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Abstract 
Microinvertebrate consumers are important players in carbon and nitrogen cycling on glacier 
surfaces (the supraglacial). They constitute the highest level of the supraglacial trophic network, 
and their grazing significantly affects resident microbial communities and the allochthonous 
organic matter (OM) pool. However, the food preferences and trophic strategies of supraglacial 
consumers have not been investigated to date which limits the understanding of the feedback 
mechanisms between carbon and nitrogen uptake and utilization on glacier surfaces. This thesis 
aims to reveal the mechanisms behind the supraglacial OM composition to consumers’ 
community structure and abundance through the investigation of their trophic position and 
potential food preferences. A reliable methodological approach to measure carbon and nitrogen 
contents and their stable isotopes in supraglacial consumers was established and subsequently 
combined with taxonomical identification and biomass estimation. The results revealed that the 
different groups of supraglacial consumers (tardigrades, rotifers, and springtails) differ in their 
food preferences and/or in their macronutrient requirements. Differences in OM sources were 
reflected in the δ13C signature of the OM as well as that of the consumers themselves and 
indicated differences in the contribution of allochthonous and autochthonous OM between 
glaciers and supraglacial habitats (e.g., cryoconite vs supraglacial debris). For example, on the 
Forni Glacier in the Italian Alps, tardigrades were found to feed on and control the biomass of 
green algae. The high dynamics of the glacier surface, including meltwater pulses and 
precipitation events, was found to significantly affect supraglacial biota. This thesis provides 
the first insight into carbon and nitrogen content and stable isotopic composition in glacier-
dwelling, cold-adapted microinvertebrates and so contributes to the understanding of the 
consumers’ role in supraglacial trophic food webs. 
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Abstrakt 
Drobní bezobratlí živočichové jsou důležitými hráči v koloběhu uhlíku a dusíku na povrchu 
ledovců (supraglaciálu). Tito drobní konzumenti tvoří nejvyšší úroveň supraglaciální trofické 
sítě a jejich konzumace a potravní preference ovlivňuje lokální mikrobiální společenstva a 
množství a složení alochtonní organické hmoty. Potravní preference a trofické strategie 
supraglaciálních konzumentů však doposud nebyly podrobně zkoumány, což omezuje 
pochopení zpětnovazebních mechanismů mezi příjmem a využíváním uhlíku a dusíku na 
povrchu ledovců. Cílem této práce je poodhalit mechanismy, které stojí za složením organické 
hmoty v supraglaciálních habitatech a které ovlivňují strukturu a četnost společenstva 
konzumentů. Tato práce se věnuje především výzkumu trofického postavení supraglaciálních 
konzumentů a jejich potenciálních potravních preferencí. Jako první byla vyvinuta spolehlivá 
metodika k měření obsahu a stabilních izotopů uhlíku a dusíku v těchto drobných živočiších, 
která byla následně kombinována s dalšími metodami, jako je taxonomická identifikace nebo 
stanovení biomasy. Výsledky ukázaly, že různé skupiny supraglaciálních konzumentů 
(želvušky, vířníci a chvostoskoci) se liší v potravních preferencích a/nebo v požadavcích na 
makronutrienty. Rozdíly ve zdrojích organické hmoty se projevily v δ13C organické hmoty i v 
samotných konzumentech a naznačily rozdíly v podílu alochtonní a autochtonní organické 
hmoty mezi ledovci a supraglaciálními habitaty (např. mezi kryokonitovými jamkami a 
supraglaciální sutí). Na ledovci Forni v italských Alpách bylo zjištěno, že se želvušky živí 
zelenými řasami a kontrolují jejich biomasu. Také bylo zjištěno, že vysoká dynamika povrchu 
ledovce, včetně výkyvů v tání a srážkách, významně ovlivňuje supraglaciální biotu. Tato práce 
poskytuje první pohled na obsah uhlíku a dusíku a stabilní izotopové složení u bezobratlých 
konzumentů žijících na povrchu ledovců, a přispívá tak k pochopení role těchto živočichů v 
supraglaciálních trofických potravních sítích. 
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1. State of the art 

1.1.  Glacier surface as an ecosystem 

Glaciers and ice sheets world-wide are ecosystems whose processes are of significance to local 
as well as global ecology and biodiversity (e.g., Anesio and Laybourn-Perry 2012; Stibal et al. 
2020). Despite the rapid deglaciation, glacier ecosystems still occupy a non-negligible part of 
the Earth’s area and contribute significantly to global nutrient budgets and cycling (Hodson et 
al. 2008; Lamarche-Gagnon et al. 2019; Stibal et al. 2012a). Most biological processes in glacier 
ecosystems occur in supraglacial (on the glacier surface; Fig. 1) or subglacial (at the glacier 
bed) habitats where the abundance and activity of organisms are the highest (Hodson et al. 
2008). This thesis focuses on the supraglacial habitat. 

