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Abstract

Ecological stoichiometry is a conceptual framework which helps us to describe an ecosystem
through its elemental composition, fluxes of matter and balance of energy. In glacier habitats,
ecological patterns are different than in the terrestrial environment, and the research has been
done mostly in the last decade. The result is that stoichiometric data only exists in small
amounts, and are influenced by searching area and preference of the researcher. Stoichiometry
of glacial hydrological systems has patterns which are specific for these habitats, and the

knowledge about invertebrate stoichiometry living in those waters is still in its early days.
Abstrakt

Ekologicka stechiometrie je zplisob popisu a interpretace, zabyvajici se hlavné ekosystémem
z pohledu jeho prvkového slozeni. Zaroven se také zabyva energetickymi rovnovahami a toky
prvkd mezi jednotlivymi komponenty. Stechiometrie ledovct je v tomto ohledu velmi
specificka. Hydrologicky systém na ledovcich ma mnoho znak?, které nejsou srovnatelné s
terestrickymi systémy. To se odrazi na stechiometrii zivo€icht, kteti musi byt adaptovani na

mistni extrémni podminky a jejichz vyzkum je teprve v pocatcich.
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List of abbreviations

ATP — adenosine triphosphate

DNA — deoxyribonucleic acid
C:N:P — carbon:nitrogen:phosphorus ratio
DIN — dissolved inorganic nitrogen
DOC — dissolved organic carbon
DON - dissolved organic nitrogen
ER — endoplasmic reticulum

Fo-Me — forest and meadow

IC — inorganic carbon

IN — inorganic nitrogen

IP — inorganic phosphorus

LEA — late abundant embryogenesis
Me-Ro — meadow and rock

OC - organic carbon

OP — organic phosphorus

ON - organic nitrogen

PC — particulate carbon

POC — particulate organic carbon
PP — particulate phosphorus

rRNA — ribosomal ribonucleic acid
RNA — ribonucleic acid

RUBISCO — Ribulose-1, 5-bisphosphate
carboxylase/oxygenase

SRP —soluble reactive phosphorus
TC —total carbon

TN — total nitrogen

TON - total organic nitrogen

TP — total phosphorus

UV — ultra violet

ER — Endoplasmic Reticulum



1 Introduction
The gap in our knowledge about the stoichiometry of biota inside cryoconite (accumulated

sediment on the glacier surface) is huge (Zawierucha et al. 2015). However, glaciers are a
place with increasing interest in recent times. These ecosystems are amazing not only due to
their changing structure, but also due to their history and age. In this work, we focus mainly
on ice caps and ice sheets. Ice caps are glaciers mainly in Svalbard, Iceland and Canada. Ice
sheets are glaciers found in Antarctica and Greenland. The main goal of this work is to collect
knowledge about glacial aquatic systems and their biota in a stoichiometric view. Ecological
stoichiometry also helps us to take glacial aquatic systems apart and see the processes in more
detail. Knowledge of stoichiometry also enables investigators to view different ecological
pathways, trophic strategies, and relationships between organisms and their environment
(Sterner and Elser 2002). This knowledge makes a good base for future planned work, which

will focus on elemental composition and stoichiometry of Tardigrada and Rotifera.

In this work are some terms and definitions which need to be described. First, I would like to
explain how we understand the term nutrient: Nutrients are everything which builds an organ-
ism excluding water and carbon. Secondly, | would like to explain the term imbalanced ratio.
This is a ratio not in direct consensus with Redfield ratio (Redfield 1958; Robert W. Sterner
and James J. Elser 2002), which is an established ratio of molar C, N and P with a value of
106:16:1, Imbalanced ratio can be changed with various factors of the environment. And at
last, 1 would like to explain the term hyporheic zone. This nomenclature has its origin in lim-
nology, where it is an ecotone between surface water and ground water. The hyporheic zone is
a place with a high abundance of microorganisms. There is also a strong gradient of flushing
and nutrient transformation (Kalff 2002). In this work | use the term hyporheic for liquid wa-
ter seeping through the porous layer of temperate ice which undergoes melting. This area can
be a great supply of nutrients and minerals for the glacial environment and also for cryoconite

by weathering of mineral particles and flushing out of nutrients from melting ice.



2 Introduction to Ecological Stoichiometry

In general, ecological stoichiometry is a conceptual framework which looks at the organisms
and their ecosystem through their elementary chemical composition. At the same time, stoi-
chiometry obeys physiological and biochemical constraints of biological function of organ-
isms. Ecological stoichiometry also operates with a balanced system following the law of
conservation of mass (Sterner and Elser 2002). It also works with the chemistry of surround-
ing environment, which influences chemical reactions in the bodies of organisms (Vrede et al.
2004). This view gives us tools to predict ecological processes and interactions from the level

of the elemental composition.
There are two main views on the use of metabolites among organisms:

1. Through biochemical reactions: elements and their compounds are reacting between each

other

2. Through organization of metabolisms depending on mass and energy flow: deals with the

supply of nutrients, costs of living (feeding, breathing, competition etc.) and environmental

conditions.
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Fig. 1. Main biochemical pathways in organisms according to (Sousa, Domingos, and Kooijman 2008).



In this table, basic biochemical pathways, which form the dynamic energy budget, are shown.
These pathways are located inside organisms and provide basic life mechanisms. For a better
explanation, by reserves are meant body compartments, which have an important role in ac-
tive metabolism of organisms. Inside them is converted energy from food, which is not direct-
ly used for growth or other processes in the body of an organism. Reserves are formed by
lipids, carbohydrates, proteins and nucleic acids. In the body, there is not a strict division be-
tween elements found in reserves and elements found in structures (Vrede et al. 2004).

2.1 The major players in typical nutrient limitations
From the view of different ecological stoichiometric patterns, it seems to be obvious that car-

bon, nitrogen and phosphorus are presumably the main macro elements, which help us under-

stand interactions inside glacial aquatic systems.

Cryoconite, compared to low altitude and latitude freshwater systems, has lower pH and ni-
trogen content. These factors, which influence cryoconite, form an absolutely different envi-
ronment for the survival of microorganisms than factors on the glacier surface or inside
proglacial soils. In table 1, main characteristics and comparison of glacier habitats are shown.

The table is taken from the research work

Supraglacial _ Medial _
of Stibal et al. (2006) in which bulk C:N:P kames __Cryoconite _moraine
pH Mean 7.62 6.03 8.29
of the supraglacial sediment was also SD 069 0.82 0.27
Tukey a b a
measured. These ratios are Very useful for Coarse fraction Mean 89.56 10.04 65.30
' content (% dw) SD 6.74 8.88 11.12
s Tukey a b c
us because they show Comp03|t|0n of the Water content Mean 8.74 50.01 9.45
. . . . . (% SD 4.95 14.44 3.88
sediment in glacial aquatic habitats. oW Tukey a N .
] . .. . Organic matter Mean 0.92 8.36 0.73
TC:TN:TP  inside them was: for content (% dw) SD  0.71 5.04 0.32
. . Tukey a b a
cryoconite 5:0.4:1, for moraine 5:1:1 and  Total organic Mean 0.713 2.803 0.700
. carbon (% dw) SD 0.348 0.858 0.178
for kame (deeper sediment) 21:3:1. For Tukey a b a
Total nitrogen Mean  0.096 0.240 0.143
the analysis of C:N:P, carbonates were (% dw) 5D 0059 0.091 0.033
Tukey a b a
i H Total phosphorus Mean 0.033 0.664 0.137
removed from samples. Organic nitrogen (% ) o 000 0 ers 0128
Tukey a b a

was converted to elemental nitrogen and

Tab. 1. Main characteristics of a glacier ecosystem

carbon was converted to carbon dioxide. 1 sl Sabacks, and Kastovska 2006)

Phosphorus was extracted and measured

separately. For the interpretation of the ratio, it is important to note that total phosphorus has a
large proportion of P that is biologically unavailable and covalently bound (Stibal, Sabacka,
and Kastovska 2006).



