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Abstract 

The Alpine cryosphere is strongly affected by the current climate-driven deglaciation. In this context, 

one of the most evident effects of glacier retreat is the increase in number and volume of new 

proglacial lakes, that in the past decades progressively became a frequent feature of the high 

mountain landscape. Common traits of proglacial lakes are related to the inflow of glacial meltwater 

and include low water temperature and high amounts of inorganic particles suspended in the water 

column, which results in high turbidity. These factors shape a harsh and rapidly evolving habitat, 

with only partially known selective effects on lake biota. While planktonic communities in proglacial 

lakes have attracted more attention from the scientific community, knowledge on benthic 

communities remains scattered. Nonetheless, given the low input of allochthonous organic matter 

from bare proglacial forefields, local periphyton may represent a crucial carbon source fuelling the 

food webs of glacier-fed lakes.  

This thesis contributes to the general knowledge of Alpine proglacial lake ecosystems, by integrating 

observations and modelling of lake hydrodynamic, temperature and turbidity patterns with 

investigations on benthic biological communities. The synergy between different disciplines allows 

to provide a broad picture of the dynamics involved in the ecological evolution of proglacial lake 

ecosystems influenced by the current Alpine deglaciation. For this purpose, a lake cluster formed by 

the regression of the Cevedale Glacier was investigated over a two-year period, during the ice-free 

season. Four proglacial lakes were selected, representing the different evolutionary stages of 

proglacial lake ecosystems, going from one turbid ice-contact lake to intermediate and distal lakes.  

Physical, chemical and biological components were extensively monitored in the lakes through the 

installation of temperature, light and electrical conductivity sensors, and by collecting samples for 

chemical and biological analyses (eDNA and benthic diatoms). The environmental gradients 

recorded in the study site are mainly linked to the different lake age and the related glacial influence. 

Physical dynamics were further analysed in one turbid lake, by installing chains of thermistors in the 

water column, to observe vertical stratification phenomena. These data were used to calibrate a 2-

D hydrodynamic model, which allowed to link the lake thermal dynamics to the turbidity patterns. 

Input data for the model set-up were obtained from in situ measurements of outlet discharges, 

water level and the concentration of inorganic suspended solids in the lake. The model simulation 

showed that during periods characterised by warm air temperatures and rare precipitation events, 

the lake promptly responds developing a daily thermal stratification, which in turn determines the 

depth of intrusion of the turbid inflow, often entering the lake as an interflow. Therefore, thermal 

stratification can influence the light penetration in the water column of shallow layers through the 

control on turbidity patterns. From an ecological perspective, these results indicate that light 

availability in the littoral area can occur also in periods of sustained glacier turbid inflow, thus 

determining the presence of stratification-driven windows of opportunity for periphyton growth. 

This result was consistent with the seasonal evolution of the biomass of littoral photosynthetic 

communities in the lake, measured as chlorophyll-a and organic content in the biofilm and as benthic 

diatom density. A peak in photosynthetic biomass was indeed observed in August 2022, suggesting 



that periphyton growth can be sustained even during periods of maximum turbid inflow from the 

glacier.  

Detailed analyses on biological communities indicate a progressive increase in littoral α-diversity 

from the ice-contact lake to the distal lake, for both eukaryotic (including diatoms) and prokaryotic 

assemblages. However, taxonomic compositions significantly differed from lake to lake. These results 

indicate that the progressive loss of glacial influence during the evolution of the studied lakes is 

related to an increase in α-diversity in littoral communities and to a simultaneous homogenisation 

of communities, which leads to a decreasing β-diversity.  

First stages of colonisation (i.e., communities in the most recent lakes), are dominated by 

psychrophilic, aerophilic, soil-adapted and pioneer species. The selective physical setting of habitat 

in the Cevedale proglacial lakes, characterised by cold and turbid water inflow and the continuous 

deposition of high amounts of fine-grained sediment on shores, allows the establishment of 

specialised diatom communities. One diatom species (i.e., Pinnularia bullacostae) not previously 

recorded in the European Alps was observed in the Cevedale proglacial lakes.  

The results of this thesis point out the relevance of proglacial lakes for the Alpine environment: 

despites strongly dependent on hydrodynamic patterns and characterised by harsh habitats, they 

can host specialised biodiversity. In a climatic change perspective, proglacial lake habitats are 

expected to undergo relevant modifications in the upcoming decades, since the projected increase 

in air temperature and concomitant decrease in summer precipitation could accelerate natural 

colonisation processes. This will further extend the expected effects of global warming over 

biodiversity and ecological evolution of Alpine aquatic ecosystems. 
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Chapter 1 

Introduction 
The ongoing climatic changes are affecting biodiversity and functioning of ecosystems worldwide 

(IPBES, 2019; Nimma et al., 2025), as well as their provision of services to human societies. This 

determines dramatic effects that encompass the access to food and water, human health, and other 

human rights (Birkmann et al., 2022). One of the most evident effects of global warming on natural 

systems is the massive reduction in the extension of glaciated areas worldwide (IPCC, 2022; WGMS, 

