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Abstract: Water bears (Tardigrada) are known as one of the most extremophile animals 
in the world. They inhabit environments from the deepest parts of the oceans up to the 
highest mountains. One of the most extreme and still poorly studied habitats which 
tardigrades inhabit are cryoconite holes. We analysed the relation between area, depth, 
elevation and tardigrades densities in cryoconite holes on four glaciers on Spitsbergen. 
The mean (±SD) of cryoconite area was 1287.21±2400.8 cm2, while the depth was 
on average 10.8±11.2 cm, the elevation 172.6±109.66 m a.s.l., and tardigrade density 
24.9±33.0 individuals per gram of wet material (n = 38). The densities of tardigrades 
on Hans Glacier reached values of up to 168 ind. cm3, 104 ind. g-1 wet weight, and 
275 ind. g-1 dry weight. The densities of tardigrades of the three glaciers in Billefjorden 
were up to 82 ind. cm2, 326 ind. g-1 wet weight and 624 ind. g-1 dry weight. Surpris-
ingly, although the model included area, depth and elevation as independent variables, 
it cannot explain Tardigrada density in cryoconite holes. We propose that due to the 
rapid melting of the glacier surface in the Arctic, the constant flushing of cryoconite 
sediments, and inter-hole water-sediment mixing, the functioning of these ecosystems 
is disrupted. We conclude that cryoconite holes are dynamic ecosystems for microin-
vertebrates in the Arctic. 
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Introduction

Cryoconite holes are small, water-filled, cylindrical reservoirs occurring on 
the surface of glaciers throughout the world (e.g. Wharton et al. 1983, 1985; 
Mueller et al. 2001). Currently these holes are considered to be extreme micro-
ecosystems (e.g. Mueller et al. 2001; Fountain et al. 2004; Hodson et al. 2008). 
The functioning of such habitats is possibly caused by a decrease in the albedo 
on the surface of a cryoconite-covered glacier and by the presence of various 
groups of microorganisms (McIntyre 1984; Takeuchi et al. 2001; Hodson et al. 
2010; Kaczmarek et al. 2016). Pioneer observations and studies of cryoconite 
holes took place in Greenland between the 19th and 20th century (Drygalski 
1897) and have continued through present day. So far, representatives of Rotifera, 
Nematoda, Annelida, Tardigrada and Arthropoda have been found in cryoconite 
holes in various zoogeographical regions (e.g. Zawierucha et al. 2015a). One of 
the most common taxa known to inhabit  glaciers in polar regions are tardigrades 
(Dastych 1985; Zawierucha et al. 2015b). 

Tardigrada, also known as water bears, are small microinvertebrates 
(ca. 50–2000 μm) inhabiting terrestrial and aquatic environments (Ramazzotti 
and Maucci 1983; Nelson et al. 2015). Because of their adaptations to unfavora-
ble conditions they are known as one of the toughest animals on earth. They 
can survive at the bottom of the deep sea, on high mountains and even in space 
(Guidetti et al. 2012; Nelson et al. 2015). In cryoconite holes they may act as 
grazers and top predators in a multi-trophic food web (Vonnahme et al. 2016; 
Zawierucha et al. 2015a). Tardigrades and rotifers are proposed to have an impact 
on the size of microalgae colonies and to be important for nutrient recycling by 
feeding and digestion of their prey in cryoconite holes (Vonnahme et al. 2016). 
Studies designed to explore tardigrade fauna in cryoconite holes were conducted 
by e.g. De Smet and Van Rompu (1994), Grøngaard et al. (1999), Séméria (2003), 
Dastych et al. (2003) and Dastych (2004). Only Porazinska et al. (2004) conducted 
well-designed ecological studies on cryoconite-dwellng tardigrades in the Antarctic. 
Despite the papers which have been published so far, our knowledge of tardigrade 
ecology in cryoconite holes is still severely limited (Zawierucha et al. 2015a). 