Enzymes are one source of information about nutrient limitation in the system (for us glacial
aquatic ecosystems). These proteins are employed in the acquisition of carbon, nitrogen and
phosphorus (Burpee et al. 2016). These enzymes are e.g. B-1, 4-glucosidase, which degrades
cellulose by hydrolyzing of cellobiose to glucose, B-N-acetylglucosaminidase, which de-
grades chitin, Leucine aminopeptidase, which hydrolyses leucine and hydrophobic amino
acids, and Phosphatase, which degrades phosphomonoesters and phosphodiesters (Sinsabaugh
et al. 2008).

These enzymes are closely related to changes in mean temperature and subsequent increases
or decreases of organism activity. Also, they can vary with soil pH (Sinsabaugh et al. 2008).
For example, nitrogen and phosphorus can be somewhere more available in colder climate
and somewhere else not (Morales-Baquero et al. 2006). It is necessary to tell that melting ice
buffers the temperature of water around the melting point, so the activity of enzymes on glac-

iers can vary with more factors than only with activities of microorganisms or with pH.

In nutrient limited environments, relationships between organisms and nutrient sources are
important. But also important are relationships of organisms within a community and
metacommunity. As an example of these relationship we can use the research done by Mo-
rales-Baquero (2006). This study observed high mountain lakes and their changes dependent
on temperature and nutrient supply. When there were changes in nutrient content, there were

also changes in structure and trophic interactions between organisms.
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Fig. 3. Trophic interactions in the high mountain lakes according to (Morales-Baquero et al. 2006)



Molecular analyses carried out on samples of glacial communities from the Arctic and Ant-
arctic have shown that in organisms, which live in polar glacial environments, are groups of
coding genes for enzymes important in carbon and nitrogen cycling. Some of these cycles are
photosynthesis, nitrification and denitrification. Main groups involved in these processes are
Cyanobacteria, Chloroplastida, Alpha-, Beta- and Gammaproteobacteria, Rhizobiales (Cam-

eron, Hodson, and Osborn 2012) and Metazoa.

2.1.1 Carbon
Carbon, as a source of energy in cryoconite, can be found inside the system in two main forms

— organic carbon (OC) and inorganic carbon (IC) (Allison, Bollen, and Moodie 1965; Sherrod
et al. 2002). Organic carbon can be distinguished as particulate organic carbon (POC) and
dissolved organic carbon (DOC). The soluble form of inorganic carbon is HCO3™ (carbonate
ion) and the particulate forms are carbonate minerals. Inorganic carbon is mostly converted to
organic forms by microorganisms (Tranter et al. 2004). Input of OC into cryoconite can be
divided into autochthonous and allochthonous. Autochthonous carbon is the carbon which is
contained in the biomass of organisms and is incorporated in the system. Allochthonous car-
bon is a carbon from the surrounding environment. And there is also legacy carbon, which is
the carbon released from melted ice or cryoconite sediment (Tranter et al. 2004). Carbon from
streams is mainly in the form of POC (particulate organic carbon). Organic carbon can vary
between cryoconite holes and reflects very close relationships between abiotic and biotic
components. Also, it can be contained in the excretion of organisms and in decomposed mat-
ter made by microbes (Tranter et al. 2004; Anesio et al. 2010; Takacs, Priscu, and McKnight
2001).

In measuring of OC, it is necessary to take into consideration the parameters of each
cryoconite and surrounding environment. For example, when a cryoconite hole is closed, bac-
terial activity is lower than when is opened. Also, sources of carbon can differ, and getting
correct results is very difficult (Anesio et al. 2010). For a better explanation of carbon cycles,
the analysis of carbon isotopes is used. Through this analysis, it is possible to measure chang-
es in carbon depending on the different environmental conditions in time. When there is low
allochthonous inputs, *3C is reduced due to the reduced growth of the phototrophic organisms,
limitation of light, or increased concentrations of CO,. Biological membranes of organisms
vary in the ability to transmit CO,, which also affects the composition of compounds in the

environment and measuring (Lawson et al. 2004).



According to the supply from the surrounding environment and climatic patterns of the study

site, it is possible to form main dynamic pathways.

When there is lower content of N and organic matter in the environment, there is also lower C
turnover because of energy and nitrogen limitation of decomposers. There is a possibility to
mobilize nitrogen from storage in the soil. Nevertheless, when sources of N in biomass are
immobilized, productivity can be lower and communities become limited (Moorhead and
Reynolds 1991).

Carbon can be, similarly to nitrogen, deposited into the soil. This can happen when the ele-

mental ratio becomes imbalanced and trophic interactions inside ecosystem change.

Imbalanced ratios can be related to the input of fresh water (melted ice, rainfall) and NPP (net
primary production). When the supply of nutrients and water is low, there is also low NPP.
This causes a low abundance of decomposers and thus it is possible that soil carbon will be
accumulated into the soil more than it would be with enough decomposition (Cao and Wood-
ward 1998).
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Fig. 4. Model of the carbon exchange in terrestrial habitats according to (Cao and Woodward 1998).

Important players in carbon cycling inside the ecosystem are photosynthesis and respiration.
Due to low temperatures and high radiation, photosynthesis works more efficiently than respi-
ration and more carbon can be deposited (Markager, Vincent, and Tang 1999). With the input
of DOC, UV radiation incident can be lowered by transforming the high energy radiation in
the decomposition process of DOC on the water surface and it can allow the growth of UV

sensitive taxa (Weidman et al. 2014).



In the lack of light, compounds of dissolved organic carbon are decomposed by bacteria and
used for respiration. When the light is sufficient, DOC is produced by phytoplankton. This
process depends on the input of the light radiation (Takacs, Priscu, and McKnight 2001). But
in cryoconite, only a small amount of OC is formed by photosynthesis (Telling et al. 2012).

The ratio between photosynthesis and respiration can vary between holes (Tranter et al. 2004).

Productivity is also influenced by DOC, which can fluctuate with temperature (Weidman et
al. 2014). Attesting to the fact, this was also found by Sinsabaugh (2008), in the work aimed

on stoichiometry of enzymatic activi-
ty. In this paper, he claimed that C:N
acquisition is related to the mean an-

nual temperature and C:P lower in

relation to mean annual temperature

and mean annual precipitation
(Sinsabaugh et al. 2008). Warming
often causes an increase of DOC and

N and a decrease of P. It may be due

to a change in nutrient content and Fig. 5. Summer DOC supply and bacterial carbon demand of
different demands on organisms. Taylor Valley Lakes (Takacs, Priscu, and McKnight 2001)

Therefore it depends on habitat and environmental conditions (Weidman et al. 2014). This
hypothesis can be supported by considering that Arctic lakes with low input of DOC become

rather N-limited than P-limited (Burpee et al. 2016).

Based on the knowledge gained from this I infer, that when there is a low energy input from
DOC, then there can’t be a big amount of fast growing organisms, and therefore there is a low

consumption of P and high consumption of N.

