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Abstract

This work focuses on glacier-fed stream ecosystems, with the centre of attention being on the
community composition and characterization of their food web structure. Glacier-fed streams
are harsh environments in terms of their physicochemical characteristics. These streams exhibit
low temperatures and specific flow regimes, with the peak of meltwater generation, and thus
discharge, in the summer. In turn, streamwater nutrient concentrations, light availability, and
turbidity all vary seasonally according to the flow regime. Compositionally, glacier-fed stream
habitats host chemolithotrophic bacteria along with photoautotrophic producers, such as
diatoms, Chrysophyceae, and Cyanobacteria, which together serve at the bottom of food webs
as primary producers. These streams also host some fungal taxa, that together with
heterotrophic bacteria, represent the primary decomposers. Macroinvertebrates, including the
water larvae of species Diamesa and Pseudodiamesa, or from the Ephemeroptera or Plecoptera
groups, are important secondary producers with high feeding plasticity; that is, they are mainly
grazing biofilm or collecting/filtering organic matter, with the possibility of predation. Other
than that, in glacier-fed streams, there is usually no presence of higher trophic levels with large-
bodied organisms. With global glacier retreat, glacier-fed streams are changing, with alterations
to their flow regime and rising temperatures. Shifts in habitat conditions and composition
structures will lead to more diverse food webs, with more trophic levels as colonisation of new

species will occur. These alterations will be further elaborated in this thesis.
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Abstrakt

Tématem této prace jsou ekosystémy ledovcem napajenych tokl se zamétenim na spolecenstva
tokd, spolu s identifikaci struktur potravnich sitich. Ledovcové toky predstavuji drsné prostiedi
z hlediska fyzikalné-chemickych vlastnosti, s proménlivymi vodnimi rezimy, s nejvétSim
priutokem v letnich mésicich, a specifickymi svételnymi a nutricnimi podminkami. Zakladem
potravnich siti jsou fotoautotrofni producenti, jako jsou rozsivky, Chrysophyceae a sinice, spolu
s chemolithotrofnimi bakteriemi. V ledovcova voda hosti také nékteré taxony hub, které jsou s
heterotrofnimi bakteriemi hlavnimi rozkladaci. Ze skupiny bezobratlych jsou v ledovcovych
tocich vodni larvy druhti Diamesa a Pseudodiamesa, déale ze skupin Ephemeroptera ¢i
Plecoptera. Tyto vSezravé druhy jsou charakterizovany vysokou potravni plasticitou. Larvy
filtruji nebo spdsaji predevSim epilitické biofilmy, v nékterych ptipadech se vSak mohou
uchylovat k predaci. Mimo bezobratlé, v ledovcovych tocich obvykle neziji zastupci s v&tSimi
télesnymi rozmeéry, kteti by tvorili vyssi stupné trofickych trovni. Zména klimatu s Gstupem
ledovcil ovliviiuje vlastnosti ledovcovych tokt, a to naptiklad v prutoku vody a teploté, ktera
se neustale zvySuje. Posuny ve stanovistnich podminkach a struktufe spolecenstva v tocich
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rozvedeny v praci.

Klicova slova: ekologie, ledovcové toky, potravni sité, struktura spole¢enstva, zména klimatu
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1. Introduction

Despite comprising only 10% of global land area, glaciers have a substantial influence
on diverse aspects of life on Earth, from providing small microhabitats within the ice
(Weisleitner et al., 2020), to influencing global carbon fluxes (Battin et al., 2023; NSIDC,
2024). Glaciers are a major part of the global cryosphere (which also includes snowfields,
permafrost, and high mountain streams and lakes), creating a complex system in which a more
profound understanding of habitat dynamics, and developing an integrated view of global
trends, may help to predict the outcome of ongoing climate changes (Elser et al., 2020; IPCC,
2019). Mountain ranges serve as global ‘water towers’ and have an essential, or at least
supportive, role in providing freshwater to many big rivers flowing through the most populated
areas in the world, thereby ensuring half of the freshwater supply for billions of people and their
agriculture (Immerzeel et al., 2020; Viviroli et al., 2007). Water from high mountains,
specifically from glaciers, provides water reserves and constant flow during hot and dry seasons

to downstream areas (Immerzeel et al., 2020).

Glacier-fed streams are a specific stream type found in alpine catchments, and which
serve as headwaters to compounding river networks (Fiireder & Niedrist, 2020). Besides their
ecological function, glacier-fed streams are unique habitats with harsh ecological conditions,
harbouring specialised organisms, and exhibiting specific trophic structures and feeding
regimes. Studying these ecosystems can help us understand the ecological processes driving
trait, functional, and biological diversity responses to climate change on a broader scale (Brown
et al., 2018). Due to global higher mean temperatures, which predominantly affect high
mountain areas with a rate of 0.3°C per decade, streamwater temperatures increase, and after a
certain threshold in increased water discharge in time, meltwater from melting ice will
ultimately decrease until completely melted, leading to habitat changes within those catchments
(IPCC, 2019; Milner et al., 2017). The loss of glaciers will result in more stable flow regimes,
changes in glacier-derived suspended sediment loads, and shift in streamwater biogeochemistry
(e.g. elements such as C, N, P and Fe) (Ren et al., 2019). In glacier forelands, with newly
exposed land created as glaciers recede, the colonisation of riparian vegetation together with
the expected treeline upward migration, further impacting the quantity and quality of organic

matter to the stream (Huss et al., 2017; McKernan et al., 2018).

With these points in mind, the goals and intentions of my thesis are as follows: First, I

will characterise the physicochemical conditions of glacier-fed streams based on current



knowledge from literature. Second, I will describe the organismal communities in these streams
and their interactions within food webs. Lastly, I will synthesise this general content and discuss
it in light of climate change to investigate how ecosystem alterations may impact habitat
conditions, and thereby stream communities and food web structure. My hypotheses resulting
from my goals are: First, the main organismal groups dominating in glacier-fed streams might
be the phototrophic diatoms together with representative species Hydrurus foetidus from
Chrysophyceae. Secondly, hypothesis referring to global warming sounds: food webs will be

altered by changes in their conditions also impacting their inhabitants.