The relationship between area and species richness have been frequently dis-
cussed in the literature (e.g. Gaston and Blackburn 2000). The first studies to explore 
the relationship between area and population density were done by MacArthur and 
Wilson (1967), MacArthur et al. (1972) and Root (1973). However, little attention 
has been given to the relationship between area and individuals of higher taxon 
(e.g. phylum) densities. Connor et al. (2000) showed that the population density 
(insects, birds) is positively correlated with the area, but the authors did not discuss 
the correlation between generally individual densities of higher taxa and the area in 
general. According to Gaston and Matter (2002), individuals–area relationships need 
more detailed discussion and the relationship should always include densities per 
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accompanying area. In glacier ecology only Porazinska et al. (2004) have proved 
that the diameter, the amount of sediment, and the concentrations of Na+ were able 
to predict tardigrade abundances in Antarctica. In cryoconite holes at lower elevations 
the concentration of sediment is higher than in those located at higher elevations 
(Porazinska et al. 2004). Significant variations in tardigrade abundance between 
lower and higher elevations have also been observed in Antarctic cryoconite holes 
with different sediment content (Porazinska et al. 2004). 

Since glaciers and ice sheets are forgotten biomes and one of the fastest 
disappearing habitats (Anesio and Laybourn-Parry 2012), studies on the ecology 
of animals in these habitats are urgently needed (Zawierucha et al. 2015a). So 
far, the most comprehensive ecological studies of cryoconite holes were con-
ducted on bacterial communities (e.g. Stibal et al. 2006, 2008; Edwards et al. 
2014) and knowledge of the larger organisms and top predators in cryoconite 
holes – microanimals – is seriously limited (Zawierucha et al. 2015a). In this 
study the relationship between area, depth and elevation of cryoconite holes 
and tardigrade densities is presented and some differences between Arctic and 
Antarctic systems are discussed.

Material and methods

Cryoconite material was collected from four glaciers on Spitsbergen (48 sam-
ples): I – ten samples from Hans Glacier (July, 2014) located in Hornsund; 
II – twenty-two from Nordenskiöld Glacier (July, August, 2014); III – four 
samples from Ebba Glacier (August, 2012) and IV – twelve from Hørbye Glacier 
(August, 2013, July, August, 2014) located in Billefjorden (Fig. 1). 

Cryoconite samples from Hans Glacier were collected with disposable plastic 
Pasteur pipettes from the bottom of selected cryoconite holes and transferred to 
15 cm3 plastic test tubes. After collection, the samples were preserved in 96% 
ethyl alcohol. From each sample 1 cm3 of sediments was scanned for tardigrades 
with a stereomicroscope. Then the wet sediments were weighed and again after 
drying them at room temperature for two days, the number of tardigrades were 
calculated per one gram of material. 

Cryoconite holes on three glaciers around Billefjorden (Ebba Glacier, Hørbye 
Glacier, Nordenskiöld Glacier) were collected randomly using a large (500 cm3) 
pooter (Southwood and Henderson 2000) within a 4.5 cm plastic ring (15 cm2 

area). All sampling equipment was washed with meltwater from the sampling 
site prior to sampling. In the lab, the samples were allowed to settle, the super-
natant was removed and subsamples of sediment were counted in a counting 
chamber under a stereomicroscope. The sediments were weighed in a wet state 
and again after drying them at 50°C for 12 h. Taxa were identified using the 
key to the World Tardigrada (Ramazzotti and Maucci 1983).
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The depth of cryoconite holes on all glaciers was measured on site with 
a ruler. The area of each cryoconite hole was calculated from calibrated photo-
graphic documentation with the Olympus cellSens Entry 1.11 software.

