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Abstract Microinvertebrates play a role as top consumers
on glaciers. In this study we tested what kind of cryoconite
material the animals inhabit (mud vs granules) on the edge
of the Greenland ice sheet (GrIS) in the south-west. We
also tested the links between the densities of micro-fauna in
cryoconite material and selected biotic (algae, cyanobac-
teria, bacterial abundances) and abiotic (water depth, pH,
ion content, radionuclides) factors. We collected 33 cry-
oconite samples. Tardigrada and Rotifera were found in 18
and 61% of samples, respectively. Invertebrates in this
study were considerably less frequent and less abundant in
comparison with High Arctic glaciers. The highest density
of tardigrades and rotifers constituted 53 and 118 ind./ml,
respectively. Generalized linear models showed no rela-
tionship between the densities of fauna and biotic and
abiotic factors. The densities of animals were significantly
higher in granules than in mud. The difference in the
densities of animals between granules and mud reflects a
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simple mechanistic removal of invertebrates from the
sediment during its erosion by flushing which leads to mud
formation. These processes may influence a random dis-
tribution of micro-fauna without clear ecological interac-
tions with biotic and abiotic variables at the edge of the
GrlS.
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Introduction

Glaciers and ice sheets constitute an important element of
the biosphere in terms of freshwater and carbon cycle
(Hodson et al. 2008; Cook et al. 2015b). Despite extreme
conditions such as low temperatures, a high melting rate of
ice and high doses of UV radiation, the supraglacial zone is
a habitable environment for various organisms from pri-
mary producers to higher trophic consumers like micro-
fauna — the most frequent animals are tardigrades and
rotifers (Mueller et al. 2001; Takeuchi et al. 2001a; Zaw-
ierucha et al. 2015; Grzesiak et al. 2015; Cook et al. 2015b;
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Gawor et al. 2016). Due to its unique species, a truncated
food web and topographic as well as climatic features,
glaciers and ice sheets are considered to be a distinct
extreme biome with its highest biological activity observed
within cryoconites (Anesio and Laybourn-Parry 2012).
Cryoconite consists of debris deposited on the ice sur-
face by wind, water or rockfall. Microorganisms along with
debris form special consortia called cryoconite granules.
Cyanobacteria produce extracellular polymeric substances
(EPS) which stick together mineral and organic matter to
form granules (Takeuchi et al. 2001a, b; Hodson et al.
2010b; Langford et al. 2014; Cook et al. 2015b). These
granules are a key component of glacial ecosystems
(Hodson et al. 2008; Cook et al. 2015b), and together with
dust and ice algae, they reduce surface albedo and increase
the melting of glaciers (Wharton et al. 1985; Takeuchi
et al. 2001a, b, 2010). The combination of cryoconite
granules and solar radiation influences the formation of
cryoconite holes — water-filled reservoirs on the surface of
glaciers (Wharton et al. 1985; Hodson et al. 2008). Cry-
oconite holes are regarded as biodiversity hotspots on
glaciers, constituting dynamic ecosystems with high pri-
mary production and organism assemblages adapted to
such extreme conditions (e.g., Anesio and Laybourn-Parry
2012; Cook et al. 2015b; Zawierucha et al. 2015). The
number of ecological studies on glacier ecosystems has
increased in the last decade by surveys on the distribution
of organisms in cryoconite holes (e.g., Uetake et al. 2010),
biocryomorphological interactions (Cook et al.
2015a, 2016), the darkening of glaciers affected by algal
blooming (e.g., Lutz et al. 2014), the interaction between
organisms in cryoconite holes (e.g., Gokul et al. 2016), and
even the biotechnological potential of cryoconite hole
inhabitants (Singh et al. 2014). Surprisingly, data on the
biggest organisms in glacial ecosystems, micro-animals,
are scarce and mainly restricted to taxonomical snapshots
(Dastych et al. 2003; Zawierucha et al. 2016a).
Microinvertebrates may play an important role as top
consumers on glaciers (Zawierucha et al. 2016a). Animals
(mainly tardigrades and rotifers) are ubiquitous occupants
of cryoconite holes (Zawierucha et al. 2015, 2016a). Their
densities may reach up to 168 ind. per cm® and 624
ind. per g~ ' of dry weight on High Arctic glaciers with a
frequency of up to 90% of samples (Zawierucha et al.
2016b). Some of the Alpine and Himalayan invertebrates,
e.g., tardigrades, have a black pigment, a protection against
UV radiation (Zawierucha et al. 2015) which was proposed
as a factor reducing albedo and influencing ice melting
(Zawierucha et al. 2015). In spite of those facts, ecological
studies of fauna on polar glaciers are limited to one survey
in the Antarctic (Porazinska et al. 2004), and two in
Svalbard (Vonnahme et al. 2015; Zawierucha et al. 2016b).
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Moreover, the relation between micro-animals and the flux
of natural and anthropogenic pollution in glacial systems
remains unexplored (Lokas et al. 2014, 2016), including
radionuclides.