2. Glacier-fed streams
2.1. Characteristics of high mountain streams

High mountain streams can be classified by the origin of their water (see Fig. 1), which
leads to different yearly flow regimes and distinctive physical and chemical habitat conditions
(Milner & Petts, 1994). In the traditional classification according to Ward (1994), between the
permanent snowline and the treeline, streamwater sources can be either dominated by glacier
ice melt (kryal), groundwater springs (krenal), or seasonal snowmelt/rainwater (rhithral)
(Brown et al., 2003; Ward, 1994). All of them may eventually be influenced by glacier
meltwater, because in the lower parts of the catchments (with increasing distance from the
glacier), streams create a network of catchments representing various water sources (Fiireder,
2007; McGregor et al., 1995). For that, the term ‘“glacio-rhithral zone” is commonly used,
reflecting the contributions from various water sources (Fiireder, 1999). With shrinking glaciers
and corresponding creation of new valley terrain, these various types of streams may also
connect in the proglacial floodplain area. Floodplains typically have a mainstem, composed of
a braided glacier-fed stream with multiple channels, with groundwater- or snowmelt-fed
streams from the lateral hillslopes that serve as tributaries, creating heterogeneous environments
(Brandani et al., 2023). With receding glaciers, the streams fed by groundwater and snowmelt
are expected to dominate at the expense of the glacier-fed mainstem, reducing this heterogeneity

(Milner et al., 2017).

Krenal streams have their origin mainly in groundwater, with developed hyporheic
zones, where the groundwater meets the surface and creates streams (Sawyer et al., 2014).
Krenal streams possess higher physicochemical stability, with streamwater temperatures which

vary only 1-2°C, higher amounts of dissolved organic carbon concentration, higher electrical
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conductivity, and consistent discharges with greater water clarity compared to glacier-fed
streams (Brandani et al., 2022; Fiireder, 2007; Ward, 1994). This higher stability is reflected by
the organismal structure and ecological processes in these streams. Krenal streams, specifically
those that are not connected to glacier-fed streams, are more productive and accumulate more

biomass, compared to glacier-fed streams (Brandani et al., 2022).

Seasonal snowmelt streams (rhithral) have their peak discharge in spring and summer
(at higher altitudes the peak can be delayed until July), and usually peak before the peak of
glacier runoff. These streams are characterised by larger temperature ranges than in other stream
types, with maximum temperatures reaching between 5° and 10°C. Usually, the water in rhithral
streams is clear with small turbidity. However, in the peaks of their flow regime, turbidity may
be higher due to the resuspension of fine sediments from the streambed. (Brown et al., 2003;

Milner & Petts, 1994; Ward, 1994).

Glacier

Rhithral

Krenal

Figure 1: High mountain stream types with different sources of origin (Hieber et al., 2002)

Glacier-fed streams (i.e. the kryal streams; hereafter abbreviated to ‘GFSs’) are specific
ecosystems at the interface between the cryosphere, hydrosphere, pedosphere, and biosphere
(Fiireder et al., 2001). Their water origin from the glacier, including the supraglacial (i.e. the
top of a glacier), englacial (i.e. within the ice of a glacier), subglacial (i.e. under a glacier) flow
paths (see Fig. 2), and thus water temperatures are maintained around 0°C, with small
temperature fluctuations during the year (Brown et al., 2003; Milner & Petts, 1994). GFSs are

characterised by their low conductivity, which also exhibits annual variations (Weijs et al.,
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2013). In the winters with cold and snowy weather, the runoff can be reduced near to zero due
to decreased water runoff through ice-filled intra-glacier spaces (Hotaling et al., 2017). Streams
themselves may freeze or be covered with a layer of snow and ice that blocks the penetration

of light to the water (Boix Canadell et al., 2021).

_______
M
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i

supraglacial

subglacial

cavities

Figure 2: Illustration of Greenland's ice sheet hydrologic system; ELA means the equilibrium line

altitude between the accumulation zone and ablation zone (Chu, 2014)

The seasonal light regime in GFS is very specific due to its connection with glacier melt.
In summer months, there is a peak in water discharge, typically during July in the Northern
Hemisphere, depending on day length and shift in solar angle, which may be even amplified by
the steep-sided stream valleys, where those streams flow. With more solar radiation and higher
temperatures, the meltwater may directly flow on the supraglacial surface into proglacial
streams, or it may drain through the glacier mass through fractures, moulins, and crevasses
within the ice (Hotaling et al., 2017). Those large diel (24-hour period) flow fluctuations peak
in early to late afternoon, exaggerated as the summer goes on. Melting glacial ice adds to the
whole set of key environmental conditions, which include low temperatures, high discharge

dynamics, unstable channel morphology, and increased turbidity from suspended sediment
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loads. Especially high turbidity in meltwater peaks limits the amount of photosynthetically
active radiation (PAR) penetrating to streambeds, causing reduced photosynthetic primary
production and extremely short growing seasons (Brown et al., 2003; Fiireder, 1999; Fiireder
& Niedrist, 2020; Ward, 1994). As the peak in runoff passes, the water becomes slower flowing,
shallower, and clearer with lower turbidity (Rott et al., 2006). These short time periods in the
early stages of the summer melt peak, where optimal conditions are caused mainly by thawing
snow after the winter, along with the period at the end of glacier melt in autumn before the
winter comes, create advantages to enhance productivity of light-dependent primary producers.
Thus, these periods are referred to as ‘windows of opportunity’ (Boix Canadell et al., 2021;

Hotaling et al., 2017b; Uehlinger et al., 2010).

Physicochemical conditions, nutrients concentrations, and organismal communities
within GFSs reflect processes occurring at both the catchment scale and along various flow
paths, including glacial and non-glacial sources (Wilhelm et al., 2013). GFSs are usually
subdivided into upper metakryal and lower hypokryal zones according to habitat conditions and

faunal compositions (Ward, 1994).

Another type of alpine stream that is not yet well described and studied, may be icy
seeps. Those very cold springs have summer temperatures below 2°C, as GFSs, and originate
from the subterrain ice covered by thick layers of inorganic debris (from ‘rock glaciers’). These
streams have more stable channels than most GFSs, and their specific microbial communities
contain only a limited number of cyanobacteria, indicating that their food webs may be
supported by different basal energy pathways. Their organismal structure partially overlaps
with snowmelt- and glacier-fed streams (Hotaling et al., 2019). These streams may be
interesting to study, especially considering climate change and melting glaciers, because the
rock glaciers (with the insulating effect of debris) are predicted to melt at slower rates
(Anderson et al., 2018; Rounce et al., 2023). Thus, icy seeps may possibly create refugia for
freshwater cold-adapted organisms (Hotaling et al., 2019).