Data analysis 

Full data, i.e. depth, area, elevation and the calculated number of tardigrades 
per gram of wet material, were obtained for 41 samples. However, three samples 
were excluded from all the analyses because of the extremely high: tardigrade 
densities (326 ind. g-1 sediment), depth (49 cm) and area (162831.9 cm2). Thus, 

Fig. 1. Svalbard archipelago with sampled glaciers. I – Hansbreen, II – Nordenskiöldbreen, 
III – Ebbabreen, IV – Hørbyebreen.
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in analysis 38 samples have been used. For each cryoconite hole the relative area, 
depth, elevation and tardigrade density were calculated as the residual expressed as 
the differences between observed values and mean value. Thus, all the variables 
define how much the observed values (area, depth and elevation) in each cryoconite 
hole deviate from the average estimated for all samples. For the calculations we 
used General Linear Models (GLM) and backward selection of non-significant 
factors. All the calculations were performed with R 2.12.0 (R Development Core 
Team 2010). GLMs were developed for standarized area, depth and elevation as 
independent variables and for standarized tardigrade abundances as a dependent 
variable (n = 38). Among 48 cryoconite samples data for: tardigrade densities per 
gram of wet sediments, depth and area for six, three and seven samples respec-
tively, were not available. Thus, in Table 1, data for 41 samples are presented.

Results and discussion

Tardigrada were present in 42 from 48 samples, which is 87.5% of all the 
collected samples. Five taxa were found in cryoconite holes, they are: Hypsibius 
dujardini (Doyère, 1840), Hypsibius sp. A, Pilatobius recamieri (Richters, 1911), 
one species of Ramazzottiidae Sands, McInnes, Marley, Goodall-Copestake, Con-
vey and Linse, 2008, Isohypsibius sp. A. The mean (±SD) of cryoconite area was 
1287.21±2400.8 cm2, while the depth was on average 10.8±11.2 cm, the elevation 
172.6±109.66 m a.s.l., and tardigrade density 24.9±33.0 ind. per g-1 wet weight 
(n = 38). The average numbers of tardigrades were 32 ind. cm3, 23 ind. g-1 wet 
weight, 58 ind. g-1 dry weight in Hornsund and 6.13 ind. cm2, 24.43 ind. g-1 
wet weight, 46 ind. g-1 dry weight in Billefjorden (for all collected samples in 
Billefjorden). The densities of tardigrades on Hans Glacier reached values of up 
to 168 ind. cm3, 104 ind. g-1 wet weight and 275 ind. g-1 dry weight. At Billef-
jorden up to 82 ind. cm2, 326 ind. g-1 wet weight and 624 ind. g-1 dry weight 
were found. The model, which included area, depth and elevation as independ-
ent variables, cannot explain the Tardigrada density in cryoconite holes (GLM, 
F = 0.71, p = 0.54, R2 = 0.059). Mean values of a.s.l., area, depth and number 
of tardigrades for each glacier (41 cryoconite samples) are presented in Table 1. 

Quantitative data on the ecology and diversity of aquatic tardigrades are 
limited and different methods of collection and calculation were used in previ-
ous studies (e.g. Kathman and Nelson 1987), which makes the comparison of 
water bear assemblages in freshwater habitats impossible. The ecology of glacier 
tardigrades is almost unknown with only three papers published on this topic 
so far (De Smet and Van Rompu 1994; Dastych et al. 2003; Porazinska et al. 
2004). But quantitative data for tardigrades were presented in only two of these 
papers (Dastych et al. 2003; Porazinska et al. 2004). According to Dastych 
et al. (2003) the abundance of tardigrades in glacier pools of water in the Alps 
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Table 1
Mean values of a.s.l., area, depth and number of tardigrades 
for Hansbreen, Nordenskiöldbreen, Ebbabreen, Hørbyebreen.