Because subglacial runoff has much higher nutrient values than cryoconite or supraglacial
streams, flushed carbon from these places is also a source of nutrients for subglacial and
proglacial ecosystems. Some glaciers are bigger reservoirs of carbon then others and the ac-
cumulation of organic matter in the cryoconite can take tenths of years. (Stibal, Tranter, Ben-
ning, et al. 2008).



pH? b) (0 DoC* DOC DIN* DON# DON DIC:DIN DOC:DON
(mg 17" (mg 1™ (%TDC) (ugl™ (ugI™H (% TDN)

Supraglacial 50£027 13£052a 18£1.2a 58+ 15a 48+ 17a 130 £ 87a 68 £20a 34 = 20a 22+ 15a
channel

Cryoconite S54£019 13£093% 21X+ 16a 5919 49+ 22a 130 £ 95 68 £ 17a 34 £23a 26 £ 27a
holes

Glacier runoff 6.9 £ 0.33¢ 4.1 £ 057b 3.4 £35a 38X+ 18b 55% 15a 180 £ 130a 72 £ 13a 85 £ 36b 30X 3la

Tab. 2. Main stoichiometric parameters of carbon and nitrogen in the glacial hydrological systems in
Werenskioldbreen (Marek Stibal, Tranter, Telling, et al. 2008)

2.1.2 Nitrogen
One of the most important nitrogen inputs into N, .

————__ Nitrate Reduction

the glacial environment is nitrogen deposition. i
. B R
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tivity and where processing cycles are very fast

(Gooseff et al. 2004). The three main processes in nitrogen cycle are nitrogen fixation, assimi-

lation and denitrification (Townsend, Begon, and Harper 2010).

Nitrogen fixation is a process, in which atmospheric nitrogen is converted to reactive forms,
due to an enzyme called nitrogenase. This enzyme consists from two metalloproteins. For the
reaction, it is necessary to reduce nitrogen molecules to ammonia. In this reaction, ATP is
consumed and O, must be absent (Knowles 1982; Rees et al. 2005; Berendt et al. 2012).

Denitrification is less frequent than assimilation in aerobic conditions. Assimilation is the
incorporation of N to the body of an organism. Bacteria incorporate NO3™ and thereby lower
the concentration of nitrate in the water. Conversely in denitrification, bacteria reduce nitrite
to the molecular form of N, and return N back to the atmosphere. This process is anaerobic
(Gooseff et al. 2004; Smith, Smith, and Thomas 1998).

Denitrification has two pathways. One of them is the reduction of NO3” — NO, — N,O —

N, and the second is the reduction of NOs" — NH," (Knowles 1982). Ammonium is toxic by



removing oxo-glutarate from Krebs cycle, so it must be removed from the body of organisms

(Matous 2010). In aquatic systems, ammonium is excreted directly to the water.

Because of the variable abundance of organisms during the year, ratios of elements may vary

(Stibal, Tranter, Telling, et al. [g
|
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2008). There is also an effect on NO; NH; N,
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the decreasing snow pack, which is Fig. 8. Model of the pathways of nitrogen in the ecosyst-e-ﬁf
one of the major supply of nitrate (Michelle A. Walvoord et al. 2003)

in a glacier. Nitrogen depletion over season causes their limitation in the end of the season.
OC:TN (11-12) and TN:OP (2,7-8,9) are similar to the global microbial biomass ratios (Sti-

bal, Tranter, Telling, et al. 2008; Dibb et al. 2002).

Nitrogen can be found in greater amounts in areas with ancient glaciation, when it was accu-
mulated during a dry period of glaciation. Nitrogen acquisition from organic matter is very
complex and there is also a significant effect on the exchange of water between the
supraglacial and the subglacial, which influences the nutrient dynamics. Dissolved organic
nitrogen (DON) is very unstable in ecosystems (Gooseff et al. 2004; Tranter et al. 2004;
Sinsabaugh et al. 2008).
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2.1.3 Phosphorus
Phosphorus fluxes in ecosystems are necessary for the growth and proliferation of microor-

ganisms and bigger eukaryotes. Bacterial communities have relatively high C:P and N:P.
However, they are considered phosphorus sinks and their turnover can be high at the same
time (Karl 2000). In study published by Clarke (2008), it was found that phosphorus con-
tained in phospholipids is necessary for mating females of marine invertebrates.

Concentrations of phosphorus in croconite debris is much higher than in surrounding rocks
and also higher than in the supraglacial stream. Although the majority is OP (57 %) in
cryoconite, the other half is represented by IP (Stibal, Tranter, Telling, et al. 2008). Some un-
available phosphorus can be used by microbes due to the active enzyme called phosphatase.
This enzyme helps microorganisms to use limited sources of phosphorus across the glacier
environment (Stibal et al. 2009). Organic phosphorus has mostly allochthonous inputs from
wind (plants, small animals, debris) or is released from the rocks by leaching. Organic phos-
phorus is very rapidly re-absorbed to the material (Stibal, Tranter, Telling, et al. 2008). Amaz-
ing information was presented by Hobbie et al. (1999), who examined lakes in a permafrost
landscape. They found, that phosphorus added to the water was bound to the iron in the sedi-
ment. Thus, bound phosphorus was not available in the water and measured concentrations
did not increase for a long time. Significant increases came after six years from the addition of
phosphorus to the water. This increase caused that algae depleted the iron oxide layer for the
production of iron sulfide. And this caused a big flux of phosphorus from the sediment
(Hobbie et al. 1999).

Organic phosphorus is available in the melt season but also during the autumn. In this period,
organic matter can be transported because it is in a frozen form. In the summer period, is im-
possible to transport wet debris by the wind, because is wet, but there is a lot of moraine ma-
terial which is dry and easy to transport by a strong wind. Phosphorus can be also transported
when the pH of water or in the soil is in such values, that it is released from rocks or when the
temperature of water increases (Stibal, Tranter, Telling, et al. 2008; Hobbie et al. 1999). Val-
ue of pH varies over the glacial hydrological system. In habitats where water circulates slow-
ly, there is a higher pH (cryoconite) because of a higher rate of photosynthesis. In supraglacial
streams, pH is close to the pH of distilled water, where CO; is in the balance with atmospheric
CO, (Stibal, Tranter, Telling, et al. 2008).

11



SRP (ug1™") DOP (ug I') DOP (%TDP) DIC:SRP (x10") DIN:SRP  DOC:DOP DON:DOP

Supraglacial channel 0.91 = 0.80a 59 4+ 1.0a 87 + 12a 64 47 204 £ 160a 890 £ 640a 59 £ Sla
Cryoconite holes 075+ 047a 6.1 £09a 89 4+ 6.8a 6.7 £ 93a 202 £ 130a 990 £ 780a 58 £ 39a
Glacier runoff 080+ 083 57+ 1.1a 88 + 13a 24 + 12b 240 £ 150a 2400 £ 4200a 97 + 130a

Tab. 3. Main stoichiometric parameters of phosphorus in the glacial hydrological system of Werenskioldbreen

(Marek Stibal, Tranter, Telling, et al. 2008)

In cases of more intense soil weathering, P availability declines relative to carbon
(Sinsabaugh et al. 2008).

Phosphorus also affects Metazoa in oligotrophic waters. Research was done on small Crusta-
ceans, mostly Daphnia and Copepoda, where impacts of phosphorus had influences on PC:PP
and PN:PP ratios. These ratios varied in different habitats (Weidman et al. 2014).

2.2 Biological chemistry: Linking elements to functions
Life is based on chemical processes and chemistry, thus providing the tools and constraints

for accomplishing biological functions. Biological chemistry is a substantial component of

recent biology.

| would like to present the most important section for this work, which is the elementary com-
position of cells focused on carbon, nitrogen and phosphorus (Sterner and Elser 2002). There
are similar patterns in the elementary composition of terrestrial and aquatic organisms (Elser
et al. 2003). However, they may vary among different taxa (Clarke 2008).

Main sources of C, N and P are various biomolecules including nucleic acids, proteins, chitin,
adenylates (ATP), phospholipids, triglycerides and carbohydrates. These compounds make
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tures can signify that there is a high growth rate. Content of P varies between Vertebrata and

invertebrates, but here we focus only on invertebrates.

2.3 Stoichiometry of an organismal body
Stoichiometry of organisms is not possible to summarize into one group. It is necessary to

analyze the size of organisms, quantity and composition of body mass, life strategy, growth
rate and many other aspects. There are many methods how to calculate elemental content and
estimate nutrient content in the bodies of organisms. But despite the often fluctuating results,
the most significant differences in body composition are very important (Boros and Mozsar
2015).

At first, 1 would like to mention stoichiometric influence of RNA to an organism and then

continue to other cell structures.