2.2. Resource limitation in GFSs

The ecosystem structure and function of organisms in GFSs are closely related to their
limitation in specific nutrients, and thus a paragraph about it is inevitable (Kohler et al., 2024;
Sterner & Elser, 2017). Streams with high alpine headwater sources above the treeline are
typically nutrient-poor waters, lacking input of allochthonous (i.e. originating outside the
streamwater) organic matter. In forested lower altitude running waters where the vascular plants
can grow on the banksides, the carbon sources can include leaf litter or wood, for example
(Rosemond et al., 2015; Zah et al., 2001). Ecosystems with an input of organic carbon (C) with
a terrestrial origin are usually limited by other nutrients, such as nitrogen (N) and phosphorus
(P). In contrast, ecosystems with poorly developed soil and no vegetation on banks may have
their microbial metabolism limited by C (Rosemond et al., 2015; Kohler et al. 2024). Stream
microbial activity is particularly connected to substrate biofilms (i.e. a microorganismal
community living on the surface of streambeds) (Geesey et al., 1978). Due to the scarcity of
organic C sources, limitations by physical abiotic disturbances, light conditions, and
autochthonous energy sources lead to different autotrophic metabolic pathways, especially
closer to the glacier terminus (see Fig. 3) (Zah & Uehlinger, 2001). With this in mind, it is
important to mention chemolithotrophic pathways in cryospheric benthic ecosystems.
Metabolically active chemolithoautotrophic organisms may have the uptake of manganese and
iron, or metabolic pathways based on sulphur, nitrogen or hydrogen from the environment
(Bourquin et al., 2022; Margesin & Collins, 2019). Understanding the mechanisms of
metabolism and biogeochemical cycles in GFS biofilms is crucial for food web studies because,
through nutrient uptake, nutrients are transferred to higher trophic levels (Ren et al., 2017;

Schiller et al., 2007).

Rapid glacier shrinking, induced by climate, will alter the nutrient stoichiometry of
GFSs. The rate of glacier melting will increase up to the maximum runoff (so-called ‘peak
water’) when the water flow from melting glaciers steadily declines (Huss & Hock, 2018). After
the peak water, a shift is predicted to take place in P supply, possible decrease in concentrations
(although this depends upon the geology of the bedrock), and trends of increasing C
concentrations. Shifts in nutrient supplies are affecting microbial energetics with unknown
consequences on downstream habitats (Kohler et al., 2024). These aspects of global change will

be discussed in other parts of my work.
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Figure 3: Schema from Slemmons et al. (2013) showing a conceptual model of glacier meltwater on
physical or chemical aspects, with possible biological responses affecting ecosystem function and

structure (signs indicate an increase or decrease, and the delta symbol a change in the metric).

3. Organismal communities in GFSs
3.1. Microbial community composition

Glacial ecological niches are embedded within very stressful conditions that
microorganisms have to cope with and adapt to (Anesio et al., 2017). Glacier surfaces with wet
snow provide active habitats with variable communities of organisms during the year, and in
comparison, to highly dynamic GFSs, represent a harsh but more constant ecosystem (Hodson
et al., 2008). Organisms such as snow algae, prokaryotic autotrophs, heterotrophs, viruses, and
photosynthetic cyanobacteria are the main components of microbial biomass at the glacier
surface (Anesio et al., 2017; Chrismas et al., 2015). Cryoconite holes (structures that form
around solar-heated debris) on the glacier surface harbour a greater diversity of life than snow
on the surface, and are dominated by bacteria, cyanobacteria, diatoms, and even include

tardigrades (Edwards et al., 2011; Hodson et al., 2008). The bacterial diversity and community



composition of glacier-fed streamwater and biofilms closely interact with these communities
inhabiting the glacier ice and soil debris. Specifically, glacier meltwater runoff assemblages are
composed of the same phyla as communities as those from ice or soil (though some phyla are
more/less abundant in streams), and variation within the stream may stem from the different
sources of microorganismal biodiversity in these glacier habitats (Besemer et al., 2012;

Wilhelm et al., 2013).

The dominant bacterial phyla in ice, streamwater, and biofilms are generally similar,
and include the phyla Proteobacteria, Bacteroidetes, and Actinobacteria (Wilhelm et al., 2013).
Typically, the relative abundance of Betaproteobacteria specifically is higher in meltwater
runoff. Genera such as Pseudomonas, Bacillus, Geobacill, Staphylococcus and Acinetobacter
are predominant in both soil and water runoff (Liu et al., 2015; Sajjad et al., 2021). Only a few
phyla were found only in streams, such as Verrucomicrobia and Nitrospira from a study from
the Austrian Alps (Wilhelm et al., 2013). Furthermore, other GFS specialists are the bacteria
from the family Exiguobacteriaceae (Hotaling et al., 2019). These specific biofilm taxa may
have a critical role in the biogeochemistry of GFSs (such as Nitrospira) due to their metabolic

pathways that impact the physicochemical shifts in streams (Wilhelm et al., 2013).

From the groups with a versatility of different metabolic pathways, bacteria
Bradyrhizobium, Rhizobium or the previously mentioned Nitrospira genus with nitrogen-fixing
abilities were also found in glacier habitats. Other types are, for instance, the obligate
methylotrophs Methylibium and Methylotenera, and sulphur- and sulphate-reducing
Desulfococcus or Thiobacillus (Fodelianakis et al., 2022; Kohler et al., 2020; Yang et al., 2016).
Interestingly, when comparing GFSs metabolic activity with other high mountain stream types,
the chemolithotrophic prokaryotic communities are more abundant in GFSs, in contrast with

heterotrophic prokaryotes in non-GFSs (Michoud et al., 2023a).

Microbial a diversity (number of taxa within one site) decreases with higher elevation,
which may be related to an increasing degree of environmental harshness closer to the glacier.
The number of microorganisms delivered to the water from non-glacier sources forming the
metacommunity size (the set of local communities and dispersal ability connecting these
communities (Leibold et al., 2004)) in the stream network, is increasing with the other
contributing sources to the stream getting stronger and determining the overall biodiversity
downstream (Wilhelm et al., 2013). In the lower parts of streams, the microbial o diversity is
also higher than closer to the glacial terminus. In contrast, the microbial f diversity (turnover

of taxa between sites) decreased with increasing temperature, which means that community
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structure gets more similar across sites (homogenisation) in the absence of glaciers (Hotaling

etal., 2017; Wilhelm et al., 2013).

3.2. Epilithic communities

As described earlier, the light conditions for aquatic photoautotrophs are variable
throughout the year. This is partly due to the extended period of snow cover over winter months,
and partly because of the high water turbidity during the summer months (Milner & Petts,
1994). The specific hydrologic regimes of GFSs create ‘windows of opportunity’ for primary
production in the spring before the summer peak in meltwater, and secondly, in the period at
the end of the runoff peak, where conditions to develop are the most optimal (Boix Canadell et
al.,2021). On top of reducing light availability, the presence of suspended sediments and glacier
flour within the water leads to abrasion of streambed surfaces. The resulting substrate instability
exacerbates conditions already unfavourable for the attachment of benthic organisms (Biirgi et
al., 2003). As a result, primary production, and autochthonous organic matter fluxes in general,
are low and seasonally variable in GFSs, creating organic carbon limitation (Uehlinger et al.,

2010.; Biirgi et al., 2003).