N Mean a.s.l. [m]
(95% CL)

Mean area [cm2]
(95% CL)

Mean depth [cm]
(95% CL)

Mean no. 
of tardigrades

[ind g-1 
of sediment]
(95% CL)

Hansbreen 10 79.7 
(64.3 – 95.0)

358.5 
(55.6 – 661.4)

8.5 
(4.2 – 12.7)

23.4 
(0 – 49.4)

Nordenskiöld-
breen 17 148.2 

(115.0 – 181.4)
11875 

(8199.3 – 31949.7)
19.0 

(10.9 – 27.1)
22.8 

(8.2 – 37.3)

Ebbabreen 4 319.2 
(77.9 – 560.5)

1317.0 
(137.0 – 2771.0)

12.9 
(1.5 – 24.3)

136.1 
(71.9 – 344.2)

Hørbyebreen 10 265.1 
(211.0 – 319.1)

626.9 
(412.4 – 841.4)

4.0 
(0.5 – 7.5)

9.2 
(1.8 – 16.6)

consisted of up to 75 individuals and up to 3.60 ind. cm3 (360 ind. 100 cm3) 
of meltwater current (Dastych et al. 2003). However, the data presented in 
Dastych et al. (2003) is not comparable to ours due to a different quantitative 
methodology (estimation of tardigrades per cryoconite hole or pooled samples 
in Dastych et al. (2003)). The densities of tardigrades in the present study are 
higher than in the studies conducted in the Antarctic (McMurdo Dry Valley) by 
Porazinska et al. (2004). In the Antarctic the highest concentration of tardigrades 
were ca. 12.5 ind. g-1 (1250 individuals per 100 g of dry sediment). However, 
Everitt (1981) reported that maximum tardigrades abundance in wet algal mats 
in tundra pond can reach 470 specimens g-1, which is higher than the numbers 
currently observed in cryoconite holes.

Significant differences in tardigrade abundance between lower and higher 
elevations have also been observed in the Antarctic cryoconite holes with vari-
ations in the amount of sediments (Porazinska et al. 2004). Tardigrades were 
not significantly more abundant in cryoconite holes located in lower elevations 
in the present study. 

Surprisingly, ca. 90% of samples examined in the present study contained 
tardigrades. This number of positive samples is similar to the results of previ-
ous studies conducted in tundra in the Svalbard – 71.7%–80% (Dastych 1985; 
Zawierucha et al. 2015b, 2016).

The lack of a significant relationship between tardigrade abundances and 
the abiotic factors examined can be explained by a more dynamic supragla-
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cial hydrological system, frequent melting events, and less stable cryoconite 
holes in the Arctic, which can influence organism assemblages (Mueller et al. 
2001; Fountain et al. 2004; Mueller and Pollard 2004). The hydrological system 
between cryoconite holes is important for the transport of nutrients and for the 
development of a drainage system near their surface (Gajda 1958). In the initial 
state, cryoconite holes are capable of storing water. Combined with supraglacial 
channels, they form a dynamic drainage system, which has conseqences for the 
internal morphology of the cryoconite holes, for example by enhancing heat 
transport or altering chemical properties (MacDonell and Fitzsimons 2008). On 
the glacier surface, stripping events take place, during which the cryoconite 
holes are melted away in a few days (Fountain et al. 2004; MacDonell and 
Fitzsimons 2008; Vonnahme et al. 2016). Additionally, partial stripping, which 
can impact the transport of fresh or relocated sediments, has been observed 
(MacDonell and Fitzsimons 2008). 

Cryoconite holes in the Antarctic are wider, deeper and mostly covered with 
ice, which makes them more stable than the Arctic ones (Mueller et al. 2001; 
Fountain et al. 2004). High meltwater production and open cryoconite holes in 
the Arctic may negatively affect cryoconite communities because of inter-hole 
water-sediment mixing (Mueller and Pollard 2004). In comparison to the Ant-
arctic ones, the Arctic cryocnite holes have a lower concentration of nutrients, 
which may be caused by the flushing or dilution effect (Mueller et al. 2001). 

In the Arctic, factors depending on direct surroundings are most likely the 
important factors determining tardigarde abundances in cryoconite holes. Von-
nahme et al. (2016) found a positive relationship between tardigrade abundances 
and the impact of guano input by sea birds on the same glaciers in Billefjorden. 
This very local phenomenon supplies a small, hydrologically connected area on 
the glacier with a large amount of nutrients (Zárský et al. 2013). These nutrients 
can fuel the base of the food web, which can act as a food source for higher 
trophic levels, such as tardigrades.