The main source of anthropogenic radionuclides is
atmospheric testing of nuclear weapons which peaked in
the early 1960s. The contamination from that source has
been detected worldwide, including the High Arctic areas
(AMAP 2015). Additionally, the European region of the
Arctic has been subject to radioactive contamination from
regional sources, such as the releases from nuclear industry
and nuclear accidents (Dowdall et al. 2003; Johannessen
et al. 2010; Paatero et al. 2012). After their deposition in
the environment, artificial radionuclides can be remobi-
lized and transported by the resuspension of snow, soil or
marine aerosols, and with sea currents, ice pack or ice-
bergs. Lokas et al. (2016) suggested a negative impact of
radionuclides and heavy metals from cryoconite on
downstream ecosystems.

The Greenland ice sheet (GrIS) is a dynamic and
unique supraglacial ecosystem. The edge of the GrIS is
characterized by supraglacial debris being washed away
by meltwaters to subglacial and proglacial environments
(e.g., Stibal et al. 2010; Cameron et al. 2016). Various
studies have been performed on glaciers in south-west
Greenland (Kangerlussuaq area) (see Cook et al. 2015a
and literature cited herein), most of which have focused
on the respiration, photosynthesis and cryoconite size
(Cook et al. 2016; Irvine-Fynn et al. 2010; Stibal et al.
2010, 2012, 2015) with little emphasis on the combination
of taxonomic and ecological data (Uetake et al. 2010).
Furthermore, fauna has not been included in either of the
previous ecological surveys. In this study we used an
integrated approach of biotic and abiotic factors to
determine the relation of tardigrades and rotifers and other
biota and their environment in this area. These animals
are the top consumers in cryoconite holes, and therefore
they may be the key to understanding densities and
interactions between cryoconite biota (potential food) in
glacial ecosystems.

Materials and methods
Material and sampling

The GrIS is the second largest body of ice on Earth (Online
Resources 1), and its ablation zone stretches up to 100 km
inland, comprising all the ecological zones of glaciers:
barren ice, slush and wet snow (Stibal et al. 2010; Hodson
et al. 2010a). Cryoconite samples were collected from the
5th to the 6th of September 2015 from the edge of the GrIS
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Fig. 1 Study sites. a Surface of
Greenland Ice Sheet with

small hills, b cryoconite

holes, ¢ cryoconite puddle,

d cryoconite lake

(Online Resources 1, Fig. 1a—d) in the area of Kangerlus-
suaq (Online Resource 1). The samples were collected
from the edge of the ice sheet towards ca. 1.5 km inland,
from N67°08.177 W50°02.331" to N67°08.787
W50°00.181" (see Online Resources 1, 2). In total, 33
cryoconite samples were collected: four from cryoconite
puddles, 28 from cryoconite holes and one (consisting of
two subsamples) from a cryoconite lake (Online Resource
2, Fig. la—d). In this study, we considered (a) cryoconite
holes to be reservoirs formed in the ice which are usually
circular or oval-shaped and up to 30 cm in diameter
(Fig. 1b), (b) cryoconite puddles to be shallow reservoirs or
a deposition of cryoconite material in an irregular shape
without clear borders (Fig. 1c), (c) cryoconite lakes to be
large (more than a few square meters in size) water
reservoirs with cryoconite material on the floor (Fig. 1d).
The number of samples (N), the elevation above sea level
(a.s.l.), pH, water content, the type of cryoconite material,
and invertebrate densities were noted in Online Resource 2.

