41 %), hypsibiids (Acutuncus mariae Zaw-
ierucha et al., 2020 and representatives of Hypsibius dujar-
dini group) as herbivores (53 %) and Grevenius cryophilus
Zawierucha et al., 2020 as omnivores (5 %). We also found
a few individuals of Cryoconicus kaczmareki Zawierucha et
al., 2018b on Ebbabreen, but they were not included in statis-
tics due to their very rare occurrence. As shown in Fig. 4, the
composition of tardigrade trophic groups is slightly different
among glaciers.

Correlations between trophic groups of tardigrades and
isotopic values (89N, §'3C) of tardigrades and decarbonized
cryoconite did not reveal any significant relationship.
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Figure 1. Differences in 819N between tardigrades and rotifers
analysed by Kruskal-Wallis rank sum test. The diagram displays
medians and distribution of measured §!9N values. The whiskers
represent the lowest and highest measured values. Both outliers rep-
resent 819N values of one replicate from Ebbabreen.

4 Discussion

4.1 Isotopic values and the role of consumers in
cryoconite trophic network

The nitrogen isotopic values of cryoconite consumers re-
vealed higher "N in rotifers compared to tardigrades, sug-
gesting differences in the §'°N of their diet or differences
in the isotopic fractionation between both consumers. Pre-
dominantly, higher values of "N usually indicate a higher
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Figure 4. Bar plot visualization of tardigrades’ trophic-group rela-
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trophic level (Kling et al., 1992; Wada, 2009). However,
based on the observed food preferences of tardigrades and
rotifers from cryoconite (Stfiteckd and Devetter, 2015; Zaw-
ierucha et al., 2016), we cannot presume their strict trophic
division, nor can we clearly distinguish their feeding strate-
gies. Rotifers were mostly identified as filter feeders (Macro-
trachella sp.) or scrapers (Adineta sp.) (Herzig et al., 2006)
whereas Adineta sp. did not exceed Macrotrachella sp. in the
total quantity of collected rotifers (the living specimens can
be well distinguished from Macrotrachella sp. during col-
lecting). Tardigrades found in samples were identified as mi-
crobivorous (P. glacialis), herbivorous (hypsibiids) and om-
nivorous (G. cryophilus) species. Nevertheless, based on the
knowledge of the tardigrades’ feeding apparatus morphol-
ogy, P. glacialis with its ventrally located mouth is likely able
to consume algae during scratching biofilms from the surface
of granules and G. cryophilus, which has a relatively wide
buccal tube, can utilize various food sources such as algae,
protozoans and other small invertebrates. Moreover, all stud-
ied groups of tardigrades feed on algae in laboratory cultures
(Bryndova et al., 2020; Kosztyta et al., 2016).
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Therefore, we assume that the differences in 8!°N be-
tween both consumers may suggest enrichment of N in
food for rotifers caused by preferential consumption of bac-
teria or dissolved organic matter (DOM) and consequently
higher "N compared to food for tardigrades (Altabet and
Small, 1990; Kling et al., 1992; Mariotti et al., 1980; Mc-
Cutchan et al., 2003; Peterson and Fry, 1987). The results
of Nagarkar et al. (2004) and Kohler et al. (2018), who re-
ported that cyanobacteria have high content of proteins and
high 8N values typical of nitrogen-fixing organisms, serve
as an indirect empirical indication supporting this assump-
tion. However, lower 89N of tardigrades may suggest the
variation in 8N of algae which can vary depending on their
C:N ratio and 8N ratio of their nitrogen source (Adams
and Sterner, 2000; Gu and Alexander, 1993). The differ-
ences between consumers may also signify different nitrogen
isotopic fractionation depending on the C:N ratio of their
food (Aberle and Malzahn, 2007; Adams and Sterner, 2000).
Moreover, we cannot exclude the possibility that consumers
in cryoconite holes may be limited by the lack of nutrients;
thus the ingested food composition may shift from its opti-
mum compared to related species from other habitats.