The supraglacial environment consists of several distinct habitats such as streams, ponds, snow, 
bare ice surface, and supraglacial debris (Hodson et al. 2008). From spring to autumn, when the 
glacier surface is not completely frozen and covered in snow, all these habitats come to life in 
the presence of liquid water. All supraglacial habitats are supplied from allochthonous as well 
as autochthonous sources and often interconnected by the flowing water from ice- or snow melt 
(Hodson et al. 2005; Stibal et al. 2012b). Despite the stable temperature around freezing, glacier 
surface is a very dynamic environment which is easily affected by weather (precipitation, wind, 
solar radiation) as well as biotic factors such as algae decreasing the albedo (degree of 
reflectivity) of the glacier surface (e.g., Hodson et al. 2008; Williamson et al. 2019; Zawierucha 
et al. 2019a). Glacier surfaces also provide a home to a plethora of organisms which have 
adapted to cold and dynamic conditions and thrive on within supraglacial habitats (Bradley et 
al. 2023; Zawierucha et al. 2021). 

 

Figure 1. Surface of the Nordenskiöld Glacier in Svalbard, High Arctic. (photo: TNJ) 
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1.1.1. The dynamic nature of glacier surfaces 

Glacier surface is characterised by its dynamic nature and interconnected processes between 
various abiotic and biotic factors. During the melt season, weather conditions such as high 
radiation, warm winds, precipitation, and freezing can induce changes in glacier hydrology and 
biological activity, thus also affecting the supraglacial nutrient fluxes (e.g., Dubnick et al. 2016; 
Milner et al. 2017; Zawierucha et al. 2019a). The geomorphological characteristics of the 
glacier (slope, characteristics of adjacent areas) also contribute to the nutrient fluxes via the 
effect on the meltwater discharge (e.g., Dubnick et al. 2016; Hawkings et al. 2015). The activity 
of organisms also affects glacier dynamics and hydrology; for example, as mentioned above, 
glacier algal blooms significantly lower the ice surface albedo (e.g., Holland et al. 2019; Wang 
et al. 2020). Nutrient input and processing on glacier surfaces are highly variable on a year-to-
year, seasonal, and daily basis, except for the specific cases such as ice-lidded cryoconite holes 
which can remain closed systems for the whole summer season (e.g., Hodson et al. 2005; 
Schmidt et al. 2022). 

1.1.2. Life on the glacier surface 

Glacier surfaces host a plethora of cold-adapted organisms living in the stable low temperature 
around 0 °C. Communities of supraglacial organisms range from microbes to invertebrates (e.g., 
Winkler et al. 2022; Zawierucha et al. 2021) which form a truncated trophic network consisting 
of producers, consumers, and decomposers. The highest organismal diversity can be found in 
ablation areas of glaciers (areas where the ice loss exceeds its increase) within supraglacial 
depressions called cryoconite holes (Fig. 2a) that are formed by the preferential melting of ice 
due to the sediment coverage (Cameron et al. 2012; Nordenskiöld 1972; Zawierucha et al. 
2021). Cryoconite itself is a sediment at the bottom of holes which is a conglomerate of mineral 
particles, microorganisms, and OM of various origins (allochthonous and autochthonous) 
(Rozwalak et al. 2022). Together with the liquid water column, cryoconite holes form a unique 
environment which is also one of the major sources of OM on glacier surfaces (e.g., Rozwalak 
et al. 2022). Outside cryoconite holes, organisms are also present on the bare ice surface (e.g., 
glacier algae, glacier ice worms (Hotaling et al. 2020), arthropods (Gobbi et al. 2006)), within 
mosses on the glacier ice called glacier mice (Coulson and Midgley 2012), within the 
supraglacial debris (e.g., springtails (Buda et al. 2020); Fig. 2b), or on the snow in glacier 
accumulation areas (areas where the ice increase exceeds its loss) (Shain et al. 2021). Most 
supraglacial habitats are characterized by high concentrations of available macronutrients with 
the prevalence of their organic forms (e.g., Holland et al. 2019; Stibal et al. 2008a, 2009; Telling 
et al. 2014). 
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Figure 2. Supraglacial habitats of major interest in this thesis: a) cryoconite hole; b) supraglacial 
debris. (photo: TNJ) 