2.3.1 RNA and nucleus
RNA is one of the essential macromolecules, which organisms have in their bodies. RNA is

often located inside the nucleus, which is an important organelle for animal growth, but also
high amount is in the Endoplasmic Reticulum. Elementary composition of the nucleus can be
different between organisms with different growth rates and cell types, although form of ge-
netic information (DNA, RNA) is almost the same (Alberts et al. 1995).

Despite the fact that the nucleus is composed from a major part of nucleic acids, which are P-
rich, its stoichiometry has high nitrogen ratio (N:P = 11:1) (Bowen 1979). It is probably due

to the presence of N-rich bases of nucleotides and proteins.

Content of RNA can vary with many factors which influence organisms: their body structure,
life strategy, habitat and many others. The most visible factor in stoichiometry is growth. Dur-
ing growth, content of RNA in the body of unicellular organisms can increase to about 45 %
of dry weight. This means that content of phosphorus will increase and also stoichiometry of
whole organisms will move towards higher proportion of phosphorus (Sterner and Elser
2002).

The fact that there is a higher content of RNA in organisms from the same species shows that
stoichiometry can also vary with the availability of food. This availability influences reserves
in bodies of organisms. Higher food intake increases RNA and then protein synthesis, which

starts the growth of organisms (Vrede et al. 2004).
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The content of RNA is the highest in embryos, juveniles and adults are almost constant. This
is caused by higher growth rate in embryo stage, when ribosomal RNA is necessary for pro-
tein synthesis, which is situated on the ribosomes (Vrede et al. 2004).

2.3.2 Ribosomes
Ribosomes are components of the cell with a key role in proteosynthesis and metabolism of

phosphorus. They consist of two main structures: RNA and ribosomal proteins. Their two
subunits interact with tRNA and mRNA and thus operate proteosynthesis (Daines, Clark, and
Lenton 2014).

Ribosomes are cellular compounds, which have high P content (Daines, Clark, and Lenton
2014). Ribosomes of prokarya are more P-rich than those of Eukarya. Nevertheless, ribo-
somes mostly do not comprise more than 50 % of the P content in cells among different taxa

(Vertebrates are not included in this calculation) (Elser et al. 2003).

2.3.3 Proteins
Organisms have high N:P ratio because proteins are a big reservoir of nitrogen. Amino acids

have more or less primary or secondary amino groups, so the content of nitrogen can vary
among different species. In prokaryotes, proteosynthesis is situated in the cytoplasm of the
cell. In eukaryotes, there is a strict division between replication and transcription, which take
place inside the nucleus on one hand and protesynthesis, which is inside the cytoplasm on the
other hand. Proteins have an essential function on metabolism and are divided into two major
groups: structural proteins and enzymes. One of the aspects of stoichiometry of the enzymes
is, that enzymes included in metabolisms with majority of one element (carbon, sulfur, etc.)
are low in the content of this element. Other enzymes, like RUBISCO, can influence whole
stoichiometry of an organism due to their metabolic pathways. In RUBISCO it is photosyn-

thesis, which increases the demand for N (Sterner and Elser 2002).

2.3.4 Membrane organelles
A cell membrane delimitates the outer surface of the cell. The membrane is a bilayer of phos-

pholipids consisting of a hydrophobic strain of fatty acids and a hydrophilic head, which is a
polar structure with choline, phosphate and glycerol (Alberts et al. 1995). Membranes are full
of other components including membrane proteins, sterols and signal molecules (Alberts et al.
1995). Proteins represent 25-62 % of membrane mass, lipids 25-56 % and carbohydrates
10% (Da Silva and Williams 2001). Stoichiometry of membranes in bacteria is
C:N:P =165:35:1 and in an animal cell it is C:N:P = 100:15:1 (Sterner and Elser 2002).
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Golgi complex and Endoplasmic Reticulum are both high in N:P ratio (Becker et al. 2003).
Endoplasmic reticulum is one of the places where ribosomes are located. We distinguish the
Rough Endoplasmic Reticulum and the Smooth Endoplasmic Reticulum. ER has synthetic
function. Golgi apparatus has mostly secretory function (Elser et al. 1996; Alberts et al.
1995).

Crucial role in the oxidative metabolism is played by mitochondria. They are necessary for
cell energetics because of respiration (Merzendorfer 2003; Alberts et al. 1995). In mitochon-
dria is a high concentration of Ca?*. Metabolic pathways of mitochondria are mainly focused
on enzymes and energetic macromolecules (Rossi and Lehninger 1964; Ramakrishna et al.
2001). Because mitochondrial activities lead to an increase of ATP, we can expect increase of
P content in organisms with a great need of breathing. Also organisms with high mitochondri-
al content have increased N content due to their increase of enzymatic activity (Rossi and
Lehninger 1964; Ramakrishna et al. 2001). Mitochondria have very similar N:P stoichiometry
as chloroplasts (N:P = 80) (Sterner and Elser 2002)

Body surfaces of polar invertebrates often form resistant structures like cuticles. These struc-

tures protect these animals from the surrounding extreme conditions and help them to survive.

In invertebrates, chitin structures are big reservoirs of carbon (Merzendorfer 2003). Despite
this, chitin also includes acetyl amine groups, and therefore N is also present (Roer, Abehsera,
and Sagi 2015).

Extracellular materials with high permeability can help invertebrates to dehydrate themselves
and decrease the melting point of their body fluids close to the temperature of the surrounding
environment (Holmstrup, Bayley, and Ramlev 2002). Another important macromolecule
which help invertebrates (especially from polar marine habitats) to survive are triacylglycerols
as storage pools. These lipids increase the content of C, N and P. Phosphorus is mostly con-
tained in phospholipids (Clarke 2008).

There are many factors that influence C:N:P ratios. Among them, there is genetic information,
living conditions, availability of nutrient rich food, foraging strategies, energetic constraints

and life history.
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3 Glaciers and their history

As it is written in Oparin’s The Origin of Life (Oparin 1938), life has to start with the evolu-
tion of matter. In that time our planet was cooled down and hot waters connected together
elements such as: carbon, nitrogen, oxygen and hydrogen and main compounds such as H,0O,
NH3, CO,and CH,4 were formed (Langmuir and Broecker 2012).

This work is focused on glacial environments, so the aim of this chapter is to give a general
summary of glaciation events in the history of Earth, their consequences and general descrip-

tion of a glacier.

Probably the first large glaciation in the history of the Earth were a series of events called
Snowball Earth. This events could be in the Protezoic period, in the time of the Neoprotezoic,
which started 2.5 billion years before present (Hoffman et al. 1998). The first living organ-
isms would have their origin in this period too. The first fossils of Metazoans were found in

marine sediments and were dated to this time (Lipps and Signor 2013).

In the past 730 000 years, we know of about 10 major glaciations, therefore there was much

more time with below average temperatures (Emiliani 1978).

For our study, Quaternary glacial events are the most important. In the Quaternary, consisting
of Pleistocene and Holocene, glacial and interglacial episodes were changing (Holocene starts
circa 10 000 radiocarbon years before presents). In the Pleistocene, which is also known as
the Ice Age and lasted from 1.8 million years before present to 10 000 years before present

(Lyle 2009), glaciers in Antarctica and Greenland were formed (Aber 1988).

Main characteristic of these stages is apparent from the definition of The American Commis-

sion from 1961: “A Glaciation is a climatic episode during which extensive glacier devel-
oped, attained a maximum extent, and receded. A Stadial is a climatic episode, representing a
subdivision of a glaciation, during which a secondary advance of glaciers took place. An
Interstadial is a climatic episode within a glaciation during which a secondary recession or
standstill of glaciers took place. An Interglacial is an episode during which the climate was
incompatible with the wide extent of glaciers that characterize a glaciation.” (Gibbard and van
Kolfschoten 2004).