Epilithic communities (i.e. organisms growing on the substrate) in GFSs are composed
of the algal communities, that above the tree line gradually vary in the direction from the glacier,
where there can be algae connected to glacier ice (Hieber et al., 2001). Zonation in
photoautotroph composition also varies in the streambed (Rott et al., 2006). The spray zone of
the stream can be occupied by the green alga Trentepohlia. Closer to the stream, where
desiccation can occur, may be the cyanobacterial genus Gleocapsa or Chlorogloea (Rott et al.,

2000).

The most common eukaryotic algae in GFSs are diatoms (Bacillariophyta), green algae,
and the golden algae Chrysophyceae. Diatom communities vary along the stream continuum
with a pattern of increasing richness with decreasing glacier influence. GFSs diatom diversity
includes some rare and endangered species (such as Navicula detenta) (Fell et al., 2018).
Examples of common diatoms that may be highly abundant are, for instance, taxa of the
generalist genera Achnanthidium (such as 4. minutissimum complex - Fig. 4), which has a
cosmopolitan distribution (Fell et al., 2018). Secondly, Encyonema may also be common, as
well as species from genera Psammothidium, Pinnularia, Navicula, Eunotia, Cymbopleura,

Brachysira, and Neidium (Michoud et al., 2023a; Rott et al., 2006). Green algae groups in GFSs
9



may be represented by species from groups Charophyta, Chlorophyta, Cercozoa,

Klebsormidiophyceae or Trebouxiophyceae (Michoud et al., 2023b).

£

Figure 4: The diatom Achnanthidium minutissimum, Scale bar = 10 pm;

(source: https://diatoms.org/genera/achnanthidium)

From Chrysophyceae, the most common representative is typically Hydrurus foetidus
(Fig. 5) (Cantonati et al., 2001). Hydrurus foetidus is a primary producer species of high-altitude
streams dominating in holarctic distribution (i.e. habitats found all around the Northern
Hemisphere) (Biirgi et al., 2003). In the biomass peak during favourable conditions, Hydrurus
foetidus may rapidly grow only for a short duration (Uehlinger et al., 1998). However, Hydrurus
1s not common everywhere, and in a study of GFS in Africa, Chrysophyceae was not abundant,
and their role in the stream was presumably taken over by the dominating cyanobacteria
(Michoud et al., 2023b). In Antarctic regions, where the ice-free landscapes are full of ponds
and lakes, microbial communities create dense cyanobacterial mats covering the substrates of
streams. Those mats are a matrix that includes species of filamentous cyanobacteria such as
Leptolyngbya or Oscillatoriales, together with various mat-inhabiting diatoms, such as

Navicula, Fragilaria, Stauroneis, or Nitzschia (Fernandez-Valiente et al., 2007).

From the prokaryotic microalgae cyanobacteria (they are not true algae but share a
similar physiology and ecology as eukaryotic algae) may be the genera Chamaesiphon and

Lyngbya, among others (Hieber et al., 2001; Rott et al., 2006).
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Figure 5: The Chrysophyte algae Hydrurus foetidus

(source: https://www.algaebase.org/search/images/detail/?img_id=22873)

GFSs also host some fungal taxa, and together with bacteria serve as the main
decomposers (Kohler et al.,, 2022). Glacier shrinkage will accelerate downstream
decomposition of organic matter and alter microbiome structure and function. The majority of
species in GFSs seem to be species from the group Chytridiomycetes (such as the parasitic
Rhizophydiales), followed by Dikarya, which includes the hyphomycetes Ascomycota and
Basidiomycota. However, the presence of fungi is notably lower when compared to the
abundance of autotrophs (Kohler et al., 2024). Interestingly, given the lack of allochthonous
organic carbon in GFSs, many of these fungi focus their efforts on the algae. For example,
Chytridiomycota are recognized for their role as parasites of algae, penetrating the diatom's
protoplast and digesting their organic components of the walls (Senga et al., 2018). The
dominance of parasitic fungi in GFSs is related to the phenomenon called a “fungal shunt”, with
the result being that they may modify microbial interactions and carbon flow within the system.
Infected diatoms by the fungi are more vulnerable to heterotrophic bacteria, nanoflagellates or
virus infections that accelerate the diatom decay and may provide the food for higher trophic

levels (Klawonn et al., 2021; Kohler et al., 2022).
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3.3. Macroinvertebrate community structure

The structure of macroinvertebrate communities in GFSs is closely linked to their
hydrological regimes and physicochemical characteristics. Additionally, within GFSs, the
composition of streambed substrates forms microhabitats with distinct features, such as
mesolithal (cobbles), macrolithal (coarse cobbles), and megalithal (boulders) substrates
(Fiireder & Niedrist, 2020). The distance from the glacier also plays a significant role in shaping
macroinvertebrate community structure. Various studies (Becquet et al., 2022; Cauvy-Fraunié
et al., 2015; Fiireder & Niedrist, 2020) suggest that as glacial influence increases, there is a
decrease in both the total abundance and taxonomic richness of macroinvertebrates. Taxon
richness and density seem to be lower in GFSs than in more environmentally favourable non-

GFSs (Niedrist et al., 2018).

The most important taxa connected to the upper part of the stream are larvae of the
dipteran family Chironomidae. Typically, macroinvertebrate glacial specialists are represented
by the chironomid subfamilies Diamesinae (Fig. 6), Orthocladiinae, and Chironominae in the
Palearctic regions (Cauvy-Fraunié et al., 2015; Fiireder & Niedrist, 2020). In the tropical GFSs
of Ecuador, the upper part of the stream is dominated by chironomid taxa from Podonominae
(Jacobsen et al., 2010). These groups have characteristic traits that help them adapt to the
challenging conditions found in GFSs. They have small body sizes with the ability to take
refuge in the substrate. The absence of resistance forms (i.e. eggs, statoblasts, states of
dormancy) makes them rely on other adaptations to survive in GFSs, which is connected to the
univoltine or semivoltine life histories (i.e. one or two generations per year) in those groups.
This can be advantageous because the environmental conditions can vary greatly from season
to season (Ilg & Castella, 2006), and therefore multiple hatches per year can prevent populations
from extinction. Individuals of these groups are also highly adapted to constant low
temperatures. For instance, species from Diamesa and Pseudodiamesa can finish their annual

life cycle even when water temperatures never exceed 2°C (Milner et al., 2001).