1.1.3. Supraglacial producers 

Photoautotrophic microbes – cyanobacteria and algae – form the basis of the supraglacial 
ecosystem (Stibal et al. 2012a) via fixing inorganic carbon (IC) during photosynthesis and 
transforming it to organic forms available to heterotrophs (e.g., Stibal et al. 2012a). 
Photoautotrophic microbes also assimilate (NO3−, NH4+) and/or fix (N2) inorganic nitrogen (IN) 
like some heterotrophic microbes (Li et al. 2019; Telling et al. 2011, 2012). The abundance of 
cyanobacteria and algae may vary spatially and temporally on the glacier surface and is affected 
by nutrient availability (Stibal et al. 2006; Telling et al. 2011; Vonnahme et al. 2016). On the 
bare ice surface, algal communities (mostly Zygnematales) dominate the communities of 
primary producers (e.g., Di Mauro et al. 2020; Hoham and Remias 2020; Holland et al. 2019; 
Takeuchi 2013) with the net primary production often exceeding the rate of remineralization 
which results in the accumulation of OM (Nicholes et al. 2019; Yallop et al. 2012). Glacier 
algae also utilize nutrients retained within the weathering crust and may subsequently release 
them to other supraglacial habitats (e.g., Holland et al. 2019; Wang et al. 2020). In cryoconite 
holes, the abundance and community structure of primary producers vary among glaciers with 
dominant groups of cyanobacteria being Pseudanabaenaceae and Phormidiaceae and the 
dominant group of algae being Zygnematales (Rozwalak et al. 2022). The differences in the 
dominance of algae and cyanobacteria in cryoconite holes is related to various factors such as 
debris coverage, pH, irradiance, nutrient availability and concentration (e.g., Segawa et al. 
2017; Stibal et al. 2012a, b; Telling et al. 2012a; Vonnahme et al. 2016). Depending on the 
microbial community structure and activity, cryoconite holes can act as carbon sinks or sources 
on glacier surfaces (e.g., Anesio et al. 2010; Hodson et al. 2010a; Lutz et al. 2014; Stibal et al. 
2012a, b; Telling et al. 2012b). 

1.1.4. Supraglacial decomposers 

OM from autochthonous and allochthonous sources is mineralized by heterotrophic 
decomposers such as bacteria and fungi (including yeasts) which are also abundant components 
of supraglacial communities (Bhatia et al. 2010; Hodson et al. 2007; Margesin et al. 2002; Perini 
et al. 2019; Pittino et al. 2021; Telling et al. 2011; Uetake et al. 2012). Heterotrophic bacteria 
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preferably utilize substrates of autochthonous origin (i.e., organic carbon (OC) derived from 
photosynthesis) and contribute significantly to the supraglacial respiration which varies with 
the size of the glacier, the distance from the glacier margin, and the availability of dissolved 
organic matter (DOM) (e.g., Stibal et al. 2012a, b). However, as shown by Anesio et al. (2010) 
from Arctic, Antarctic, and Alpine cryoconite holes, only up to 7 % of cryoconite organic carbon 
is utilized by heterotrophic bacteria, indicating that OC accumulation exceeds its loss by 
respiration in these habitats. Fungi are capable of enzymatic activity to degrade complex 
organic substrates such as proteins, esters, carbohydrates, pectin, cellulose, lignin or tannin, and 
contribute to the weathering of phosphate and silicate (e.g., Sanyal et al. 2020; Singh et al. 
2016). This ability allows fungi to process more complex OC from allochthonous sources which 
is also a significant compound of the supraglacial OC pool (Bhatia et al. 2010; Stibal et al. 
2008b). Although little is known about the processing of photoautotrophic exudates, they also 
represent an important source for decomposers (Cole et al. 1982; Smith et al. 2017).  

1.1.5. Viruses 

The activity of photoautotrophic microbes and decomposers (specifically bacteria) is also 
highly affected by viruses which can considerably influence bacterial secondary production and 
carbon cycling in the microbial loop (Bellas et al. 2015; Rassner et al. 2016). As modelled by 
Rassner et al. (2016), up to third of carbon from the bacterial secondary production can be shunt 
to the dissolved OM due to viral lysis on bacterial cells. As such, viruses can negatively affect 
the carbon flow to higher trophic levels, but they also contribute to trophic food webs by the 
release of nutrients back into the circulation by the cell lysis. Also, supraglacial viruses evolved 
mechanisms to survive glacier conditions, such as low decay helping them to overcome low 
bacterial abundances and thus play a crucial role in the supraglacial microbial loop (e.g., 
Rassner 2017). 

1.1.6. Supraglacial consumers 

Supraglacial consumers are a diverse group of various organisms, mostly microinvertebrates, 
which form abundant communities on the bare glacier ice or weathering crust (porous surface 
glacier ice), cryoconite holes, and within supraglacial debris (Buda et al. 2020; Zawierucha et 
al. 2021). On most polar glaciers, only one level of consumers occurs, while on mountain 
glaciers, other levels (secondary consumers and predators), such as beetles, spiders, or birds 
feeding on ice worms might be present (Gobbi et al. 2006; Hotaling et al. 2020). 

In cryoconite holes world-wide, the most common groups of consumers are the 
microinvertebrates tardigrades (Fig. 3a) and rotifers (Fig. 3b), which also represent the highest 
level in cryoconite food webs (Zawierucha et al. 2021). Both groups of consumers are adapted 
to life in the dynamic supraglacial environment with constantly low temperature and periodic 
freezing, using various mechanisms such as e.g., ametabolic dormant state called cryptobiosis 
(Guidetti et al. 2011; Ricci 2001), resistance to starvation (Marotta et al. 2012), or resistant 
dormant eggs (Nelson et al. 2015). All the species of tardigrades identified in supraglacial 
samples to date are glacier specialists. At least five species of tardigrades have been detected 
on Arctic glaciers (Zawierucha et al. 2020), while only one species is known from glaciers in 
the Alps (Zawierucha et al. 2019b). The species richness of cryoconite rotifers is still not fully 
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described, mostly due to their morphological similarities and the necessity of molecular 
identification. Tardigrades and rotifers use various feeding strategies likely including 
bacterivory, herbivory, and omnivory, but most findings on the diet of supraglacial species are 
assumptions based on the feedback mechanisms with the community structure of producers or 
studies on their non-glacier counterparts. The exact food of supraglacial tardigrades and rotifers 
is still under investigation (Vonnahme et al. 2016; Zawierucha et al. 2022). Based on findings 
from laboratory analyses and non-glacier polar studies, tardigrades likely feed on algae or other 
size-suitable particles (Almela et al. 2019, Bryndová et al. 2020) while rotifers prefer smaller 
particles than tardigrades (Almela et al. 2019). 