Regarding the §'3C values, tardigrades and rotifers in our
study revealed lower 8'3C than decarbonized cryoconite.
This difference is similar to the results described by Almela
et al. (2019) and Veldzquez et al. (2017), who focused on
tardigrades and rotifers from Antarctic microbial mats, but it
contrasts with the fundamental literature (Peterson and Fry,
1987; Wada, 2009) as well as with the study of Shaw et
al. (2018), who focused on soil in the non-glaciated part of
the Taylor Valley (Antarctica). We assume that these varia-
tions may be explained by differences in carbon fractiona-
tion on glacier surfaces, differences within tardigrades and
rotifers in comparison with freshwater zooplankton and soil
microfauna, or the variations in isotopic values of various
species which differed in their frequencies among glaciers.
The correlation between 8'3C of cryoconite and rotifers may
also indicate that rotifer food represents much of the cry-
oconite organic carbon. Such correlation in tardigrades was
not significant, which could be because they potentially con-
sume algae and cyanobacteria that incorporate CO, from the
atmosphere during photosynthesis with similar §'3C values
everywhere. The results presenting the distribution of §'3C
in comparison with differences in 8! N between tardigrades
and rotifers may indicate that rotifers consume DOC origi-
nating from extracellular exudates of algae or cyanobacteria
(Velazquez et al., 2017), but the source of nitrogen (e.g. bac-
teria, cyanobacteria and organic detritus) is likely different.

In comparison with studies focusing on the isotopic com-
position of consumers from soil and microbial mats in
Antarctica (Almela et al., 2019; Shaw et al., 2018; Veldzquez
et al., 2017), isotopic composition of tardigrades and rotifers
from Arctic cryoconite holes reveals differences in §'°N
as well as in 813C. Nevertheless, even though studies from
Antarctica present different isotopic values, they include im-
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portant data about relations of tardigrades and rotifers to the
main food sources within studied systems, revealing infor-
mation about the diet of these polar invertebrates and sup-
porting our assumption that both groups probably do not
strictly divide their food sources, and therefore a further ex-
amination of their gut content is necessary. For example, in
Almela et al. (2019), tardigrades were related mostly to a
larger fraction of particulate organic matter (POM < 30 pm)
composed generally of green algae and rotifers were related
to a smaller fraction of POM (0.5-5pum) composed gen-
erally of bacteria and detritus. In the study of Veldzquez
et al. (2017), tardigrades were related to cyanobacteria and
POM (< 30 um) and rotifers mostly to cyanobacteria and di-
atoms. Regarding the isotopic composition, the closest val-
ues to our results were observed in tardigrades and rotifers
from soil in Taylor Valley (Shaw et al., 2018) in which these
consumers were considered mat grazers.

It is known that the absolute isotopic composition varies
among systems based on various causes, such as differences
in the isotopic composition of the nutrient pool (Montoya et
al., 1990), seasonal changes in the community structure (Ci-
fuentes et al., 1988), seasonal variability in isotopic values
of the food (Zah et al., 2001) or the effect of temperature on
the isotopic fractionation (Bosley et al., 2002; Degens et al.,
1968; Hinga et al., 1994; Olive et al., 2003). Thus, our re-
sults from cryoconite holes, in which the input of nutrients
as well as changes in the community structure of microbes
varies during the season (Sawstrom et al., 2002; Stibal et
al., 2008), require further investigation focused on isotopic
composition of the gut content in tardigrades and rotifers and
their isotopic fractionation and elemental ratio to fully reveal
the causes of their different isotopic values.

4.2 Variations in isotopic values among glaciers

As shown in the results, the isotopic values among glaciers
revealed differences in 8'3C of rotifers primarily between
Nordenskioldbreen and Svenbreen. The frequency of con-
sumers on these two glaciers showed a higher abundance of
rotifers at Svenbreen and an equal abundance of tardigrades
and rotifers at Nordenskitldbreen. Nordenskitldbreen also
revealed a higher quantity of presumably microbivorous P.
glacialis compared to Svenbreen where presumably herbiv-
orous hypsibiids dominated.