The cryoconite samples were collected with disposable
plastic Pasteur pipettes and transferred into 15 cm’ plastic
test tubes. For a faunistic and phycological analysis the
collected samples were preserved using 96% ethylene
alcohol. For a microbiological, biochemical, and radioac-
tivity analysis the samples were collected separately.
Microbiological samples were collected under sterile con-
ditions, with sterile gloves and sterile plastic tubes. Then,
the samples were frozen, placed in an icebox packed with
ice and transported to the laboratory at Adam Mickiewicz

University. The sediments were divided visually into two
categories: mud and typical cryoconite granules (Fig. 2a—
d). We considered the typical cryoconite granules as
roundish or quasi-spherical particles with clearly visible
organic parts (cyanobacteria) under a stereo microscope.
Granules of that shape refer to those presented in Takeuchi
et al. (2001b), and Cook et al. (2015b) (Fig. 2a, b). The
height of water content in the center of holes (water depth)
was measured using a ruler, while pH was measured at the
bottom of the reservoirs close to the cryoconite material,
using a Hanna HI 98129 probe.

Micro-animals, cyanobacteria, algae isolation
and identification

From each sample, 1 cm® of cryoconite material was
scanned for tardigrades and rotifers with a stereomicro-
scope at 40x magnification. All tardigrades and their
exuvia with eggs were mounted on microscopic slides in
Hoyer’s medium and then examined with a phase contrast
microscope (PCM), Olympus, model BX53. The taxon was
identified using recent descriptions (Zawierucha et al.
2016a). Trophic groups were established based on the
scheme presented in Guidetti et al. (2012).
Cyanobacterial and algal species observation was con-
ducted with a Nikon Eclipse TE2000-S digital microscope
equipped with a Nikon DS-Fil camera. Taxa were archived
using NIS image analysis software with scalable object
images. Due to a large amount of mineral deposits it was
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Fig. 2 Cryoconite material. a,
b Cryoconite granules, arrows
indicate filamentous
cyanobacteria. ¢, d Cryoconite
mud — cryoconite reworked by
streaming water (eroded
granules)

impossible to count the cyanobacterial and algal cells using
the typical method of a sedimentation chamber. In order to
conduct a quantitative analysis of species in the samples,
the taxa were counted on slides. The so-called visible
“calculation units” were counted and the following coun-
ted as calculation units: individual cells and 100-pm fila-
ments (Klebsormidium filaments in the studied material
often collapsed into individual cells, therefore the mean of
seven cells was treated as 100-um filaments — one cal-
culation unit). The calculations were conducted in order,
along the parallel specimen lines, through moving the field
of vision by one unit. The calculations were conducted in
ten repetitions, each time applying 0.1 ml volume on a
slide and then counting mean values of units in 0.1 ml
volume re-calculated to 1 ml volume (Napidrkowska-
Krzebietke et al. 2012). The taxonomy of cyanobacteria
and algae was based on Hoek et al. (1995). Cyanobacteria
and algae were identified according to the following stud-
ies: Starmach (1972), Komarek and Anagnostidis (2005),
Coesel and Meesters (2007).

Chemical analysis—ion concentrations
Cryoconite water and debris samples were transported to
the laboratory of the Department of Analytical Chemistry

of the Gdansk University of Technology and stored at a
temperature of 4 °C. In order to minimize the storage time,
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the analyses were performed immediately after the delivery
of the samples to the laboratory, according to the analysis
data presented in Online Resource S5. Before the analysis
the samples of cryoconite water had been filtered through
0.45-um filters.

Quantitative analyses of basic anions (F~, CI~, NO,,
Br—, NO;~, PO,*>~, and SO,*") and cations (Li*, Na™*,
NH, ", K*, Mg®", and Ca**) were determined by means of
ion chromatography (ICS 3000 Dionex). The determination
of various groups of analytes involved the application of
demineralized Mili-Q water (Mili-Q® Ultrapure Water
Purification Systems, Millipore® production). The analyses
of ions were performed with the application of Standard
Reference Material NIST, previously described in Leh-
mann et al. (2016).