A new term – biocryomorphology – was embedded by Cook et al. (2015), 
which describes ice-organisms interaction. Glacier organisms can influence the 
size of cryoconite holes (McIntyre 1984), therefore, despite perturbations on the 
ice surface, high densities of tardigrades may influence speed of ice melting and 
cryoconite hole size. The shape of cryoconite hole together with glacier hydrol-
ogy may be also a factor, which influences tardigrade communities. Thus, our 
data are the first attempt to complement the gaps in term of ice (area, depth, 
elevation of cryoconite holes) – invertebrate densities.

It could be stated that area, depth, and elevation do not influence tardigrade 
densities in cryoconite holes in the Arctic as much as the amount of nutrients, 
value of meltwater and the flushes of sediment. 



Krzysztof Zawierucha et al.332

Acknowledgments. — Special thanks go to Mr. Wojciech Mateja from XXXVII 
Polish Polar Expedition for his kind help and support during sample collection on Hans 
Glacier. Studies were partially financed from the National Science Center grant no. NCN 
2013/11/N/NZ8/00597 and MNiSW DIA 2011035241 for KZ, and partially by the Euro-
pean Social Fund and the state budget of the Czech Republic no. CZ.1.07/2.2.00/28.0190. 
KZ is a beneficiary of National Science Center scholarship for PhD No. 2015/16/T/
NZ8/00017. We would like to thank Josef Elster for his support and helpful discussions 
during the study.

References

ANESIO A.M. and LAYBOURN-PARRY J. 2012. Glaciers and ice sheets as a biome. Trends in Ecology 
& Evolution 4: 219–225.

CONNOR E.F., COURTNEY A.C. and YODER J.M. 2000. Individuals–area relationships: the relation-
ship between animal population density and area. Ecology 81: 734–748.

COOK J., EDWARDS A. and HUBBARD A. 2015. Biocryomorphology: Integrating Microbial Process-
es with Ice Surface Hydrology, Topography, and Roughness. Frontiers of Earth Science 3: 78.

DASTYCH H. 1985. West Spitsbergen Tardigrada. Acta Zoologica Cracoviensia 28: 169–214.
DASTYCH H. 2004. Hypsibius thaleri sp. nov., a new species of a glacier–dwelling tardigrade from 

the Himalaya, Nepal (Tardigrada). Mitteilungen aus den Hamburgischen Zoologischen Mu-
seum und Institut 101: 169–183.

DASTYCH H., KRAUS H.J. and THALER K. 2003. Redescription and notes on the biology of the glacier 
tardigrade Hypsibius klebelsbergi Mihelcic, 1959 (Tardigrada), based on material from Ötztal Alps, 
Austria. Mitteilungen aus den Hamburgischen Zoologischen Museum und Institut 100: 73–100.

DE SMET W.H. and VAN ROMPU E.A. 1994. Rotifera and Tardigrada from some cryoconite holes on 
a Spitsbergen (Svalbard) glacier. Belgian Journal of Zoology 124: 27–37.

DRYGALSKI E.V. 1897. Die Kryokonitlöcher. In: W.H. Kuhl (ed.). Grönland–Expedition der Ge-
sellschaft für Erdkunde zu Berlin 1891–1893. Herausgegeben von Dekgesellschaft für Erd-
kunde zu Berlin I, Berlin: 93–103.

EDWARDS A., MUR L.A.J., GIRDWOOD S.E., ANESIO A.M., STIBAL M., RASSNER S.M.E., HELL K., 
PACHEBAT J.A., POST B., BUSSELL J.S., CAMERON S.J.S., GRIFFITH G.W. and HODSON A.J. 
2014. Coupled cryoconite ecosystem structure–function relationships are revealed by com-
paring bacterial communities in alpine and Arctic glaciers. FEMS Microbiology Ecology 89: 
222–237.

EVERITT D.A. 1981. An ecological study of an Antarctic freshwater pool with particular reference to 
Tardigrada and Rotifera. Hydrobiologia 83: 225–237.