In a study from New Zealand, the dominant taxa in the upper part of a GFS are from the
group Ephemeroptera, and the genera Deleatidium and Nesameletus (Cadbury et al., 2011).
Individuals from Plecoptera and Trichoptera were also observed, though mostly in the lower
parts of streams, where channel stability is higher. The macroinvertebrate composition in
Antarctic regions may manifest through different patterns. In more extreme Antarctic

conditions, the most abundant taxa are the nematodes, such as Scottnema lindsayae,
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Eudorylaimus, and Plectus. Furthermore, in flowing streams, there may be rotifers and

tardigrades residing in stream sediments (Treonis et al., 1999).

With increasing distance from glaciers, conditions in streams become more favourable
for more diverse communities (Becquet et al., 2022; Khamis et al., 2016). In the lower parts of
GFSs, typically around a distance of 1 km from the glacier snout, the Diptera Clinocerinae,
Corynoneura spp., Simuliidae, Ceratopogoninae, and Tanypodinae are all notably more
abundant (Becquet et al., 2022; Debiasi et al., 2022). Individuals from Nematoda can be
parasites of Diamesa larvae and pupae in the upper part of GFSs, but also free-living species in
the glacio-rhithral zone (Debiasi et al., 2022). There may also be larvae from other groups
found, such as taxa from Ephemeroptera including Baetis sp. (Fig. 7), Plecoptera with the
species Nemoura sp., or Dictyogenus fontium and Trichoptera. Further, there may be organisms
from the non-insect group Oligochaeta, a subclass of phylum Annelida with species of aquatic

worms (Debiasi et al., 2022; Liu et al., 2022).

High mountain streams commonly lack fish, especially those fed by glaciers. If fish are
present, GFSs generally support a notably low diversity (Ward, 1994). In the upper part of the
stream, no ichthyofauna species are generally observed. Fish in high-altitude waters are usually

connected in streams closer to lakes, either upstream or downstream (Jacobsen et al., 2016).

Figure 6: Picture on left - overwintering frozen larvae of Diamesa zernyi; picture on right - same larvae

recovered at 4°C (Lencioni, 2004)
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Figure 7: Image of larvae Baetis alpinus, family Ephemeroptera

(source: https://observations.be/species/718583/)

4. Food webs and trophic interactions in GFSs

In understanding food web complexity and connectivity, it is crucial to connect studies
of energy flow and nutrient cycling with studies of species composition in stream ecosystems.
Generally, the energy and nutrient dynamics within food webs hinge upon two primary sources:
autochthonous inputs originating internally from the stream environment, and allochthonous
inputs derived from external sources (Fiireder et al., 2003). In most alpine streams, it is
commonly thought that the biomass of autochthonic primary producers is more important in the
headwater streams, where the rock deserts are common, and allochthonous sources decrease at
lower altitudes with the presence of subalpine forests (Serti¢ Peri¢ et al., 2021). Those harsh
upstream conditions lead to variations in community structure and function, such as decreased
growth and production rates, along with food webs favouring alternative food sources (Fiireder
et al., 2003). However, it also depends on how different species react to a stream with different
basal resources, community structure, density, and competition intensity (Clitherow et al.,

2013; Serti¢ Peri¢ et al., 2021).

To analyse food web structure in GFSs, stable isotope analysis is a favoured method.
These studies use different naturally occurring stable isotopes of C and N (usually §!°C and
8'5N) in organisms (Fiireder et al., 2003; Peterson & Fry, 1987). The isotopic signatures found
in consumers typically reflect those of the organic matter they consume and assimilate. Thus,
for example, nitrogen signatures may increase with each trophic level (at a rate §'°N of 2.25%o
per trophic level in Zah et al. (2001)). Discrimination of isotopes in primary and secondary

consumers can reveal the trophic connections between those organisms and allow researchers
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to trace the flow of organic matter and nutrients through food webs (Peterson & Fry, 1987; Zah
etal., 2001).

However, isotope analysis may be problematic in some streams. For example, ancient
radiocarbon !“C trapped in glaciers released together with meltwater can be incorporated into
microbial and metazoan food webs by directly feeding on organic particles or grazing on
biofilm that has previously assimilated old C (Fellman et al., 2015). Even the overlapping C
sources with variability in local stream habitats, together with altered biogeochemical inputs of
fast glacier retreat, may vary between sites. Analysing organisms at higher trophic levels based
on radiocarbon dating may get confusing, because their age due to ancient carbon may be

overestimated by up to 1100 years (Hagvar & Ohlson, 2013).

For better analysis of stable isotope data to estimate the contributions of different
sources to a mixture based on the isotopic signatures, Bayesian mixing models are applied.
Those statistical models incorporate prior information about the potential sources and their
isotopic compositions, as well as variability in the data and its uncertainties, to generate
posterior distributions of source contributions (Jackson et al., 2011). Using Bayesian inference
techniques allows an improved understanding of trophic interactions, food web dynamics, and

niche partitioning in ecological systems (Niedrist & Fiireder, 2018).

Another method to characterise food webs in GFSs, where the webs are generally short,
is to directly determine the gut contents of macroinvertebrates under the microscope (Clitherow
et al., 2013). Instead of focusing on the quantity, these analyses can identify the presence or
absence of links between consumers and primary producers (Parker & Huryn, 2006). However,

this method is very time demanding.

4.1. Trophic levels and energy flow in GFSs

Trophic ecology synthesises interactions within the ecosystem, follows feeding
relationships, and tries to trace the bottom-up and top-down forces in the system. Trophic levels
are certain positions in food webs that energy flows through and is represented by each
organism living in the ecosystem (see Fig.8). Those levels are shown in the trophic structure,
therefore assimilating both biodiversity and ecosystem functioning. (Niedrist & Fiireder, 2017,

Thompson et al., 2012).
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As previously discussed, food webs in high mountain streams are largely dependent on
two main factors, which are organic carbon availability and water origin (Fiireder et al., 2003)
that latter of which especially has a significant impact on the primary producer trophic level.
Identifying each trophic level in the food chain properly may be especially challenging due to
various reasons. For example, problems that may arise may be connected to difficulty in
determining the origin of the gut contents and the source of contained detritus. Furthermore,
most stream animals are omnivores that change their feeding regime according to the dynamic
nature of food availability, and their developmental stage which may have different
requirements. Due to this, it may be uncertain if the found taxa in gut content were taken directly
by feeding on them, or indirectly from their prey (Parker & Huryn, 2006). Thus, different
studies come with different assumptions and simplifications required for the specific study

(Fiireder et al., 2003).

© ©

Figure 8: Diagram from Clitherow (2013) showing the simplified food web structure of the
Odenwinkelkees river in the Austrian Alps in 2011. Green nodes represent the primary producers, red

nodes consumers and lines between them feeding links. The blue line represents cannibalistic links.