Radiometric analysis

Samples were dried at 105 °C and subsequently measured
for gamma (137Cs, ZlOPb), alpha (238Pu, 239Jr240Pu) and beta
(°°Sr) spectrometry. For gamma analyses, a planar HPGe
(high-purity germanium) detector (home-made by the
Institute of Nuclear Physics PAS Krakow and electronics
by Silena S.p.A.) was used. The activities of '*’Cs were
determined via the '*"™Ba emission peak at 662 keV but
for 2'°Pb the 46.6-keV peak was used as the analytical
signal. The activities of 238Pu, 239+240py and °Sr were
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determined for 0.34-0.78 g of the dried samples. The
samples were digested using concentrated HF, HNO;, HCI,
and a small addition of H3BO3. Finally, the sample solution
was converted to 1 M HNOj;. The radiochemical procedure
consisted of a Pu separation step by anion exchange in § M
HNO; after oxidation-state adjustment to Pu(IV). The
separation of strontium from the effluent from the Dowex
1X8 column (8 M HNO3) took place on another column
which was filled with Sr-resin (Triskem). The chemical
procedure that followed was based on that previously
described (Lokas et al. 2016). The measurements of plu-
tonium isotope activities were determined using alpha
particle spectrometers with semiconductor, passivated
planar silicon detectors (Canberra) on a Silena
Alphaquattro spectrometer (Silena S.p.A). *°Sr was mea-
sured using a Wallac 1414 Guardian LSC spectrometer. A
reference material (IAEA 447) was analyzed to ensure the
quality of measurements (Online Resource S6). The
obtained results corresponded well with the certified values
of activities calculated in November 2009.

Quantitative real-time PCR (qPCR)

Metagenomic DNA was extracted from 1 g (wet weight) of
each sample by heat lysis and a Genomic Mini kit (A&A
Biotechnology). DNA quality and quantity were assessed
spectrophotometrically and electrophoretically. The puri-
fied DNA samples were then stored at —20 °C for further
analyses.

The qPCR was performed to quantify the bacterial 16S
rRNA gene in total DNA. The 16S rRNA gene copy
numbers were determined using the forward primer 5'-
CGCAACGAGCGCAACCC-3' and reverse primer
5'CGTAAGGGCCATGAKGA-3' set described previously
(Xi et al. 2009). The total number of bacteria was calcu-
lated as the copy number of 16S rRNA gene/4, with four
being the average number of copies of the gene encoding
16S rRNA per bacterial cell, according to the ribosomal
RNA database (Klappenbach et al. 2001; Stalder et al.
2012). Serial dilutions of standard templates ranging from
10° to 10 gene copies were used to generate the qPCR
standard curve. The specificity of amplification was
determined by a melt curve analysis and gel elec-
trophoresis. The qPCR amplifications were performed in a
96-well plate in a final volume of 20 ml with Luminaris
HiGreen qPCR Master Mix (Thermo Scientific) using a
CFX96 Touch Real-Time PCR Detection System (Bio-
Rad).

Data analysis

We obtained a full set of descriptors: the count of each
phylum (densities), water depth of the cryoconite sample

areas, water pH and the height above mean sea level for 33
samples. We computed all the analyses in R software
version 3.3.1 (R Core Development Team 2016).

We tested for a relationship between Tardigrada, Roti-
fera, cyanobacteria, and algae count by building general-
ized linear models (GLMs) with the abundance of
Tardigrada (models set 1) and Rotifera (models set 2) as
response variables, and the abundance of the other three
groups as explanatory variables. We used a log-link,
Poisson family error distribution and corrected for residual
overdispersion. We also removed an outlier with excep-
tionally high cyanobacteria abundance from the analysis
(101 individuals, mean no. of individuals and SD for the
dataset: 12 £ 25) as model validation showed that it had a
Cook’s distance value above 1. For each group, we com-
puted models consisting of all the possible combinations of
explanatory variables, and evaluated them with quasi-AIC
(QAIC) using the ‘MuMIn’ package (Barton 2016).