The differences in §'3C values may indicate specific nu-
trient requirements of primary producers affected by the
variability in spatial characteristics of the glacier surround-
ings and consequent variations in the nutrient input onto the
glacier surface (Bagshaw et al., 2013; Hagen et al., 1993). As
presented by Post (2002), who focused on freshwater food
webs, larger studied lakes evinced higher 8'3C values than
small lakes, suggesting higher occurrence of autochthonous
carbon input increasing the 8'3C of the food web. Based
on these findings, we assume that due to its smaller size,
Svenbreen may have a higher allochthonous input of nutri-
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ents in the form of organic matter from adjacent habitats,
which could lower the §'3C because of a longer chain of frac-
tionations discriminating against heavier '3C as is typical of
an allochthonous source of carbon (Peterson and Fry, 1987,
Post, 2002). Consequently, the depletion in the '*C of con-
sumers on Svenbreen could signify preferential consumption
of DOM from the primary production or detritus (Abelson
and Hoering, 1961; Iakovenko et al., 2015; Macko and Es-
tep, 1984). Oppositely, consumers from Nordenskidldbreen
and Ebbabreen revealed higher 8'3C which could be a re-
sult of the larger size of these glaciers and a potential larger
component of autochthonous production (Stibal et al., 2010)
which uses enriched carbon from atmospheric CO; (Post,
2002) and has a shorter chain of transformations and discrim-
inations against '3C during the assimilation of inorganic mat-
ter (Michener and Lajtha, 2008). Nevertheless, the observed
variations in 8'3C among glaciers could also reflect a dif-
ferent proportional representation of herbivorous and other
consumers (DeNiro and Epstein, 1978; Michener and Lajtha,
2008) or a dynamical character of sudden processes occur-
ring on the glacial surface including changes in the input of
organic and inorganic matter (Chandler et al., 2015; Telling
et al., 2012; Wagenbach et al., 1996; Zah et al., 2001). There-
fore, further investigations focused on carbon isotopic ratios
and fractionation in cryoconite holes are essential.

Regarding the differences in §'°N among glaciers, some
samples evinced a high presence of cyanobacteria Lep-
tolyngbya sp. which may relate to §'9N variations between
glaciers due to a higher content of N in the populations
of cyanobacteria (Darby and Neher, 2012). However, as de-
scribed in Sect. 2.5, we were not able to quantify primary
producers; thus, our observation may be influenced by inac-
curacies caused by the preservation of samples by freezing.

During the analyses of mineral composition of cryoconite,
we detected a high amount of amphibole and dolomite on
Ebbabreen and Nordenskioldbreen which are both located in
a geologically younger zone of the Billefjorden Fault Zone
compared to Svenbreen located in an older part of the Bille-
fjorden Fault Zone. Considering a higher potential solubil-
ity of minerals due to acidic pH of cryoconite holes (4.48—
5.9) and differences in mineral composition of cryoconite
aggregates among glaciers, the differences in the commu-
nity structure of microbial communities and consequent iso-
topic values may be related to the variability in composition
of available minerals released by biogeochemical weathering
(Barker and Banfield, 1998; Carson et al., 2007; Roberts et
al., 2004; Zawierucha et al., 2019c). Moreover, upper parts of
Svenbreen were covered by snow during sampling, whereas
before and during sampling of Ebbabreen, the air tempera-
ture increased to 8.8 °C (according to the meteorological sta-
tion at Bertilbreen). Therefore, the higher content of § I5N in
these samples could also be caused by the presence of NO;
in the meltwater (Hodson et al., 2005).
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5 Conclusions

This study presents the first description of carbon and nitro-
gen isotopic values of cryoconite consumers (tardigrades and
rotifers) and their potential food. Despite the variability in
distribution of isotopic values, we showed that 819N differs
between tardigrades and rotifers in all samples which points
to their different roles in a cryoconite trophic network. The
813C values revealed variability in their distribution among
the taxa as well as between glaciers suggesting that the input
and source of carbon among glaciers may differ and influence
the isotopic composition of §'3C in cryoconite as well as
in consumers. We also revealed a significant correlation be-
tween organic carbon from decarbonized cryoconite and ro-
tifers, which may indirectly indicate that rotifers are more re-
lated to cryoconite carbon from bacteria than are tardigrades,
which are likely considered to be more herbivorous. Never-
theless, further research is required to elucidate and explain
the cryoconite trophic network, the entire diet of the con-
sumers and their contribution to supraglacial nutrient path-
ways.
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Appendix A

Table Al. Mineral composition in particular samples analysed by X-ray diffraction. The x symbol means presence of the mineral; x x
means high presence of the mineral. The sign “~” means that the mineral was not detected. Abbreviations of samples refer to the glacier
where the cryoconite was sampled, the part of the ablation zone and the number of the sampling session.

Sample Quartz Plagioclase  K-feldspar ~Amphibole Dolomite = Muscovite or  Chlorite

illite
SL1 X X X X - - X X X
SU1 X X X X - - X X
SL2 X X X X - — X X X X
SU2 X X X X X X X X X X
NLI1 X X X X X X X X X X
NU1 X X X X X X X X X X
NL2 X X X X X X X X X X
EL2 X X X X X X X X X X
EU2 X X X X X X X X X X
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