Supraglacial springtails (Fig. 3c) are also considered common supraglacial consumers 
inhabiting various supraglacial habitats worldwide (Coulson and Midgley 2012; Fjellberg 2010; 
Gobbi et al. 2010; Kohshima et al. 2002; Makowska et al. 2016). The species of springtails 
identified in supraglacial habitats include both glacier specialists and common temperate 
species which most probably use “warmer” supraglacial habitats such as glacier mice as a 
refugia to survive when they land on the glacier surface (Coulson and Midgley 2012). On alpine 
glaciers, springtails occur mostly in the stone-ice border within supraglacial debris (e.g., Buda 
et al. 2020; Valle et al. 2023). Due to their high abundance, especially in the Alps, supraglacial 
springtails are considered important consumers, mostly detritivores, significantly contributing 
to secondary production and energy flow (e.g, Buda et al. 2020; Rusek 1998; Valle et al. 2022). 
Nevertheless, detailed information on their ecological role in supraglacial food webs is sparse. 

 

Figure 3. Supraglacial consumers: a) the tardigrade C. klebelsbergi; b) a rotifer from an Arctic 
cryoconite hole; c) supraglacial springtails. Photos adapted from Zawierucha et al. (2021) and 
Novotná Jaroměřská et al. (2023). 

1.2.  Supraglacial biota and their role in carbon and nitrogen cycling 

1.2.1. The carbon and nitrogen sources important for supraglacial biota 

Carbon and nitrogen are deposited on the glacier surface in the form of both inorganic and 
organic compounds (e.g., Koziol et al. 2019; Stibal et al. 2012a). Atmospheric inorganic forms, 
CO2, N2, or nitrate (NO3−) are taken up by microbial communities and transformed into organic 
forms available for consumers (Hodson et al. 2010b; Segawa et al. 2014; Stibal et al. 2012a; 
Telling et al. 2011). In situ microbial production and N fixation significantly contribute to 
nutrient cycling on glacier surfaces (Anesio et al. 2009; Telling et al. 2011, 2012). The rate of 
photosynthesis can be high on glaciers, turning the glacier surface into a carbon sink when 
allochthonous OM or other forms of dissolved inorganic carbon (DIC) are not available and the 
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abundance of phototrophic organisms is high (Anesio et al. 2009; Stibal et al. 2012a). The 
uptake of nitrogen by N fixation on glacier surfaces is relatively low since other N sources 
(NO3−, NH4+) are usually available at sufficient concentrations (Telling et al. 2011, 2012). 
However, N fixation becomes important during the colonization of nutrient-poor supraglacial 
sediment and in the absence of dissolved inorganic nitrogen (DIN) from precipitation and 
meltwater (Telling et al. 2011, 2012). Allochthonous sources comprise inorganic as well as 
readily available organic compounds originating from the adjacent but also distant areas (Stibal 
et al. 2008b, Vonnahme et al. 2016). The majority of the available allochthonous OC compounds 
are wind-blown terrestrial OM including plant and microbial residua, but also animal 
excrements, remains of animals, and nutrients contained in aerosols (Barbaro et al. 2021; 
Vonnahme et al. 2016; Zawierucha et al. 2016, 2019b). Anthropogenic contaminants such as 
black carbon from fossil fuel burning may also be deposited on glacier surfaces, but their 
availability (the potential of organisms to their degradation) is still under investigation (Hodson 
2014; Pittino et al. 2018). On various glaciers, the contribution of allochthonous and 
autochthonous sources may vary according to their size, morphology, climate and the 
characteristics of their adjacent areas (e.g., Liu et al. 2022; Stibal et al. 2008b, 2012). 

1.2.2. Carbon: from sources to δ13C signatures in supraglacial consumers 

The processes preceding the formation of OC in organisms drives their specific stable isotopic 
signature (δ13C). The whole journey of such specificity starts with the uptake of atmospheric 
CO2, when enzymatic reactions during photosynthesis discriminate heavier 13C and deplete 
photoautotrophs in 13C compared to the atmosphere (Michener and Lajtha 2008; Šantrůček et 
al. 2018). The following biochemical processes in organisms change the isotopic signature only 
by approx. 1 ‰, so in the end, “organisms are isotopically what they eat” for δ13C with some 
known exceptions of particular cellular compounds, such as depleted δ13C in lipids (e.g., 
Boecklen et al. 2011). 