We tested for a relationship between Tardigrada, Roti-
fera, cyanobacteria, and algae count and water depth of the
cryoconite sample areas, as well as water pH and the height
above mean sea level by Poisson family (corrected for
overdispersion), log-link GLMs with the count of each
group as a response variable. For each group, we computed
models consisting of all the possible combinations of
explanatory variables, and evaluated them with quasi-AIC
(QAIC). We followed an information-theoretic approach to
identify the most parsimonious models (Burnham and
Anderson 2002). The model with the lowest QAIC within
the set was considered the best, given the data (Burnham
and Anderson 2002), but we discarded models with unin-
formative parameters that were more complex versions of a
competitive model with fewer parameters whose QAIC < 2
(Arnold 2010). The best candidate model had a AQAIC of
zero. As a rule of thumb, models with a substantial
empirical support had AQAIC < 2; models with AQAIC
between 4 and 7 had considerably less support, and models
with AQAIC > 10 were essentially not supported (Burn-
ham and Anderson 2002). In both analyses based on the
QAIC we discarded models with uninformative parameters
that were more complex versions of a competitive model
with fewer parameters whose AAICc was < 2 (a detailed
explanation of why these parameters are uninformative can
be found in Arnold 2010).

For a subsample of cryoconite holes we obtained data on
water biochemistry (N = 12). Here, we first performed the
principal component analysis (PCA) on the concentration
of cations and anions to reduce the 11 ion concentration
variables to a few essential components. Next, we included
the principal components that explained most variance (see
the results) as explanatory variables into Poisson (corrected
for overdispersion), log-link GLMs with an abundance of
each phylum as a response variable. Here, we arrived at the
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final model structure by sequentially removing non-sig-
nificant variables (Zuur et al. 2009).

Results

Invertebrate, algological, radiometrical, chemical and
microbiological descriptive statistics are presented in
Online Resources 2, 4, 6, 7, 8, 9, respectively.

Two groups of invertebrates were found in this study:
Tardigrada and Rotifera (Online Resource 3a-b), and no
other microscopic animals (nematodes or arthropods) were
found. Only one taxon of Tardigrada was found — Pila-
tobius sp. Rotifers were not identified. Tardigrada and
Rotifera were found in 6 samples (18% of all samples) and
20 samples (61%), respectively. The highest density of
tardigrades and rotifers constituted 53 and 118 ind./ml,
respectively (on average, 3.5 tardigrades and 10.4 rotifers
per milliliter of cryoconite). The density of both groups
was significantly higher in water reservoirs with granules
than in those with mud (Tardigrada: ;{2 = 1497, df =1,
p < 0.001, Rotifera: XZ =11.79, df =1, p < 0.001, see
Fig. 3).

Cryoconite cyanobacteria and algae composition

Thirteen cyanobacterial and algal taxa were recorded
belonging to 3 phyla (Online Resource 4). The most
numerous were cyanobacteria (five species, representing
more than 38% of all the identified species), including the
orders Oscillatoriales (31%, four species), Nostocales (7%,
one species), and Heterokontophyta (five species, more
than 38%) represented by the class Bacillariophyceae.
Chlorophyta were the least species-diverse (three taxa
representing 24% of all the identified species) belonging to
classes Klebsormidiophyceae, Zygnematophyceae and
Chlorophyceae (Online Resource 1). Klebsormidium sp.

Tardigrada Rotifera
1201
90~
I=
3 60
(@] °
30
0 =t é

M'ud Grar;ules M'ud Graﬁules

Fig. 3 The counts of Tardigrada and Rotifera in cryoconite holes
with mud and granules. Boxes denote 25th, 50th, and 75th percentiles;
whiskers represent the lowest and highest datum within the 1.5
interquartile range of the lower and upper quartiles
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(Chlorophyta) was recorded in almost all the samples. The
next dominants were Leptolyngbya sp. and Pseudanabaena
frigida.