Around two thirds of Earth’s freshwater is stored in the ice. The majority of ice mass is stored
in Polar Regions. Only a small amount of this fresh water is stored in alpine glaciers and sur-
face waters (Sattler et al. 2007; Thomas et al. 2008).
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An interface between the glacial ice and the bedrock is the glacial bed. The type of rock has

strong effect on the glacial hydrology, ice dy-
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nant lobe, which is on the base of the glacier,  Fig. 10. Morphology of a glacier (Lyle 2009)
sinking streams, debris band and also debris-

rich ice are formed (Lyle 2009). Debris is easily transmitted with melting ice and it can vary
with solar radiation during the day. Ablation is much greater on the peripheral zone of the

glacier than on the ice surface, so dust material works differently on snow and on ice.

4  Glacial ecosystem analogues in the oligotrophic alpine lakes and ponds
Lakes can be classified from different points of views depending on the subject of investiga-
tion. In Kopacek et al. (2000) was used division to two groups. The first are forest lakes in the

mountains, which are divided into two groups:

1. Forest — more than 80 % of catchment area is forested
2. Fo-Me — where meadows cover 30—70 % of catchment area.

The second type of mountain lakes are Alpine lakes (in Tatra Mountains situated above 1800

m). They can be divided into three groups:

1. Meadows — more than 70 % of catchment area is covered by meadows
2. Me-Ro — meadows and rocks cover 30—70 % of catchment area

3. Rocks — rocks (bare or with lichens) cover more than 70 % of catchment area.

This kind of division was used due to the nutrient connection of mountain lakes to surround-
ing vegetation or rock bed. | would like to give some parameters of alpine lakes with the use
of this classification, because this research focused on nutrient cycling has similar needs as we
do in our foreseen work on stoichiometry of glacial invertebrates. | have also chosen this re-
search work because lakes in Tatra Mountains usually have glacial origin and environment of

their occurrence often has some analogy with polar habitats. It's important to emphasize that a
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cryoconite holes are not stratified and are not limited by oxygen (with a special exception of
cryoconite in continental Antarctica), and so the limnological patterns shown below have no
direct use on glaciers. But they can be used as basics for understanding the processes in aquat-

iC ecosystems.

Glacial lakes in the mountains are usually dimictic, which means that they are mixing twice a
year (summer and winter). These lakes are often close to Rock-rock lakes without vegetation
around their area. Sometimes they can be close to Ro-Me lakes, but vegetation in Polar Re-
gions is very simple. Over the year, lakes are mostly stirred in epilimnion by the wind. In the-
se lakes, we can also observe other water movements such are seiches, gravity waves, Kelvin
waves or other laminar or turbulent movements. In Polar Regions, there are also epishelf
lakes, which are connected to the ocean. Then there are halophilic lakes, which are perma-
nently stratified due to their strong chemical and physical gradients. And finally permafrost
lakes, which have temperature of epilimnion above 0 °C and hypolimnion with high concen-
trations of dissolved H,S with temperature above 6 °C (Thomas et al. 2008; Kalff 2002). Here
we are mainly interested in lakes lacking any extreme chemical or hydrogeological features
for the comparison to glacial conditions.

Between upper layers of the water column, there are differences in the content of nutrients
and abundance of zooplankton and phytoplankton. Hypolimnion is a hypoxic or even an an-
oxic base layer which is changed only during spring and autumn mixing. There are very sharp
differences between the epilimnion, thermocline and hypolimnion. In the winter season lakes
freeze, so the upper layer has temperatures below 0 °C. In the summer, upper layer of
epilimnion can have about 13 °C (Luoto and Nevalainen 2013; Hartman, Stédronsky, and
Piikryl 1998; Kalff 2002; Bronmark and Hansson 2005; Thomas et al. 2008). The warming of
the upper layer of the water column provides a rapid change in the nutrient content and also a
change in dissolved nutrients. Here we could talk about ionic pulse, which is a rapid supply of
nutrients from the surface of melting ice crystals formed from solutions, where the solutes
were concentrated due to preferential freezing. This happens during early melt, when the re-
lease is about 80 % of solutes. Although lakes are different than cryoconite, we can find a
connection between them in use of this process. Lakes are stirred during the year (if they are
not amictic) and there are possibilities for nutrient supply from the upper layer to the lower
layer and vice versa. In cryoconite on the ice sheet, this can also happen by the ionic pulse,

even though they are not stratified and the nutrient supply is limited. The mechanism is dif-
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ferent in both systems, but these consequences represent useful analogues in the interface be-

tween them.

Concentrations of nutrients in alpine lakes (incl. TON- Total Organic Nitrogen, TP-Total
Phosphorus) is lower than in the lowlands, except TIC (Total inorganic carbon), which is
mostly higher because of higher plankton abundance (Caputo, Alfonso, and Givovich 2013;
Kopacek et al. 2000). There are also different concentrations of nutrients which are caused by
different distribution in water column by water movements. In polar lakes, external input of
C,N and P by excretion of birds from colonies around often play a substantial role in their

trophic status. After that they are not oligotrophic any more (Thomas et al. 2008).

Cryoconite holes, compared to oligotrophic mountain lakes, are not stratified, but we can
draw some basic analogies between them. For example the limitation of phosphorus or water
movements, which are affecting holes with a bigger size. In these huge holes we need to know
the parameters of the place where hole is situated: glacier ridge or glacier indentation; geo-
morphology of surrounding mountains because of the wind circulation and geological charac-
teristics of glacier subsoil. But there are also big differences. A few of them are: liquid water
content over the winter season, different contributions of sources and mechanisms of nutrient
input, the duration of the summer season and the variety of animals living in the water col-

umn, not only in the sediment.

It is also necessary to mention some patterns of alpine ponds, because they are very close
(mostly by their structure) to the cryoconite holes. Ponds are usually formed by rainfall or
thawing snow in rock- depressions. They are not stratified and can dry during summer (Hart-
man, Stédronsky, and Ptikryl 1998). Ponds are variable environments and habitats for various
types of species (Dodson 1975).

5 Glacier ecosystem, adjacent and downstream systems

A glacier ecosystem is a large-scale system with several distinctive components and a number
of pathways linking the components on different spatiotemporal scales. Atmosphere, ocean,
fauna, flora, organic or inorganic debris windblown and release from adjacent biotopes form

very complex interactions which are, compared to other habitats, very unique.

Debris, as a one of the sources of nutrients, is easily transmitted with melting ice and it can

vary with solar radiation during the day. Despite this, ablation is much greater on the periph-
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eral parts of the glacier than on the ice surface, so the dust material works differently on the
snow and on the ice (Adhikary et al. 2000).

Glaciers typically differ in fluxes and also sources of sediment. It is because of different types
of adjacent areas, their geology and geomorphology and also with different size and geometry
of the glacier. Sediment can be melted out of the ice and brought to the glacier together with
avalanche from surrounding massifs, by wind flow or by melted water (Fountain et al. 2004).
Wind supply of nutrients can be sometimes called aeolian input. This input can vary between
glaciers and it is important for many processes (McKnight et al. 1999; Edwards et al. 2014).

In the glacier, there are also differences in the chemical parameters of waters and their tem-
perature and pH, therefore the environment is very thermally stable. Supraglacial water is cold
(0,1 °C) and low in pH, while glacier runoff is warmer than the supraglacial water (3 — 5 °C),

higher in pH, and inorganic carbon content (Stibal, Tranter, Telling, et al. 2008).

One of the factors on the glacial surface forming an ideal place to endure winter in polar habi-
tats is the presence of liquid water in the summer season. Liquid water has low albedo and a
big heat capacity, so we can find a great diversity of organisms compared to the surrounding
glacier there. Inside a cryoconite holes, viruses, bacteria, algae and Metazoa are accumulated
(Porazinska et al. 2004). These microorganisms help to create cryoconite granules, so they are
the factor conducting the variability between cryoconite holes on glaciers (Yoshimura 1993).
This variability is reflected in complex stoichiometry and ecology of each glacier.