As mentioned above, glacier surfaces balance between being sinks or sources of carbon (Stibal 
et al. 2012a). The photoautotrophic microbial communities, mostly cyanobacteria and algae, 
uptake carbon in the form of CO2 or DIC and convert it into organic carbon compounds (Anesio 
et al. 2009; Stibal and Tranter 2007). On the other side, heterotrophic microbes and consumers 
utilize organic carbon and CO2 is a product of their respiration (e.g., Hodson et al. 2007). On 
smaller glaciers, the allochthonous input of mostly terrestrial OM is an important source of 
carbon to supraglacial organisms (Stibal et al. 2008b). In situ microbial production is considered 
higher in 13C compared to allochthonous OM (Musilova et al. 2015) due to the preferred 
utilization of DIC than the atmospheric CO2 (Stibal and Tranter 2007). The food of supraglacial 
consumers can contain OM of both autochthonous and allochthonous origins with diet 
preferences within each group as mentioned in the Section 1.1.6. (e.g., Bryndová et al. 2020, 
Buda et al. 2020). Therefore, to provide a relevant interpretation of δ13C signatures of 
supraglacial OM and its connection to supraglacial consumers, their species composition, 
abundance, and proportions of co-existing species must be considered. Even more since non-
species-specific pooled samples are used to obtain a sufficient dry weight of consumers for 
carbon stable isotopic analyses (e.g., Shaw et al. 2018). 
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1.2.3. Nitrogen: from sources to δ15N in consumers 

The stable nitrogen isotopic composition (δ15N) is a useful tool for the evaluation of sources of 
nitrogen and the trophic position of consumers (e.g., Michener and Lajtha 2008; Minagawa and 
Wada 1984). Similar to carbon, the main source of nitrogen on the glacier surface is the 
atmosphere, as described in the Section 1.2.1. During the uptake, organisms incorporate IN into 
organic compounds or release it back to the environment as products of their metabolisms in 
the form of ammonium, nitrate, or nitrogen oxides (e.g., Segawa et al. 2014). N fixation is 
known to have minimal fractionation factor and the fixed nitrogen remains close to atmospheric 
N2 with respect to its δ15N signature (e.g., Michener and Lajtha 2008). All other reactions 
decrease the content of the heavier isotope 15N (high fractionation against 15N in most metabolic 
processes), which should lead to the overall depleted δ15N. Nevertheless, due to preferential 
release or excretion of isotopically depleted nitrogen compounds (e.g., nitrogen oxides, NO3−, 
urea) and the consequent enrichment of organic compound in organisms (e.g. proteins) or soils 
(Adams and Sterner 2000; Cantalapiedra-Hijar et al. 2015; Šantrůček et al. 2018), the final 
isotopic signature is often enriched in 15N. The 15N-depleted nitrogen can also remain within 
the systems, be utilized again by microorganisms, with the overall δ15N signature unchanged. 
Typically, the δ15N of consumers is higher compared to their diet (DeNiro and Epstein 1981; 
Kling et al. 1992; Zah et al. 2001) with the fractionation factor equal to or higher than 3 ‰ 
(DeNiro and Epstein 1981). 

The availability and content of nitrogen follow the dynamic nature of processes on glacier 
surfaces which are highly variable thorough the season (Hodson et al. 2010b). Such variability 
can be reflected in δ15N of photoautotrophic communities, as for example δ15N of algae depends 
on the availability of nitrogen and δ15N of their nitrogen source (Adams and Sterner 2000; Gu 
and Alexander 1993). The major IN input in form of nitrites and nitrates usually occurs at the 
beginning of the melting season or during episodic precipitation or meltwater events (Hodson 
et al. 2010b; Telling et al. 2011). When the episodic events of nitrogen input (e.g., rain) occur, 
NH4+ and NO3− are rapidly assimilated by supraglacial microbial communities (Hodson et al. 
2010b) which may influence their δ15N and consequently the δ15N of consumers. 

In polar environments, the δ15N is usually lower compared to temperate habitats where soil δ15N 
values can range from 5 ‰ in temperate regions to 13 ‰ in the tropics (Amundson et al. 2003). 
The depletion of δ15N in polar soils is likely caused by low temperature and the consequent 
slower volatilization of 15N depleted products of denitrification and nitrification which remain 
in higher concentration in soils decreasing the overall δ15N of organisms (Šantrůček et al. 2018; 
Sigman and Casciotti 2001). Specifically, δ15N of non-glacier polar soils or microbial mats often 
do not exceed 1 ‰ (e.g., Oelbermann et al. 2008; Shaw et al. 2018) when analysed on bulk 
samples. The low δ15N in non-glacier polar soils likely reflects the effect of low temperature 
and potential nitrogen limitation triggering higher content of 15N-depleted compounds as a 
source of nitrogen for metabolic processes (Adams and Sterner 2000). 
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1.3.  Carbon and nitrogen contents and stable isotope composition as a useful 
tool in ecological studies 