4.2. Primary producers

In GFSs, bioavailable dissolved organic matter (DOM) and detritus serve as important
food sources for consumers and stimulate primary production. For examining the organic
carbon values, stable isotope analyses can help identify the origin of dissolved organic carbon
(DOC) present in the water. Available DOC in those environments is seasonally variable. DOM
and DOC can get to the water from different ranges of sources, according to the ice and snow

melting regimes and precipitation. In the transition periods on the early stage of melt peak and
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at the end of it, there is observed higher variability of DOC values due to different origins,
suggesting the additional sources of DOC, such as precipitation inputs (Spencer et al., 2014).
The majority of glacially derived organic carbon is released with the summer peak of melting
ice, possibly mainly sourcing from subglacial channels (Bhatia et al., 2013). Furthermore, some
studies have shown that the sources of DOC gradually change with the distance from the glacier
snout (Milner et al., 2017). Firstly, melted glacier water contains ancient bioavailable organic
carbon from the glacier layers that can be metabolised by the heterotrophic bacteria in the
streamwater of the upper parts of GFSs (Fellman et al., 2015; Niedrist & Fiireder, 2017). Further
downstream, the origin of DOC in the water shifts to autotrophic sources, such primary
producers are cyanobacteria, epilithic algae - chrysophytes, diatoms and chlorophytes. The
amount of algal biomass tends to increase with the distance from the glacier (Slemmons et al.,
2013). Even lower, allochthonous inputs of DOC may increase until the stream reaches the

treeline, where the character of in-stream dynamics changes (Fellman et al., 2015).

Furthermore, biofilms in GFSs are generally limited by both N and P (Ren et al., 2019).
However, biofilms demonstrate stoichiometric flexibility, allowing them to create biomass with
high carbon-to-phosphorus (C:P) and nitrogen-to-phosphorus (N:P) ratios. This, in turn, can

lead to P limitation for consumers (Ren et al., 2019).

Diatoms, cyanobacteria, chrysophytes, and chlorophytes are globally distributed groups
that form the epilithic biofilms in GFSs, and their composition varies spatially (Niedrist &
Fiireder, 2018). The most important source of organic matter in GFS is from senescing algae,
which are decomposed in microbial biofilms to produce highly available exudates. The
processes of primary producer decomposition by microorganisms may maintain critical nodes

of C and other nutrients in GFS networks. (Kohler et al., 2022; Sudlow et al., 2023)

To illustrate the role of primary producers within the food web, Figure 9. in the text
below from study by Brandani et al. (2022) may be convenient. Figure presents a co-occurrence
network comparing GFS with non-GFS lateral tributaries. Co-occurrence networks do not
explicitly mean the food web structure, clusters represent more functional groups within the
stream biofilms. However, from this comparison study, there are clearly visible interactions
between prokaryotic and eukaryotic (phototrophs + fungi) organisms, even though it is showing
only the top 10% positive interactions between them. From network structures it is evident that
the photoautotrophic nodes are in the centre of prokaryotic clusters, indicating close
relationships between autotrophs and heterotrophs. Those several peripherally located
prokaryotes at each node may suggest the metabolic connections between both groups. Those
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autotrophs may be particularly important in the upper stream parts of GFSs, where the

heterotrophs may use the organic matter from algae as a scarce food source. Furthermore, from

clusters, it is also evident the important role of fungi within webs.

Bacteria Phototrophs Fungi
© Acidobacteriota @ Gemmatimonadota © Charophyta @® Chytridiomycota
© Actinobacteriota (@) Planctomycetota @ Chlorophyta @® Cryptomycota
© Bacteroidota @ Proteobacteria @ Ochrophyta @ Zoopagomycota
© Chloroflexi © Other Bacteria @ Other Fungi

Figure 9: Representation from Brandani et al. (2022) showing a comparison of co-occurrence network

structure in A - a GFS network, and B - non-GFS lateral tributaries (krenal, rhithral streams).

4.3. Consumers

GFS biofilms, composed of microorganisms along with detritus, have a direct influence
on the composition of secondary producers/primary consumers, such as grazers, collectors, and
filterers (Zah et al., 2001). Macroinvertebrates as GFS specialists have opportunistic
omnivorous feeding behaviour and their distributions are highly patchy within the stream, as
with biofilm distributions (Clitherow et al., 2013; Serti¢ Peri¢ et al., 2021). Macroinvertebrates
predominantly rely on biofilm as their primary food source (Serti¢ Peri¢ et al., 2021). Of this,
the main constituent is the common filamentous alga Hydrurus foetidus and epilithic diatoms.

In calmer and more favourable environments, the detritus becomes the dominant food source
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for macroinvertebrates and is indicated by a shift within the diet of chironomids to more

autochthonous sources in harsher GFSs (Niedrist & Fiireder, 2018).

Among macroinvertebrates, the main consumer is the previously mentioned
Chironomidae family, which seems to have a wider feeding niche than species of Baetidae and
Heptagenidae also occurring in GFSs. This suggests that group Chironomidae are opportunistic

omnivores in GFSs (Clitherow et al., 2013; Serti¢ Peri¢ et al., 2021).

4.4. Predators within GFSs

The major predators in alpine streams which can occur in glacier-fed streams are the
predatory stoneflies (Plecoptera — Perlodidae family, such as Dictyogenus spp.), some
caddisflies (Trichoptera family, such as Rhyacophila spp.), and certain chironomid species
(Tanypodinae spp.). Due to the high feeding plasticity of invertebrates in GFSs, it has been
observed that chironomid species that are commonly considered grazers or collectors exhibit
higher than normal predator activity, likely due to harsh and variable conditions. In some cases,

there have even been observed cannibalism between chironomid larvae (Clitherow et al., 2013).