5.1 Proglacial soils as a source of nutrients
Proglacial soils are important sources of C, ON and IN (Beilke and Bockheim 2013). Nutri-

ents and minerals in soils can be provided by wind and their concentrations are higher in low
elevations. Relatively high are especially concentrations of SO,* and NO3™ (Berry Lyons et al.
2003).

Due to the age of the soils, C:N ratios differ across the glaciers. After deglaciation, concentra-
tions of nutrients in soils decrease to a very low level. But after that, development of the soil
also causes formation of the retention capacity and nutrients can again increase. In spite of
that, OC can lower with elevation and climate. In drifts of ice core, which are low in inorganic
nitrogen, there is usually high C content due to the presence of coal within the soil (Barrett et
al. 2007; Beilke and Bockheim 2013).
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Content of P in the soil usually differs among different soil types depending on the geological

context, development of vegetation cover and also climatic factors as precipitation rate. In

sand, the content of P is low and in the clay and silt, the P content is higher. It is because of a

better ability of clay to bound P. Also, there are much more microorganisms in the clay. IP is

found dominantly in Ca-bound fractions due to minimal weathering of P-bearing minerals

such as apatite or basalt. There is a negative correlation between the P of biomass and soil pH

due to leaching (Blecker et al. 2006).

Soils form a very extreme habitat with imbalanced stoichiometry, which is very often depend-

ent on biotic controls (Barrett et al. 2007). Cryoconite sediment layer thickness influences the

ratio of respiration and photosynthesis. More sedi-
ment indicates more OC, which can be used by or-
ganisms for these processes. However, higher
sediment causes minor supply of the light (Telling et
al. 2012). In habitats with small abundance of nutri-
ent depositors, nitrogen can be accumulated within
the soil. This accumulation occurs, because nitrogen
is not used for assimilation and also it is not
denitrificated (Michelle A. Walvoord et al. 2003). At
last, geochemical C:N stoichiometry affects soil in-
vertebrates (Barrett et al. 2007) and taking this into

consideration we discuss our future research plans.

5.2 Cryoconite
On the melted glacier surface, there are usually spots

of dark sediment which have thawed into the surface
and filled with meltwater. These wells are called
cryoconite holes. Inside them, there is a great diversi-
ty of organisms, including bacteria, cyanobacteria,
viruses, algae and invertebrates (Porazinska et al.
2004; Takeuchi et al. 2005a).

These holes are formed by melting ice due to their
low albedo and high absorption of radiation. Melting
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is up to 3 times higher than in the surrounding surface. This high absorption is caused by dark

organic components in cryoconite granules (Takeuchi, Kohshima, and Seko 2001).
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The diameter of cryoconite holes varies from tens of , 100
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among different elevations were not found
(Porazinska et al. 2004).

Organic dust found in a cryoconite can be stored in ice and gets to the surface by ablation of
the glacier. Dust is also transported from surrounding places to the glacier by wind and by
water flux (Gerdel and Drouet 1960). Water flux depends on the hydrological connection of
the hole with surrounding streams. In some of them, water can change in a few minutes be-
cause of melting ice and snow, and some need hours (Marek Stibal, Tranter, Telling, et al.
2008). This dust is necessary for forming of cryoconite granules and also for nutrient input

into the holes on the glacier.

Cryoconite holes are often situated in flat areas of the ablation zones on the glaciers, where
the erosive effect of water flux does not cause major losses of sediment. It is questionable
how much are particles in cryoconite (cryoconite granules) formed by dust from adjacent are-
as or by dust melted out of the glacier. I think that both sources are important, but can vary

with the size of the glacier and distance from the margin.

The process of water flux through a cryoconite hole can influence communities of organisms
and their living strategies. When there is a rapid turnover of water inside the cryoconite, the
primary strategy is heterotrophy. It is because of the bigger input of nutrients and organic
matter from surroundings. If there is a small flow through, then the dominant strategy is auto-
trophy (Telling et al. 2012). The water flow will probably differ on the flat sheet of the glacier

and the glacier margin.

In polar habitats we can also find extremely large cryoconite holes, which are hydrologically
connected to the glacier by drainages and glacier streams. These big holes became very large

due to their low solar elevation angle (which is in maximally 36°). This angle causes warming
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of water by high input of radiation (Fountain et al. 2004). These holes would be amazing for
discovering limnologic patterns and their influence on polar-glacier-surface-water biota, but
they are very rare on glaciers. These holes are not at the forefront of our interests and thus are

mentioned only briefly.

5.3 Stoichiometry of the glacier system
Stoichiometry of polar ecosystems depends on all its components. These components are

soils, water (all phases of matter), organisms and atmosphere (Barrett et al. 2007). Some of
these components received more attention than others and we would like to focus on a less

known component, which is the metabolism of invertebrates.

A demonstration of the interconnections between glacier ecosystem and surrounding envi-
ronment is in the figure below. There are shown the average molar N:P and C:N:P ratios of

the components and their interweaving in a polar ecosystem.

GLACIERS
+ Surface snow and ice: 21:1
* Cryoconite holes: 15:1

SOIL
10:1:1

STREAMS
* Water: 12:1
¢ Sediment: 54:5:1

10— 120 kg Nyr?

LAKES 3-41kgPyrl

* Water: 25:1
* Sediment: 190:10:1

Fig. 14. Main stoichiometric pathways in the polar system according to (Barrett et al. 2007)
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6 Aquatic habitats and biota found on glaciers

After getting a general view into functions of glacier systems and their non-glacier analogues,

we can combine this acquired knowledge to generalize or stress differences between them.

Ablation zones provide melted snow and ice as a source of the water for cryoconite, lakes and
streams (Berry Lyons et al. 2003). Due to the dissolution of the salts within the glacier ice, it
tends to influence pH and ion concentrations (Tranter et al. 2004). For example, hydrolysis of
CaCOg in dust and photosynthesis increase water pH and therefore may influence saturation

of oxygen in water (Tranter et al. 2004).

The hyporheic zone in streams found in polar habitats represents a source of minerals and
nutrients as well (McKnight et al. 1999). It is because the flowing water under the surface
brings these compounds to the subglacial stream, lakes and water habitats within the glacier
An important process, which takes place between the surface flowing layer and hyporheic
zone, is a release and transfer of nutrients by weathering (Runkel, McKnight, and Andrews
1998). Weathering and nutrient fluxes depend on temperature, which influences solubility of

ions and microbial activity (Gooseff et al. 2002).

To give connection to the previous chapter, soils
have an influence on the stoichiometry of glacial hy-
drologic systems too. This influence can differ with

the size and location of the glacier. It is caused by the o
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tioned before, hydrological connections with soils Fig. 15. Process of weathering in the
and surrounding environment also affect nutrient  yoorheic zone (Gooseff et al. 2002)
fluxes and nutrient content among different sites

(Bridgham, Updegraff, and Pastor 1998; Barrett et al. 2007). An example can be the nutrient
contents in lakes within permafrost landscape where is soil pH and chemical solutions differ-

ent than in for example, in lakes with apatite adjacent areas (Burpee et al. 2016).

Life depends on water, but some organisms are more sensitive to water availability than oth-
ers. Warming is connected with melting and floods, while it releases an amount of particles

which are the source of minerals or nutrient. There is also an amount of suspended solids,
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which, on the contrary, can lower the availability especially of reactive phosphorus. Particu-
late nitrogen and particulate carbon (in photic zones) to Chlorophyll-a ratios decreases after
floods. In thermocline, DIN increases (Foreman, Wolf, and Priscu 2004). DIN: SRP ratios in
glacial water systems are near to the Redfield ratio (Foreman, Wolf, and Priscu 2004). This

study was focused on Antarctic dry valley lakes.