1.3.1. Ecological stoichiometry 

Carbon and nitrogen are dominant macronutrients (nutrient macro elements) in organisms and 
essential as well as limiting for many metabolic processes (Sterner and Elser 2002). The 
ecological studies which focus on the role of macronutrients within ecosystems often use the 
carbon:nitrogen:phosphorus (C:N:P) molar ratio of 106:16:1 (Redfield 1934), known as the 
Redfield ratio. This ratio was originally established for the ocean and its organisms but found 
its use as an optimal proportion of macronutrients within an environment and its biota in overall 
(e.g., Sterner and Elser 2002). Deviations from the Redfield C:N:P ratio often imply limitations 
or excess in some macronutrient. However, biochemical variability within organisms and their 
specific nutrient requirements may deviate the ratio from the ‘Redfield’ one (e.g., Cleveland 
and Liptzin 2007, Sardans et al. 2012; Sterner ad Elser 2002). 

Carbon is the most abundant macronutrient in dry weight of organisms as the main constituent 
of all cells building blocks such as carbohydrates, proteins, lipids, or nucleic acids. Some of 
these compounds (e.g., carbohydrates, lipids) are variable in nitrogen content which shape the 
proportion of each element in cells as well as the overall C:N of the whole organism. The 
changes in the nutrient pool within the environment can affect the C:N proportion and 
requirements in organisms or vice versa and lead up to changes in the community composition 
(Sterner and Elser 2002). For example, when organisms with high requirements for nitrogen 
increase their abundance, they lower the amount of available nitrogen from the environment, 
which can lead to nitrogen limitation. In case of absence of a new pulse of available nitrogen 
(by input or release), the community structure of organisms will change and so the nutrient 
requirements. As such, macronutrient homeostasis is not common in the long term within 
biological systems, although many animals are able to maintain stable C:N:P composition 
(Sterner and Elser 2002). 

1.3.2. Stable isotopes 

Both carbon and nitrogen have atoms differing in the number of neutrons called isotopes. 
Isotopes can be stable or radioactive. For carbon and nitrogen in ecological studies, we use their 
stable isotopes which considerably differ in their proportions in the nature. For C, the lighter 
12C represents 98.89 % and the heavier 13C 1.11 % in the occurrence. For nitrogen, the lighter 
isotope 14N represents 99.64 % and the heavier 15N 0.36 %. To quantify the representation of 
stable isotopes in nature or within organisms, the dimensionless isotopic proportion (R) which 
expresses proportion of minor isotope / proportion of major isotope is used. Nevertheless, for 
the description of results, most studies use different, and more reader friendly explanation of 
the relative isotopic proportion related to international standards (δ) which is: 

𝛿 =  [
(𝑅𝑠𝑎𝑚𝑝𝑙𝑒  −  𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
]  × 1000, (𝛿) =  ‰ 
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Artificially derived PeeDee Belemnite (originally fossils from the PeeDee formation in United 
States) is used as a standard for C and atmospheric N2 establishes the 0 ‰ for N. If δ > 0, the 
sample is enriched in the heavier isotope, δ < 0 means that sample is depleted in the heavier 
isotope. The process which changes the proportion of isotopes in biochemical reactions is called 
isotopic fractionation. The most important drivers of isotopic proportions in organisms are 
enzymes which prefer or discriminate light or heavy isotopes. Thereafter, isotopic composition 
is related to the importance of various enzymes (e.g., incorporating or excreting), their isotopic 
selectivity and role in particular processes and organisms (Michener and Lajtha 2008; Šantrůček 
et al. 2018). 

Stable isotopes are commonly used to reconstruct the food web and characterize trophic 
relationships between organisms (Peterson and Fry 1987). Carbon and nitrogen are due to their 
abundance in organisms the most common food web tracers in ecological studies (Michener 
and Lajtha 2008). However, despite the variety of studies focusing on numerous ecosystems 
(McCutchan et al. 2003; O’Reilly et al. 2003; Wada 2009; Yoshii et al. 1999), glaciers and their 
consumers have been outside the scope of most isotopic and trophic food web investigations 
and information on their carbon and nitrogen isotopic composition and trophic relationships is 
missing. 
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2. Aims 
This thesis focuses on carbon and nitrogen and their stable isotopes (δ13C and δ15N) in the three 
most common supraglacial consumer groups – tardigrades, rotifers, and springtails. All these 
consumers contribute to supraglacial nutrient utilization and cycling as grazers at the highest 
level of the supraglacial trophic network. However, the role of supraglacial consumers in the 
feedback mechanisms between carbon and nitrogen uptake and its utilization by microbes or 
even data on their elemental and isotopic composition are lacking. Since information on 
macronutrients and their stable isotopes in consumers can provide an insight into food sources 
and the role of consumers in the microbial community composition, trophic status, and the 
availability of carbon and nitrogen in the environment, this thesis aims to reveal the trophic 
position of supraglacial consumers and their potential food preferences, which is essential 
for understanding the role of consumers in supraglacial nutrient cycling. 