FOUNTAIN A., TRANTER M., NYLEN T.H., LEWIS K.J., MUELLER D.R. 2004. Evolution of cryoconite 
holes and their contribution to melt water runoff from glaciers in the McMurdo Dry Valleys, 
Antarctica. Journal of Glaciology 50: 35–45.

GAJDA R.T. 1958. Cryoconite phenomena on the Greenland ice cap in the Thule area. The Canadian 
Geographer/Le Géographe canadien 3: 35–44.

GASTON K. and BLACKBURN T.M. 2000. Pattern and process in macroecology. Blackwell Publish-
ing: 392 pp.

GASTON K.J. and MATTER S.M. 2002. Individuals–area relationships: comment. Ecology 83: 
288–293.

GRØNGAARD A., PUGH P.J.A. and MCINNES S. 1999. Tardigrades, and other cryoconite biota, on the 
Greenland ice sheet. Zoologischer Anzeiger 238: 211–214.



Tardigrada densities in Arctic cryoconite holes 333

GUIDETTI R., RIZZO A.M., ALTIERO T. and REBECCHI L. 2012. What can we learn from the toughest 
animals of the Earth? Water bears (tardigrades) as multicellular model organisms in order to 
perform scientifi c preparations for lunar exploration. Planetary and Space Science 74: 97–102.

HODSON A., ANESIO A.M., TRANTER M., FOUNTAIN A., OSBORN M., PRISCU J., LAYBOURN-PAR-
RY J. and SATTLER B. 2008. Glacial ecosystems. Ecological Monographs 78: 41–67.

HODSON A., CAMERON K., BOGGILD C., IRVINE-FYNN T., LANGFORD H., PEARCE D. and BAN-
WART S. 2010. The structure, biological activity and biogeochemistry of cryoconite aggregates 
upon an Arctic valley glacier: Longyearbreen, Svalbard. Journal of Glaciology 56: 349–362.

KACZMAREK Ł., JAKUBOWSKA N., CELEWICZ-GOŁDYN S. and ZAWIERUCHA K. 2016. Cryoconite 
holes microorganisms (algae, Archaea, bacteria, cyanobacteria, fungi, and Protista) – a review. 
Polar Records 52: 176–203 

KATHMAN R.D. and NELSON D.R. 1987. Population trends in the aquatic tardigrade Pseudobiotus 
augusti (Murray). In: R. Bertolani (ed.) Biology of Tardigrades. Selected Symposia and Mono-
graphs U.Z.I., 1. Mucchi, Modena: 155–168.

MACARTHUR R.H., DIAMOND J.M. and KARR J.R. 1972. Density compensation in island faunas. 
Ecology 53: 330–342.

MACARTHUR R.H. and WILSON E.O. 1967. The theory of island biogeography. Princeton University 
Press, Princeton, New Jersey: 224 pp.

MACDONELL S. and FITZSIMONS S. 2008. The formation and hydrological signifi cance of cryoconite 
holes. Progress in Physical Geography 32: 595–610.

MCINTYRE N.F. 1984. Cryoconite hole thermodynamics. Canadian Journal of Earth Sciences 21: 
152–156.

MUELLER D.R. and POLLARD W.H. 2004. Gradient analysis of cryoconite ecosystems from two 
polar glaciers. Polar Biology 27: 66–74.

MUELLER D.R., VINCENT W.F., POLLARD W.H. and FRISTEN C.H. 2001. Glacial cryoconite ecosystems: 
a bipolar comparison of algal communities and habitats. Nova Hedvigia, Beiheft 123: 173–197.

NELSON D.R., GUIDETTI R. and REBECCHI L. 2015. Phylum Tardigrada. In: J. Thorp and D.C. Rog-
ers (eds) Ecology and General Biology. Thorp and Covich’s Freshwater Invertebrates, Aca-
demic Press, Massachusetts: 347–380.