Radionuclides

Activity concentration of anthropogenic ("7 cs, 230240py
and *°Sr) and natural (*'°Pb) radionuclides in cryoconite
samples was detected (Online Resource 6). In most cases,
the activity concentration of cesium was below the minimal
detectable concentration (MDC) but in two samples (9 and
30) activity concentrations varied between 43 and 123 Bq/
kg dw. The MDC values of '*’Cs varied between 13 and
280 Bg/kg dw depending on a very small sample mass. The
activity concentrations of **Pu in each sample were below
the minimal detectable concentration. In most samples, the
activity concentrations of ***7?**Pu were also below MDC
(0.03-0.11 Bg/kg dw), but in three samples (4, 24 and 30)
this varied from 0.03 to 0.82 Bg/kg. The activity concen-
trations of *°Sr were below MDC (7.4-11.3 Bg/kg dw)
except for sample 23 (23.2 & 7.3 Bg/kg dw). '°Pb is a
natural, airborne radionuclide which binds to and is
transported with aerosol particles. Atmospheric fallout of
219pp varies spatially depending mainly on rainfall and
geographical location. The *'°Pb activity concentrations
ranged from 63 to 1561 Bg/kg.

Relations of biota to abiotic factors (water depth,
pH, a.s.l.)

Tardigrada and Rotifera counts were neither related to one
another, nor to counts of the other groups (cyanobacteria
and algae) in the samples. In both cases, the null model
received the most QAIC support (Online Resource 10). We
found no relationship between Tardigrada, Rotifera and
cyanobacteria count and the measured abiotic factors as the
null models received most QAIC support in all three cases
(Online Resource 12). The best models for the Rotifera and
cyanobacteria count contained the positive effect of water
depth but in both cases the null model received similar
support (AQAIC < 2). The best model for the algae count
included the negative effects of water pH (Online Resource
11), with regression coefficient 95% confidence intervals
equal to: —2.25 to —0.21.

Relation of biota to water biochemical parameters

The PCA resulted in 11 principal components, three of
which had an eigenvalue above 1 (Online Resource 13).
These first three components explained 43.7, 24.3, and
13.6% of variance, respectively. The positive values of
PC1 represented an environment rich in PO43_, NO;™,
Na™t, C1~, Mg®", while PC1 negative values represented an
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environment rich in NH,", F, NO,”, and SO,*~
(Table 2S). The positive values of PC2 represented an
environment with a relatively high Mg”" and Ca** con-
centration, while the negative PC2 values correlated with a
high concentration of Na't, C1~, NH,t, K", NO; ™, PO43_,
and SO,>". The positive values of PC3 represented a rel-
atively high concentration of Kt and PO43_, and the
negative PC3 values an environment relatively rich in all
the other measured ions (Online Resource 12). However,
the counts of the studied groups were not related to any PC
(p > 0.20). In the case of Tardigrada, PC2 had a significant
negative effect but the model validation showed that this
was driven by two observations that had a Cook’s distance
value above 1. Refitting the model without these observa-
tions resulted in no significant relationships.

Discussion
Tardigrade and rotifer distribution and densities

The density of invertebrates was higher in cryoconite gran-
ules. Greater melt rates and marginally steeper surface slopes
result in a frequent or periodic disruption and redistribution of
cryoconite holes and their contents (Hodson et al. 2007, 2008).
The mud often comes from cryoconite reworked by streaming
water after being flushed from cryoconite holes (a typical
process during rain events). The difference in the abundances
of animals does not reflect a specific habitat preference but
may reflect a simple mechanistic removal of animals from the
sediment during its erosion. Therefore, the distribution of
tardigrades and rotifers on the edge of the GrIS seems to be
random. Cryoconite granules are a consortium of archaea,
cyanobacteria, heterotrophic bacteria, algae and fungi
(Takeuchi et al. 2001a, b, 2010; Langford et al. 2014). In
laboratory cultures tardigrades belonging to Hypsibioidea
(e.g., genus Pilatobius) feed mainly on algae (e.g., Altiero and
Rebecchi 2001; Kosztyta et al. 2016). Thus, those granules
may be an abundant and stable source of food for inverte-
brates. Moreover, cryoconite granules ease the locomotion of
animals to a greater extent than mud. Strong relations between
a grain size and micro-animal densities were detected for
meiofauna in other freshwater ecosystems (Beier and Traun-
spurger 2003).