The research presented in this thesis had the following two major objectives: (i) to establish 
reliable methodological approaches to measuring carbon (C) and nitrogen (N) contents 
and their stable isotopes in supraglacial microinvertebrates, and (ii) reveal the 
contribution and role of grazers in OM composition on glacier surfaces. 
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3. Chapter 1: Stable isotopic composition of top consumers in 
Arctic cryoconite holes: revealing divergent roles in a 
supraglacial trophic network 
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4. Chapter 2: Spatial distribution and stable isotopic 
composition of invertebrates uncover differences between 
habitats on the glacier surface in the Alps 
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5. Chapter 3: Insights into cryoconite community dynamics on 
the alpine glacier throughout the ablation season 
 

 
 

 

 



22 
 

6. Results and discussion 
Chapter 1 reveals the differences between supraglacial tardigrades and rotifers in their δ15N 
and δ13C signatures, indicating their different feeding strategies and position in the cryoconite 
food web. Both groups of consumers are known to consume bacteria, algae, or other size-
suitable OM (Almela et al. 2023; Bryndová et al. 2020, Velázquez et al. 2017; Vonnahme et al. 
2016). In the presented study, rotifers were enriched in 15N compared to tardigrades, suggesting 
differences in δ15N in their respective food. However, the differences in δ15N of both consumers 
were too low (less than 3 ‰) to indicate different trophic levels (e.g., Minagawa and Wada 
1984). Even though the uptake of nitrogen by the main compound of their diet (algae, bacteria, 
allochthonous terrestrial OM) may differ (e.g., Gu and Alexander 1993; Hadas et al. 2009), each 
group of consumers may also differ in their N requirements and metabolic processing which 
can affect their δ15N. 

Since cryoconite OM could not be analysed for the isotopic composition of each compound 
separately, it was not possible to accurately assess the exact food source of the consumers. 
However, the studied glaciers were chosen based on the differences in their size and 
geomorphological characteristics and so expected different OM sources. The results showed 
that on smaller glaciers, where a higher proportion allochthonous OM was expected (e.g. Stibal 
et al. 2008b), the δ13C of cryoconite, supraglacial OM, and consumers was lower (depleted in 
13C) compared to larger glaciers. Both consumer groups, tardigrades and rotifers, followed 
fluctuations in δ13C of cryoconite OM, which suggests that cryoconite OM serves as their food 
source. 

In Chapter 2, various supraglacial habitats (supraglacial debris, cryoconite holes, surface ice 
of the weathering crust) on the Forni Glacier in the Italian Alps were investigated. The results 
of this study showed that despite the dynamic conditions occurring on the surface of this 
relatively small alpine glacier, supraglacial habitats revealed distinct environmental 
characteristics with differences in their OM content as well as the abundance of their major 
consumers. Cryoconite holes and supraglacial debris differed in δ13C, δ15N, OC:ON (organic 
carbon:organic nitrogen) ratio and contents as well as their consumers. In cryoconite, higher 
proportion of 13C enriched autochthonous OM likely resulted in higher δ13C compared to 
supraglacial debris. Such elevated δ13C corresponds with the observation of δ13C in cryoconite 
with prevailing autochthonous OM in Greenland (Musilova et al. 2015). Within the debris, 
higher input of terrestrial OM likely depleted the δ13C signature as observed elsewhere 
(Musilova et al. 2015; O’Leary 1981). These results were supported by higher OC:ON in 
supraglacial debris indicating higher content of OM likely originating from C-rich terrestrial 
plants (Cleveland and Liptzin 2007). The δ15N differed between both habitats, with lower 
values in cryoconite compared to supraglacial debris. Both habitats differ in their average 
temperature with higher δ15N values in supraglacial debris (Conway and Rasmussen 2000). 
Temperature is known to affect the δ15N of the nitrogen source to microbes due to slower 
metabolic rates and volatilization of 15N depleted products of metabolism such as NO3− and 
NH4+ (e.g., Šantrůček et al. 2018; Sigman and Casciotti 2001). Therefore, consumers in 
cryoconite holes may be depleted δ15N in OM compared to those in supraglacial debris. 
Similarly to Chapter 1, it was not possible to analyse each OM compound separately and 
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investigate the food of both consumers in detail. However, the results indicate that springtails 
might consume microbial biofilms or selectively feed on bigger particles in OM which were 
not present or dominant in the smallest fraction of debris. 