6.1 Organisms in stoichiometric view
As it was previously mentioned, stoichiometry of organisms is very diverse and interactions

between them form a complex system, which is far from fully understood (Sterner and Elser
2002). This means that if we want to study stoichiometry of organisms, we need to have a
very wide view. It is not possible to study only one or two interactions without taking account

of other processes in a system.

What typically introduces large intraspecific variability in stoichiometry is that organisms
have often more ontogenetic stages. They start with an egg and develop their body through
embryo to an adult, who can produce other individuals. If organisms have enough nutrients,
the growth is in the line with their ontogenetic plan (Sousa, Domingos, and Kooijman 2008).

The second aspect in an organism’s stoichiometry is that imbalances between organisms in
the ecosystem can disrupt the turnover of a nutrient. It happens very often between a producer
and a consumer in nutrient poor systems, where nutrient turnover in consumers can influence,
for example, P-limitation of the epilithon. Epilithon had in this case a lower C:P ratio com-
pared to the consumer. Furthermore, more P and higher foraging pressure on consumers can
lower C:N (Bowman, Chambers, and Schindler 2005).

Another example is from a process between the consumer and its food. When phytoplankton
increase growth by increasing N, it also needs to keep balance between N:P. If consumers are
large animals, phytoplankton is P-limited. When consumers are small animals, phytoplankton
is N-limited. N:P requirements in zooplankton are lower compared to algae due to the higher
ratio of N recycling, but it can also vary among different ecosystems (James J. Elser et al.
1988).

Here in this example, we understand large animals as organisms which invested more to their
body size and body structures, so they have higher content of nitrogen and carbon and also
need more phosphorus for building proteins (rRNA); they often follow K-strategy. On the

other hand, we understand small animals as organisms, which are often R-strategists and have

25



a large number of individuals. They need phosphorus for the body building machinery, but

they also recycle more nitrogen. This is probably the reason why phytoplankton, grazed by

these small animals, is N limited.

Interactions between nutrient limitation and popula-
tions of organisms are quite complex and may vary
across different habitats (Elser et al. 1988).

Although terrestrial and freshwater habitats seem to be
different, there are some aspects we can observe in
both (Elser et al. 2000). From the figure behind, it is
evident, that if there is a high content of P in the fresh-
water habitat, there is also a stronger gross growth effi-
ciency compared to terrestrial environment, where the
growth declines with lower content of N. That suggests
a limitation of these systems by P in freshwater and N
in terrestrial. Yet it must be noted that there were only
two studied species and parameters in glaciers can dif-
fer in many aspects. C:P and N:P ratios are different,
N:P ratios are almost similar in both.
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pared to a biomass C, N and P (James J.
Elser et al. 2000)

6.2 Cryoconite granules, bacteria and algae in cryoconite
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Because cryoconite granules are not only inorgan-
ic material, they form a place where microorgan-
isms can survive or live (Edwards et al. 2014;
Langford et al. 2010). These organisms (bacteria,
algae) play an important role in nutrient cycling
(Cameron, Hodson and Osborn 2012) . Compo-
nents of inorganic materials in a cryoconite can

vary between glaciers. Variations are caused by

Fig. 17. Cryoconite granules under the scan- ~ tures of the communities of organisms inside

ning electron microscope (Marek Stibal, holes (Edwards et al. 2011). Granules are formed

Tranter, Telling, et al. 2008) primarily from dust found on the glacier surface
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and then they are associated with mineral particles, organic matter, bacteria and algae (Takeu-
chi et al. 2005b; Takeuchi et al. 2005a).

Although cryoconite granules are crucial for retention of nutrients in cryoconite holes, as it
was mentioned before, supply of nutrients from the hyporheic zone and aeolian input are also

very important.

Due to the structure of cryoconite granules, it is possible to observe something, what we could
call the nutrients” micro zones. These micro zones could be places were nutrients are accumu-
lated. Micro zones are full of algae and bacteria and are easily observed by electron micros-
copy. Due to high content of chlorophyll in algae, micro zones are also evident under
fluorescence (Takeuchi, Kohshima, and Seko 2001). The higher presence of chlorophyll is
also a good marker of the bigger abundance of organisms in the environment (Schunemann
and Werner 2005).

Filametous blue-
green alga

Bacteria® £

Bacteria

Mucus
substance. .

Fig. 18. Structure and autoflurescence of a algea in cryoconite granules (Takeuchi, Kohshima, and Seko 2001)

We need to expect that these surface micro zones are not only places where organisms can
live. Inside cryoconite granules, nutrients are also accumulated and there is a big possibility of

presence of life forms adapted to life in anoxic environment.

Among bacteria found in cryoconite, there are Gammaproteobacteria, Firmicutes, Cyanobac-
teria and Proteobacteria (Edwards et al. 2014). Abundance of Cyanobacteria was observed
more than abundance of the microalgae. The main cyanobacterial species were Phormidium,
Nostoc and Leptolyngbya. Species from groups Chlorophyceae and Tribophyceae were ob-
served less often (Stibal, Sabacka, and Kastovska 2006).

Nostocales and Leptolyngbya are also extremely adaptable, although they are not glacial spe-
cialists (Stibal, Sabacka, and Kastovska 2006). On the ice, abundances are contrary to those in

cryoconite.

27



6.3 Metazoa
Years of observations show that cryoconite is a place with diversity of metazoa. There are

organisms as small invertebrates, insect or Nematoda (Zawierucha et al. 2015; Convey 2011).

Inside the polar habitats, palaeorefugia are created. In these places are favorable conditions
for survival and they are therefore searched by very diverse species of animals (Pugh and
Convey 2008; Christner, Kvitko 1, and Reeve 2003). Also there is a big amount of endemic
species, whose development was supported by isolation, different life cycles, nutrient limita-
tion, different competitive pressures and several extinctions during glacial maximums. Their
stabilization in Antarctica takes place from the Last Glacial Maximum (Convey and Stevens
2007).

Due to the isolation and extreme weather conditions, organisms have number of speciation.
Also there were developed many adaptations including for example freezing protection (Vin-
cent 2000). This protection forms antifreeze proteins, changes membrane proteins and influ-
ences the synthesis of carbohydrates, which can help organisms survive in low temperatures
(Yeh and Feeney 1996; Alberts et al. 1995).

If we want to find information about polar water invertebrates, we need to be careful about
their living habitat. It is because in marine habitats invertebrates are not limited by phospho-
rus like are invertebrates found on the glacier. Therefore, | expect that marine invertebrates

will probably have higher content of P in their bodies (more RNA).

One of the aspects important for understanding stoichiometry of invertebrates is that biota of
cryoconite is able to process N and P, so the contents of these nutrients and N:P ratio can vary
between cryoconite and surface of the glacier. N:P ratio also increases with higher tropic lev-
el. It means that organisms low in the trophic interactions are often fast growing individuals
with high P content. If we follow the trophic cascade, we can observe that organisms are often
bigger, have longer life and hence also higher N content (Clarke 2008; Barrett et al. 2007).
The other specific aspect in cryoconite is a great supply of oxygen. This aspect also changes
stoichiometry, because mitochondrial activity in the presence of oxygen increases and thus
increases also ATP and content of P in the body of an organism.

Due to the sensitivity to climate, cooling influences the abundance of primary producers
(Doran et al. 2002). During the warming air temperature, glacial melt and ablation zone ex-
tend but temperature of the glacier is stable. This necessitated that growth rate and phosphorus
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content need to be calculated differently than in the temperate habitats. In the temperate habi-
tats are fluctuations during the day and therefore ablation and process of ablation zone works
different. Not only primary producers, but also animals show changes. These who live in low
temperatures have low growth rate, which is combined with high RNA and P content (study
was done on six species of Antarctic marine bentos) (Clarke 2008). But in this claim, there is
not a complete consensus with Sterner and Elser, who mention cases where arctic species
have higher body P and high growth rate due to maximizing use of the short reproductive sea-
son (Sterner and Elser 2002). This controversial information, which differs between studies, is
one of the things which we would like to clarify with finding the exact stoichiometry of

Metazoa inside a cryoconite holes.