We did not find a clear relationship between the 16S
rRNA gene copy number and tardigrade and rotifer abun-
dance (Online Resource 9). However, this pattern was
based on too small a sample size and could not statistically
assess the data. Further studies on the relation between
micro-fauna and bacteria on glaciers could be a fruitful
avenue of future research.

In the previously published studies, the presence and
density of rotifers and tardigrades were correlated with

each other (De Smet and Van Rompu 1994; Grgngaard
et al. 1999; Porazinska et al. 2004). In this study, we did
not find a correlation between those two groups, and we
noted a significantly lower density of animals than in the
previous works. The density of tardigrades in High Arctic
glaciers reached up to 168 ind./ml and 624 ind. g~ ' of dry
weight, with their frequency of up to 90% of samples
(Zawierucha et al. 2016b). Those differences between High
Arctic glaciers and the edge of the GrIS in the south-west
may be related to a strong flushing of sediments at the
margin. The proportion of eroded granules to mud and
stable granules confirms this hypothesis (seven to 26
samples).

Cyanobacteria and algae in cryoconite holes

Cyanobacteria and algae are characterized by a broad range
of ecological tolerance which allows them to colonize all
environments, even the most extreme ones. Among the
many studies on cryoconite holes in Greenland (Cook et al.
2016; Hodson et al. 2010a; Stibal et al. 2010) few describe
cyanobacteria and algae assemblages (Uetake et al.
2010, 2016; Kaczmarek et al. 2016). The Klebsormidium
genus has been often recorded in extreme Arctic habitats
and has a high tolerance to gradients of light, temperature
and UVR (Kitzing and Karsten 2015). This probably
results from the fact that when forming akinetes filled with
reserve material and covered with a thick membrane, this
species efficiently adapts to the harsh Arctic conditions.
Due to an easy vegetative multiplication by filament divi-
sion into individual cells, it often occurs in large quantities
(Starmach 1972).

In this study, Klebsormidium sp., a filamentous chloro-
phyte, was the dominant genus. Uetake et al. (2010, 2016)
also noticed a clear domination of a filamentous chloro-
phyta species. It was accompanied by the desmidia of
Cylindrocystis brebissonii, also identified in one of the
studied locations, which may suggest that it is a species
characteristic of cryoconite holes. Klebsormidium, which
occupies an environment where both seasonal and diurnal
variations of water availability prevail, is well-adapted to
freezing and desiccation injuries (Elster et al. 2008).
Cylindrocystis brebissonii belongs to the group of snow
algae, i.e., species which can be designated as cold-resis-
tant (psychrotolerant), with its highest metabolic activities
between 10 and 20 °C (Komarek and Nedbalova 2007).

Invertebrates and abiotic factors
Ecological studies on invertebrates in cryoconite holes
were conducted on high mountain, valley or tidewater

glaciers which are relatively flat and are gradually reducing
their elevation above sea level (Dastych et al. 2003;
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Porazinska et al. 2004; Zawierucha et al. 2016a). The ice
sheet in this study is characterized by numerous hills and
small valleys, thus it is not surprising that we did not find
the effect of altitude on invertebrate density. Differences in
the distribution of sampling points (small hills vs valleys)
along with a high flushing rate on the edge of the GrlIS
(e.g., Stibal et al. 2010) may strongly influence the micro-
fauna distribution pattern.

Water chemistry has been found to be an important
abiotic factor influencing the occurrence of animals. Por-
azinska et al. (2004) showed that tardigrade variation was
best explained by NH,", NO;~ and Mg>" (Porazifiska
et al. 2004). Zawierucha et al. (2016a) showed that the
occurrence of tardigrades seems to be related to the con-
centration of Mg®" and other cations, including K* and
Ca*". Those cations may play an important role as nutri-
ents, especially in tardigrades and bdelloid rotifers whose
CaCOs incrustations have also been reported in rotifer
trophi and a tardigrade buccal apparatus (Melone et al.
1998; Guidetti et al. 2012). In this study, Tardigrada and
Rotifera were not related to water chemistry. This may be
the result of locality (the edge of the GrlS), ice melting,
flushing and the dilution of nutrients influencing a random
distribution of micro-fauna. Stibal et al. (2010) suggested
that a high flushing rate from the margin of the ice sheet
may negatively influence nutrient concentration.