Chapter 3 focuses on the seasonal changes in cryoconite biota on the Forni Glacier. Results of 
this study revealed seasonal variations in the biota and the cryoconite OM in both the lower and 
upper part of the ablation zone. The tardigrade community on the glacier was only composed 
of one species (Cryobiotus klebelsbergi). Measurements of the total biomass of consumers and 
photoautotrophs indicated that in the upper part of the ablation zone, grazing of tardigrades 
likely controlled the biomass of green algae, which is supported by the assumed algivory of C. 
klebelsbergi (Bryndová et al. 2020; Zawierucha pers. observ.). The lower part of the ablation 
zone on the Forni Glacier was characterized by higher debris coverage and the occurrence of 
meltwater pulses which likely affected the abundance and biomass of tardigrades. The overall 
biomass of tardigrades was lower here compared to the upper part, with relatively small 
fluctuations in their abundance over the season. The community of photoautotrophs shifted 
from algae- to cyanobacteria-dominated over the season in the lower part suggesting that high 
supraglacial debris coverage served as a substrate allowing cyanobacterial growth (Telling et 
al. 2012a; Uetake et al. 2016; Wejnerowski et al. 2023) and the firm attachment of 
cyanobacterial communities to debris avoided their removal by meltwater pulses compared to 
algae (e.g., Takeuchi et al. 2001;Telling et al. 2012a) as observed on snow algae on Alaskan 
glacier (Takeuchi et al. 2001). The abundance and the community structure of microbes in 
cryoconite OM mirrored its δ13C in all samples with the highest δ13C at the beginning of the 
ablation season in the upper part when the biomass of all photoautotrophs and green algae was 
the highest. This pattern likely indicates high photosynthetic activity of green algae, which 
could result in carbon limitation, and consequently high δ13C due to minor fractionation against 
13C (Michener and Lajtha 2008; Musilova et al. 2015; Stibal and Tranter 2007). This result also 
supports the hypothesis of the significant effect of the dominant cryoconite OM compound on 
its overall δ13C signature. In the lower part of the ablation zone, the change of the 
photoautotrophic community from algae to cyanobacteria mirrored the increase in the δ13C of 
cryoconite OM likely reflecting increasing in situ microbial production preferably utilizing 
isotopically heavy DIC, described previously from other glaciers (Musilova et al. 2015; Stibal 
and Tranter 2007). No correlation between δ13C of consumers and cryoconite OM was observed 
in the lower part indicating that cyanobacteria are likely not the preferred food for tardigrades. 
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7. Conclusions 
The results of this thesis show that analysis of the carbon and nitrogen stable isotopic 
composition of supraglacial biota is a powerful tool for the investigation of OM input and the 
community structure and abundance of consumers and photoautotrophs on glacier surfaces. The 
food preferences of different groups of supraglacial consumers (tardigrades, rotifers, 
springtails) likely differ, albeit within the same level of the supraglacial trophic network. 
Differences in the sources of the OM are reflected in the δ13C signature of the OM as well as 
that of the consumers themselves. Observations of the relationships between tardigrades and 
photoautotrophs on the Forni Glacier significantly deepen the current knowledge on biological 
(i.e. grazing) and physico-chemical (i.e. precipitation) controls of the community structure and 
biomass of cryoconite biota. This thesis provides the first insight into carbon and nitrogen 
content and stable carbon and nitrogen isotopic composition in glacier-dwelling, cold-adapted 
microinvertebrates and corroborates the importance of grazers in supraglacial nutrient cycling. 
Moreover, the establishment of reliable methodological approaches for isotopic and elemental 
analyses of microinvertebrates opens new possibilities for further investigations on supraglacial 
consumers and their role in carbon and nitrogen cycling on glaciers. 
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8. Future directions 
Glacial ecosystems vanish rapidly together with their unique fauna (e.g., Stibal et al. 2020). 
Therefore, their deeper research and understanding of ecological processes is more than timely. 
Here, I present several future research directions, some already under the review or 
investigation and some currently included in project proposals, arisen from the research 
presented in this thesis. 

1. The food preferences of supraglacial consumers have not been determined in a 
sufficiently precise way with the methodological approach established and presented 
in this thesis. This represents a major gap which should be considered in further 
research, for example through isotopic labelling. 
 

2. Very few ecological studies of supraglacial consumers have used seasonal sampling. 
Seasonal data in future ecological studies on glacier surfaces will considerably 
improve the knowledge of supraglacial biota and also increase the reliability of 
obtained results since some patterns (e.g., occurrence of rare species) can be 
overlooked in snapshot studies. 
 

3. There is little knowledge on biomass of supraglacial producers and consumers which 
is crucial for the estimation of secondary productivity. Also, the knowledge on 
interactions between supraglacial consumers with different feeding modes (e.g., 
tardigrade species with the same or different food preferences) have not been 
investigated to the detail yet which prevents a deeper understanding of supraglacial 
food webs and trophic interactions. 
 

4. Supraglacial organisms are very tricky to be cultivated which makes in vitro 
experiments difficult. Yet they should be attempted, as such experiments would 
considerably advance our knowledge on various feedback mechanisms between biota 
and supraglacial OM composition and nutrient cycling processes. 
 

5. Phosphorus content of supraglacial microinvertebrates is unknown. Estimation of the 
whole C:N:P of supraglacial consumers and the organic matter would deeply 
contribute to the understanding of nutrient cycling on glacier surfaces.  
 

6. Various studies have investigated the export of supraglacial OM to downstream 
ecosystems. However, to our knowledge, there is no study which would prove and 
quantify the contribution of supraglacial OM to consumers in downstream habitats. 
This knowledge is especially important for further modelling of the impact of climate 
change to polar and mountain ecosystems and their nutrient pathways. 
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