In comparison to krenal streams, the ratio of invertebrate predator to prey biomass in
GFSs, according to one study from an Alaskan river, was 26 times lower. This may indicate

significant variations in material and energy flow within food web nodes. (Parker & Huryn,

2006)

To conclude, the GFS food web structure appears generally simple, with short food
chain lengths, and a limited number of trophic levels. These levels include primary producers
(diatoms, filamentous algae, heterotrophic bacteria, cyanobacteria, and mosses), primary
consumers, omnivores and predators. Despite low taxonomic richness overall, there is high
connectance in interactions between trophic levels (Clitherow et al., 2013; Niedrist & Fiireder,
2017; Parker & Huryn, 2006). To compare GFSs with other stream types, krenal streams
together with rhitral streams have more nodes within the food web structure, and longer feeding

links between them (Brandani et al., 2022).
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5. Impact of global warming on food webs in GFS
5.1. Changes in habitat conditions

Mountain regions are one of the most threatened areas by global warming, with rapid
effects on the habitats above the permanent treeline. The disappearance of glaciers will
profoundly transform the alpine landscapes (as in Fig. 10), with significant implications on
local and even global biodiversity, from genes to whole community structures (Giersch et al.,
2017). Globally, the area of land with glaciers is significantly decreasing due to higher
temperatures (Zemp et al., 2015). It has consequences on the glacier runoff, which is variable
during the year, with the peak in summer (Bliss et al., 2014). The most dramatic decrease in
discharge, with an increased mean global temperature between 1.5°C and 3°C, will impact areas
where there is already relatively low ice cover in high mountain areas, such as in the Central
Europe Alps, Scandinavia, Caucasus, and the Middle East (Rounce et al., 2023). The summer
peak in those areas will decrease the most in comparison with other regions with glaciers
(Milner et al., 2017). Simulations of glacier mass balance show that by the end of the 21st
century, approximately half of the world's glaciers are predicted to disappear, including the
European Alps, western Canada, western USA, and New Zealand's glaciers (Rounce et al.,
2023). Regionally, land glaciers in Alaska, the South Canadian Arctic, South Asia, and
Southern Andes will drastically reduce in size, to about 11 to 23% of their size in 2015 (Huss,
2012; Rounce et al., 2023). Those worldwide changes in mass will affect summer discharge
peaks and overall runoff and may have potential cascading impacts on downstream water
resources (Bliss et al., 2014; Milner et al., 2017). GFSs will transform into streams with a more
stable environment, with water sources fed by seasonally melting snowcover (McKernan et al.,
2018). In the long term, when the peak of meltwater decreases, higher annual temperatures are
expected within streams (Huss et al., 2017). In the future, deglaciated areas will create newly
emerged ecosystems that may broadly vary from mild to extreme ecological conditions. In areas
with steep slopes, cold temperatures, geomorphic activity, and limited available nutrients or
water supply, the colonisation of new habitats will be low overall. However, in areas where
post-glacial habitats are expected to have mainly mild ecological conditions, a boost of
biogeochemical processes and primary productivity may emerge, together with the colonisation

of new species (Bosson et al., 2023).

Glacier shrinkage has an effect on the physicochemical conditions in the ecosystem. It

impacts the concentrations of C, N, and P within the catchment (Hood & Berner, 2009). The
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highly bioavailable dissolved organic carbon (DOC) from glaciers has a big relevance for
downstream catchment C cycling and sustaining aquatic food webs (Singer et al., 2012). It is
expected that the DOC in the water will decrease with vanishing glaciers (Milner et al., 2017;
Singer et al., 2012).

Figure 10: Illustration of the pace of melting glaciers - Kashkatash Glacier in the Northern Caucasus,
photo a: by Burmester (1913) from 1911; photo b: by Bushueva (2009); (taken from Solomina et al.,
2016)

The runoff also acts as a source of N, which possibly originates from microbial
ecosystems on glacier ice, subglacial sediment, and nearby soils, and high concentrations may
promote nitrification (Wadham et al., 2016). These transformations may contribute to the
eventual N flux in glacier runoff, with impacts on downstream ecosystems (Milner et al., 2017).
Concentrations of all forms of inorganic (nitrate, and ammonium; dissolved inorganic nitrogen;
DIN) and organic (dissolved organic nitrogen; DON) N in the streamwater increase with the
loss of glacier coverage (Hood & Berner, 2009; Hood & Scott, 2008). Furthermore, changes in
P inputs to streamwater are expected to decrease. This is possible due to the reduced activity of
the subglacial rock weathering (Hood & Berner, 2009) and subsequent microbial uptake
(Kohler et al. 2024).

Altered nutritional inputs from deglaciation and their consequences on GFS community

structure can be experimentally tested by manipulative experiments, with specific nutrient
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additions to the stream. Studies have shown that N additions had stimulatory effects on the algal
biomass, while P inputs increased biodiversity in streams and thus alter the food web structure
(Kohler et al., 2016). The N and DOC amounts from glacier meltwater, in the short term, may
initially increase, which may reduce the limitation by nitrogen and increase the total biomass
of primary producers (Cauvy-Frauni¢ et al., 2016; Kohler et al., 2016). However, in the long
term, after the peak water, the transition from ice-locked highly bioactive DOC to terrestrial
DOC (which is a less labile form), will substitutionally decrease available DOC in the water

affecting the heterotrophic production (Milner et al., 2017; Ren et al., 2019).

In GFSs, after peak water, it is expected that there will be a suspended sediment decline
(Fleming & Clarke, 2005). Reduced suspended sediment in streamwater will decrease turbidity
and increase light penetration in the water column, with expected increases in the primary
producer base. Those changes in primary production, such as during the summer peak in
discharge, may lead to changes in the feeding habits and phylogeny of primary consumers due
to the different patterns of development and abundance of periphyton (Serti¢ Peri¢ et al., 2021).
There may also be a shift in the current productivity windows towards earlier days in spring
and later to the winter (Boix Canadell et al., 2021). Studies also suggest that the associated shift
in metabolic pathways will lead to a reduction in the “grey” food web (dominated by
chemolithoautotrophs) corresponding with a rise in the “green” food web, which is sustained

by photoautotrophy (Kohler et al., 2022).

The shifts in hydrogeomorphic processes within the stream (see Fig. 11), resulting in
the stabilisation of hydrologic regimes and benthic sediments, will follow the patterns of
riparian vegetation in its structural composition according to the succession stages (Klaar et al.,
2015; McKernan et al., 2018). Also, changes in air temperature may shift the treeline to higher
altitudes (Grigor’ev et al., 2013). With rising temperatures, the phenology of the growing
season for riparian flora occurs earlier in the year (Huss et al., 2017). Those changes may result
in largely herbaceous-dominated vegetation that also may influence aquatic macroinvertebrate
structure in GFSs (McKernan et al., 2018). In addition to macroinvertebrates, plants with roots
may cause biostabilization of the stream sediment, making biofilm communities less vulnerable
to erosion. However, this effect will be spatially variable, because it depends on mature

sediments and the scale of disturbance from the fast-flowing GFS channel, so it cannot be
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implied generally (Roncoroni et al., 2019). Furthermore, with decreasing glacier influence,

bryophytes may occur and thus compete with benthic algae (Milner et al., 2017).
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Figure 11: Conceptual diagram from Jacobsen et al. (2014) predicting potential variations over time in
certain environmental parameters within GFSs, which could occur at any location along the stream as a

result of glacier retreat.