PORAZINSKA D.L., FOUNTAIN A.G., NYLEN T.H., TRANTER M., VIRGINIA R.A. and WALL D.H. 
2004. The biodiversity and biogeochemistry of cryoconite holes from McMurdo Dry Valley 
glaciers, Antarctica. Arctic, Antarctic, and Alpine Research 36: 84–91.

RAMAZZOTTI G. and MAUCCI W. 1983. II Philum Tardigrada (III. edizione riveduta e aggiornata). 
Memorie dell’Istituto Italiano di Idrobiologia 41: 1–1016.

R DEVELOPMENT CORE TEAM. 2010. R: A language and environment for statistical computing. 
Vienna, Austria: R Foundation for Statistical Computing.

ROOT R.B. 1973. Organization of a plant–arthropod association in simple and diverse habitats: the 
fauna of collards (Brassica oleracea). Ecological Monographs 45: 95–120.

SÉMÉRIA Y. 2003. Tardigrades des cryoconites du Groenland. Exploration de l’inlandsis et de ses 
abords immédiats. Bulletin Mensuel de la Societe Linneenne de Lyon 73: 191–192.

SOUTHWOOD T.R.E. and HENDERSON P.A. 2000 Ecological methods. John Wiley and Sons, Cam-
bridge: 592 pp.

STIBAL M., ŠABACKÁ M. and KAŠTOVSKÁ K. 2006. Microbial communities on glacier surfaces in 
Svalbard: impact of physical and chemical properties on abundance and structure of cyanobac-
teria and algae. Microbial Ecology 52: 644–654.

STIBAL M., TRANTER M., BENNING M.G. and ŘEHÁK J. 2008. Microbial primary production on an 
Arctic glacier is insignifi cant in comparison with allochthonous organic carbon input. Environ-
mental Microbiology 10: 2172–2178.



Krzysztof Zawierucha et al.334

TAKEUCHI N., KOHSHIMA S.S. and SEKO K. 2001. Structure, formation, and darkening process of 
albedo–reducing material (cryoconite) on a Himalayan glacier: a granular algal mat growing on 
the glacier. Arctic, Antarctic, and Alpine Research 33: 115–122.

VONNAHME T.R., DEVETTER M., ZÁRSKÝ J.D., SABACKÁ M. and ELSTER J. 2016. Controls on 
microalgal community structures in cryoconite holes upon high Arctic glaciers, Svalbard. Bio-
geosciences Discussion 13: 659–674.

WHARTON R.A., MCKAY C.P., SIMMONS G.M. and PARKER B.C. 1985. Cryoconite holes on gla-
ciers. Bioscience 35: 499–503.

WHARTON R.A., VINYARD J.R. and VINYARD W.C. 1983. Distribution of snow and ice algae in west-
ern North America. Madrono 30: 201–209.

ZÁRSKÝ J.D., STIBAL M., HODSON A., SATTLER B., SCHOSTAG M., HANSEN L.H. and PSENNER R. 
2013. Large cryoconite aggregates on a Svalbard glacier support a diverse microbial commu-
nity including ammonia–oxidizing archaea. Environmental Research Letters 8: 35–44.

ZAWIERUCHA K., KOLICKA M., TAKEUCHI N. and KACZMAREK Ł. 2015a. What animals can live in 
cryoconite holes? A faunal review. Journal of Zoology 295: 159–169.

ZAWIERUCHA K., SMYKLA J., MICHALCZYK Ł., GOŁDYN B. and KACZMAREK Ł. 2015b. Distribution 
and diversity of Tardigrada along altitudinal gradients in the Hornsund, Spitsbergen (Arctic). 
Polar Research 34: 24168.

ZAWIERUCHA K., ZMUDCZYŃSKA-SKARBEK K., KACZMAREK Ł. and WOJCZULANIS-JAKUBAS K. 
2016. The infl uence of a seabird colony on abundance and species composition of water bears 
(Tardigrada) in Hornsund (Spitsbergen, Arctic). Polar Biology 39: 713–723. 

Received 7 November 2015
Accepted 29 February 2016