6.3.1 Tardigrada

Tardigrada are small invertebrates mainly known for their living habitat. They can live in the
moss, but also in very extreme conditions (Smrz 2015). The ability of survival in such ex-
treme conditions is in Tardigrada permitted by cryptobiosis. This survival strategy is called
anhydrobiosis. The ability to complete drying (which is necessary for successful
anhydrobiosis) varies between different species and depends on environmental conditions
(Guidetti et al. 2011). The mechanism of anhydrobiosis is unique due to the loss of intracellu-
lar and extracellular water and the change of body composition. In Tardigrada, it is mostly
due to proteins, which belong to LEA family (late abundant embryogenesis). These proteins
help to develop tolerance to water stress inside their bodies (Schokraie et al. 2010). The pro-

cess of drying is physiologically very similar to the process of freezing.

Another survival strategy of Tardigrada is their protection of offspring as long as possible.
The newborn individuals live in exuviae of mother and are protected from surrounding envi-
ronment. Therefore, not all individuals of these taxa have the same survivability. It is because
of their body size and energy stocks. These parameters can vary between species (Bertolani et
al. 2004). In spite of this, distribution of adaptations of many species is limited (Pilato et al.
2006).

Tardigrada mostly consume algae, so their feeding apparatus must be resistant to mechanical
stress. The resistance is caused by the content of calcium carbonate and chitin. Content of
minerals in bodies of Tardigrada can vary between species (Guidetti et al. 2015). Tardigrada
consume mostly moss and they are capable of acquiring carotenoids to their body structures.

Carotenoids are used as a protection against the UV light (Bonifacio et al. 2012).
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Vegetative season in the polar habitat is short, so a cryoconite holes are not covered by snow
or ice only for 2 or 3 months. Short season usually forces sexual strategies such as the
parthenogenetic reproduction (Altiero et al. 2015).

Oviposition (laying eggs) of Tardigrada can vary in time with the temperature of surrounding
environment. Their development also depends on surrounding environment and conditions in

living habitat (Tsujimoto, Suzuki, and Imura 2015).

6.3.2 Rotifera

In polar agueous habitats, Rotifera are a relatively numerous taxon (Tang et al. 2011). Their
variability is high among different places, which is probably due to their ability to inhabit
various places with different types of soil. These places are polar deserts, tundra, nunataks and
many others (Kaya, De Smet, and Fontaneto 2010). Predominant components of their food are
bacteria (Pace and Orcutt 1981).

Rotifera are divided into two main groups. The first group is formed by Bdelloidea Rotifera
with only sexual reproduction. The second is formed by Monogonea Rotifera with cyclical
parthenogenesis. Within these groups, most of the major phylogenetic branches have different
sexual strategies (King et al. 2005). These Metazoa have mechanisms to interrupt diapause
and start to breed, when there are favorable conditions. They produce mictic or amictic fe-
males. Mictic females have haploid eggs and amictic females have diploid eggs. Strategy with
the diploid eggs is called parthenogenesis (King and Serra 1998).

Rotifera have two main strategies to survive: the possibility of starvation (by consuming their
own yolk granules and lipid inclusions) and anhydrobiosis. During these two processes,
rotifera are able to change the number of organelles in the cells of their bodies including mi-
tochondria or size of the ER (Marotta et al. 2012). They are able to take energy from degrada-
tion of mitochondria and this mechanism leads us to predict the changes in their
stoichiometry, too.

Rotifera can enter anhydrobiosis more than once. They do not synthetize threhalose (protec-
tive disaccharide) and more anhydrobiosises do not cost more energy (Ricci and Caprioli
2005; Teramoto, Sachinvala, and Shibata 2008). The Rotifera body is mainly composed of

proteins and carbohydrates. Lipid content is low (Barrett et al. 2007).
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7 Results
The aim of this work was to make a general view into the stoichiometric patterns in a glacier

ecosystem and find data about stoichiometry of Tardigrada and Rotifera. The main differences
between these two groups of animals are in their body composition and biochemical changes
during starvation or anhydrobiosis (Wang et al. 2014; Marotta et al. 2012). Also their growth
rate compared to the content of RNA changes (Hessen et al. 2007; Kostopoulou, Miliou, and
Verriopoulos 2015), but in this case we found data only for Rotifera. The changes in the con-

tent of RNA in Rotifera are probably connected to the change of their total body stoichiome-
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We consider that Rotifera has bal-  Fig. 20. Location of Rotifera in the animal kingdom according to
anced RNA content compared to (Robert W. Sterner and James J. Elser 2002; Hessen et al. 2007)
specific growth rate and are very close to Flour Beetles and Pteropoda. The important fact
about Tardigrada is, that their structure of tRNA and genome size differs between species
(Jorgensen et al. 2010; Dandekar et al. 2012).

8 Conclusions
This thesis should be used as a summary of the stoichiometric patterns inside glacier aquatic

systems and adjacent areas. | chose the way through the stoichiometry and patterns of aquatic
glacier systems in the whole amount with the use of papers from Svalbard, Greenland, Cana-
da, Arctic, Antarctic and other mountain lakes and glaciers. It is necessary to emphasize that
this information is useful only in some cases. The environment across these locations differs
and also patterns, which influence local biota, can vary. The papers from Antarctica are main-
ly from Victoria Land and adjacent areas (Transantarctic Mountains etc.) and research work
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was done in summer seasons with average temperatures around -20 °C. Studied sites in papers
from Northern hemisphere have much more places of interest and also wider seasonal spec-
trum (summer average temperatures are around 10 °C). I collected knowledge from both sites
of the Earth, but it is possible that patterns, mainly mean annual temperature, inside them are
different and it is a big question how much is possible to put them into one cap. Another as-
pect which is necessary to emphasize are nutrient sources in the glacier ecosystem. Very im-
portant is allochthonous inputs of carbon from adjacent areas, because carbon is the main
element involved in energy metabolism of organisms. On the other hand, it is nitrogen, which
has its main source through rain or snow falling into the glacier surface. Phosphorus is proba-
bly a limiting nutrient, because it can be only released from solid material, which can be melt-
ed out of the glacier or brought from adjacent areas. But all sources differ across different
glaciers. Some adjacent areas of the glacier are formed by apatite and debris from them is rich
in phosphorus. Some glaciers are near the sea and guano from bird colonies is an important
supply of nitrogen and phosphorus. Another glaciers can be in valley with strong wind cur-
rents which bring to them debris with nutrients and some not. These sources form the main
environment for the life of organisms and their knowledge helps us to understand the main

pathways of the system interactions.

Glacier invertebrates are a group with a great diversity and many adaptations. There are simi-
larities with terrestrial species as well as substantial differences due to the presence of ex-
treme conditions. For the preparation of the foreseen research, it was necessary to mention the
biochemical and molecular aspect of their body composition. As one of the most important
information | consider the change in elemental composition of Rotifera during starvation and
anhydrobiosis. They are able to perform the mitophagy (degradation of mitochondria) and it
leads us to predict the decrease in phosphorus and nitrogen content. This fact is very im-
portant for future analyses, because stoichiometry of Rotifera fluctuates and it will be neces-
sary to take it into consideration. However, their specific growth rate and content of RNA is
not specific in the animal kingdom. Also there is a possibility that Tardigrada will have a sim-
ilar mechanism of changing their intracellular composition, even though the process to get
into anhydrobiosis is different.

Focusing on stoichiometry of different groups of Tardigrada and Rotifera living on the glacial
surface should enable us to delimitate mechanisms which can influence the dominance of dif-
ferent groups in different glaciers and can have a broad impact on nutrient acquisition and

nutrient processing in the glacier ecosystem.
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