5.2. Transformation of GFS community structure

High mountain ecosystems function like isolated islands, potentially limiting the
movement of species. These habitats harbour a greater number of endemic species, particularly
those adapted to cold-water environments (Giersch et al., 2017). However, the migration of rare
species between alpine habitats remains unlikely due to the low biogeographical connectivity
between mountain ranges. This limited connectivity can significantly impact metapopulation
dynamics (Brown et al., 2011; Monaghan et al., 2005). As glaciers recede, and the
geohydrology of GFSs undergo transformation, the unique and harsh habitats that support
numerous range-restricted species are increasingly vulnerable to extinction (Brown et al.,

2007).

During the initial phase of glacier retreat, leading up to peak water, we can expect
greater contributions of meltwater and a shift toward a community dominated mainly by
specialised chironomid species (Milner et al., 2009). Interestingly, after peak water, the a
diversity and the total abundance of macroinvertebrates in GFSs should increase with a decrease
in the contribution of meltwater to the stream (Brown et al., 2007). More secondary consumers

residing in GFSs with more favourable conditions could be beneficial for fish colonisation, even
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invasive species (Gallardo et al., 2016), or other freshwater insectivores from downstream
regions of the catchment (Niedrist & Fiireder, 2017). Thus, GFSs will colonise larger-sized

predators which will influence the food web (Jacobsen et al., 2014).

High-altitude streams are furthermore expected to become more environmentally
homogenous. With the upward community shift within the stream network, f diversity among
streams will decline, as well as the y diversity (diversity within a whole region) is expected
(Brown et al., 2007; Wilhelm et al. 2013: Giersch et al., 2017). That is also connected to a
decrease in biodiversity at the population-genetic level (Finn et al., 2013). Due to the small
population sizes of rare taxa in GFSs, those communities are vulnerable to those described

changes of regimes and more prone to stochastic extinctions (Brandani et al., 2022).

Changes in food web structure due to different inputs of glacier meltwater can be
described as the bottom-up forces. It is related to the biofilm community structure changing
with altered quality and quantity of DOC released from glaciers. On the other hand, top-down
effects characterise the colonisation of larger taxa and their competition for resources with
species already living in streams. (Milner et al., 2017) Thus, another impact on the food web
within GFS is that it is expected that the intensity of species interactions could become more

intense as meltwater contribution decreases (Milner et al., 2009).

An experimental study with flow manipulation from Cauvy-Frauni¢ (2016) tested the
impact on community structure in a GFS from the Ecuadorian Andes. Over a 4-year period,
they examined the effects of reduced meltwater discharge on community structure. Their results
may illustrate the effects of rapid glacier retreat on GFSs. The study shows that the decrease of
glacier runoff resulted in an increase in benthic algal biomass, with a consequence of enhanced
herbivore densities. Change in flow reduction had not affected the taxon richness, only taxon
replacement from downstream, such as Ceratopogonidae and Empididae, and the loss or overall
lower abundance of specialised taxa, such as Simuliidae. Furthermore, reduced flow enhanced
predation and competition pressures. In summary, the relationship between the amount of
disturbance, species composition, and interactions within the food web, is crucial for

understanding the effect of glacier retreat on GFSs (Cauvy-Fraunié et al., 2016).
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6. Discussion

GFSs are characterised by their low temperatures, high turbidites, and fast flowing
streams, due to their water originating from glaciers. GFS microorganisms are likely limited by
C, due to a lack of allochthonous organic C inputs to the stream. However, the glacier still
contributes some amounts of ancient carbon trapped in the subglacial sediments, as well as in
surficial layers of snow. GFSs are not particularly limited by N, although they may be limited
by P since its primary input is from glacier weathering. Those specific conditions lead to other
metabolic pathways within resident biofilms, such as chemolithoautotrophy, that provide
important links in the food web for transferring C to higher trophic levels. In accordance with
my first hypothesis, the primary producers such as the diatoms, filamentous algae, heterotrophic
bacteria, and cyanobacteria are an important part of the primary producers. Those compositions
may spatially vary, with the most visible differences highlighted in this work. However, the
influence of chemolithotrophs should not be neglected, most importantly because they might

be replaced in the future by above stated primary producers.

Higher trophic levels, including filterers, scrapers, and collectors are composed mainly
of aquatic macroinvertebrate larvae from groups including Chironomidae, Plecoptera, and
Trichoptera. Those omnivorous groups characterise feeding flexibility according to the

available food, with predator behaviours possible.

In my second defined hypothesis, I determined the alterations by global change
impacting the GFSs physicochemical conditions together with organismal structure. Due to
higher air temperatures in high mountain areas, glacier ecosystems are one of the most
threatened habitats globally, with possible consequences for downstream areas. With rapid
glacier retreat, glaciers in Europe, for instance, are predicted to almost completely disappear by
the end of 2100. With increasing contributions from precipitation and groundwater replacing
meltwater in these streams, N concentrations are predicted to decrease. Glacier recession, after
the expected peak water, will furthermore impact turbidity, which may be lower, produce higher
mean water temperatures and more stable channel flow. With more stable benthic substrates
and stream margins, riparian vegetation may colonise, and the treeline may shift to higher
elevations, with resulting inputs of terrestrially derived DOC. Colonisations of fast-growing
organisms are expected to be more limited by P. Studies also propose more primary sources

and more photoautotrophs. High mountain networks are further expected to become more
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homogeneous and connected, and new large-bodied predators may colonise from downstream

areas to higher altitudes, which may also impact food web structure.

Since the early years of the 21st century, the topic of GFSs started to be more studied,
improving our understanding of habitat conditions and local biota. The articles on community
structure, which started to come later, generally targeted one specific species or functional
group of organisms, with just a few studies specifically about trophic structure. However, with
better analytical techniques available in the past few years, the topic is better covered now. The
pressure and impacts of global warming on these environments make this a hot topic, with many
studies with new discoveries and specific implications. This research has covered the known
information about GFSs with the focus on their food webs. To build upon these research
findings, future studies, which will inevitably be connected to global warming, might further

examine the altered interactions between organisms and changes in community structure.

7. Conclusion

Studying GFSs food webs offers a profound understanding of the ecological
relationships found within high mountain ecosystems and their further impacts on downstream
ecosystems. Patterns of nutrient limitation, light and temperature regimes, and stream discharge
within the year, together with overall extreme habitat conditions, create organismal
communities with specific characteristics. Due to patchy distributions, low population densities,
and just a few locally variable dominant species living in them, food webs are generally short,
with few trophic levels but with high connectivity between organisms. Climate change
influencing habitat conditions in GFS will lead to a shift in primary producers, where
photoautotrophs will be favoured creating “greener” food webs. Due to higher mean
temperatures, the cold-adapted species will move into refuges or become extinct. With the
colonisation of downstream species to upper parts of the stream food webs may have more

trophic levels with larger-bodied organisms and predators
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