Therefore, activity concentrations of radionuclides
obtained in this study have been compared with data from
cryoconites from SW Spitsbergen (Lokas et al. 2016), and
these activity concentrations are distinctly lower. The
relation between micro-animals and the flux of natural and
anthropogenic pollution in glacial systems and freshwater
trophic webs remains unexplored (Lokas et al. 2014, 2016),
including radionuclides. L.okas et al. (2016) showed that
heavy metals and radionuclides do not have a negative
impact on tardigrades and rotifers on the Hans Glacier
(Svalbard) and animals inhabited these cryoconite holes in
high densities (Lokas et al. 2016; Zawierucha et al. 2016b).
Micro-fauna (as a top consumer) and cryoconite granules
(cyanobacteria which produce EPS) may cumulate pollu-
tants from the atmosphere. In our study, cryoconite gran-
ules were mostly eroded to cryoconite mud and animals
were less frequent in comparison with other locations, thus
leading to a low radionuclide content.

Summary and conclusion

The knowledge of animal diversity and ecology in glacial
habitats remains scarce (Zawierucha et al. 2015, 2016a).
We found higher densities of invertebrates in cryoconite
granules than in mud in the material collected in 2015. The
difference in densities of animals between granules and

@ Springer

mud may reflect a simple mechanistic removal of fauna
from the sediment during its erosion by flushing which
leads to mud formation at the edge of the GrIS. The pro-
portion of eroded granules to mud and stable granules does
not falsify this hypothesis. Moreover, cryoconite granules
are the consortia of various microorganisms (Takeuchi
et al. 2001a, b; Hodson et al. 2010b) which may prevail in
more stable cryoconite reservoirs (undisturbed) and con-
stitute an abundant and stable source of food for inverte-
brates — algae, cyanobacteria, heterotrophic bacteria and
fungi. Thirteen cyanobacterial and algal taxa were recorded
and Klebsormidium sp., a filamentous chlorophyte, was the
dominant genus. Activity concentrations of anthropogenic
(37Cs, 2929y and °Sr) and natural (*'°Pb) radionu-
clides in cryoconite samples were found, but were dis-
tinctly lower than on the other glaciers. Micro-animals (top
consumers in cryoconites) and cyanobacteria, which pro-
duce EPS and form granules, may cumulate pollutants from
the atmosphere. In our study, cryoconite granules were
mostly eroded to cryoconite mud and animals were
removed by flushing, thus most probably leading to a low
radionuclide content. As opposed to the previous studies
conducted on High Arctic glaciers, the frequency and
density of invertebrates were low, and surprisingly, only
one taxon of tardigrades (Pilatobius sp.) has been found.
The lack of clear pattern between biotic and abiotic com-
ponents of cryoconite holes and significantly lower abun-
dance and frequency of invertebrates in comparison to
High Arctic glaciers may result from sampling location and
a fast melting of the GrIS surface (Doyle et al. 2015);
Stibal et al. (2010, 2012) and Cameron et al. (2016) sug-
gested that nutrients increased with the distance from the
margin of the GrIS, and it is a place of rapid flushing, the
dilution of nutrients and a main way for microbes to travel
to downstream ecosystems. A periodic disruption, redis-
tribution and erosion of cryoconite material led to a random
distribution of tardigrades and rotifers without clear eco-
logical interactions with biotic and abiotic variables at the
edge of the GrIS. Additionally, we suggest that the relation
between animals and the 16S rRNA gene copy number on
glaciers may be a fruitful avenue of future ecological
research in undisturbed cryoconite holes (bacteria as food).
Studies on glacial ecosystems should focus on investiga-
tions into cryoconite hole animal ecology to a greater
extent. Those animals (top consumers on glaciers) may be
the key to understanding densities and interactions between
cryoconite biota in glacial ecosystems.
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