2023; Al-Yaari et al., 2023). Cycles of glaciation and deglaciation are important agents of 

transformation of the Earth surface at geological scales, including the formation of lakes, as most 

lakes on Earth have a glacial origin (Wetzel, 2001). The present deglaciation of mountain areas offers 

the unique opportunity to directly observe the cascade effects that are involved in this process, 

many of which related to snow and ice depletion (Pepin et al., 2022). Cryosphere loss in mountain 

areas has been extensively documented (Hock et al., 2019), together with the connected impacts 

on hydrological regimes and the seasonality of water availability (Beniston et al., 2018), habitat 

shifts and biodiversity loss (Cauvy-Fraunié & Dangles, 2019). The consequent effects on ecosystem 

services provided by the mountain cryosphere have been addressed in relation to quantity and 

quality of freshwater supply for human activities, climate regulation, culture and tourism (Huss et 

al., 2017; Milner et al., 2017; Ramel et al., 2020). Mountain areas are considered as “water towers” 

in relation to their significant contribution in water supply to lowland populated areas (Viviroli et 

al., 2007).  In this context, the European Alps are very sensitive to climatic changes, due to their 

location in a densely populated geographic area that strongly relies on their ecosystem services 

(Vanham, 2012). The decline of the Alpine cryosphere has been largely documented (Beniston et 

al., 2018; Hock et al., 2019), as well as its consequences on downstream ecosystems and human 

activities (Milner et al., 2017).  

As glaciers retreat, they leave a complex of new terrestrial and aquatic proglacial ecosystems, which 

are characterised by high geodiversity (Bollati et al., 2023) and extraordinarily rapid evolution 

(Bosson et al., 2023).  Among the new ecosystems, proglacial lakes, i.e., lentic water bodies located 

in the proglacial area and directly linked to the glacier activity (Otto, 2019), are becoming 

increasingly represented elements of mountain landscapes worldwide (Stokes et al., 2007; Wang et 

al., 2015; Song et al. 2017; Tweed & Carrivick, 2015; Salerno et al., 2016; Nie et al., 2017; Drenkhan 

et al., 2018; Shugar et al., 2020; Ma et al., 2021). Furthermore, proglacial lakes pose risks related to 

sudden floods caused by rapid drainage of glacial basins (Glacier Lake Outburst Floods, GLOFs), that 

constitute a natural hazard for human populations living in deglaciating areas and can induce 

catastrophic landscape changes (Haeberli et al., 2011; Carrivick & Tweed, 2016; Viani et al., 2021; 

Taylor et al., 2023).  

Many studies conducted in the European Alps agree that glacier retreat is paralleled by both the 

increase in the formation of new proglacial lakes and the growth of existing ones (e.g., Emmer et 

al., 2016; Viani et al., 2016). Ma et al. (2021) reported the existence in the European Alps, in 2019, 

of 498 glacial lakes with area >0.01 km2, largely exceeding the number of non-glacier-fed ones. 
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According to this study, Alpine glacial lakes markedly increased in number and area between 2000 

and 2019. Buckel et al. (2018) estimated the formation of 264 new glacial lakes between the Little 

Ice Age and 2015. The high rate of formation of Alpine proglacial lakes is expected to persist under 

the present climate change conditions. For example, Steffen et al. (2022) estimated that in the Swiss 

Alps more than 100 new lakes might form by 2050, and up to 683 potential lakes (with a total volume 

of up to 1.16 km3) could form if glaciers will completely disappear. Because of glacier retreat, the 

elevation at which proglacial lakes form tends to increase (Salerno et al., 2014; Nie et al., 2016).  

Proglacial lakes are directly linked to the glacier activity (Otto, 2019) as they are in direct contact 

with glacier ice (Tweed & Carrivick, 2015) and are fed by glacial meltwater (“glacier-fed lakes”, 

Ashley, 2002), which transports sediments and solutes (Ashley, 2002; Otto, 2019). From a 

geomorphological point of view, these lakes are classified based on the type of dam that allows the 

impoundment of meltwater (Tweed & Carrivick, 2015; Otto, 2019), such as ice, bedrock, moraines, 

and landslides. Another classification considers the position of the lake relative to the glacier, 

distinguishing between ice-contact and ice-distal lakes. The latter are physically detached from the 

glacier but still receive glacial meltwater from glacier-fed streams (Ashley, 2002). The altitudinal 

distribution of the different types of Alpine glacial lakes is uneven (Ma et al., 2021). In particular, 

supraglacial and ice-contact lakes are generally located at higher elevations (average 2600 m a.s.l.), 

while ice-distal lakes are found down to 2400 m a.s.l. Ice-dammed lakes have a narrower altitudinal 

distribution than moraine-dammed and bedrock-dammed lakes, as they are strictly associated with 

glacier termini.  

Alpine proglacial lakes are often ephemeral (Salerno et al., 2014), and their persistence depends on 

different interconnected factors. First, the rapid formation of these lakes is often accompanied by 

infilling processes due to the input and deposition of glacial sediment, which reduce lake depth and 

area (Bogen et al., 2015; Tweed & Carrivick, 2015; Otto, 2019). Second, unstable ice, landslide and 

moraine dams close to glacier margins can suddenly collapse, leading to the complete drainage of 

the lake (Rabot, 1905; Masetti et al., 2010; Carrivick & Tweed, 2013). Finally, the increased ratio 

between evaporation and precipitation induced by global warming can lead to a net lake volume 

loss after disconnection with the glacier, as observed in low elevation ponds of glacial origin in the 

Ortles-Cevedale area (Salerno et al., 2014).  

  

Proglacial lake habitats 

Altogether, proglacial lake ecosystems are oligotrophic systems, where physical factors such as 

temperature and turbidity represent the main constraints on biodiversity and productivity. The 

habitat features in proglacial lakes are largely determined by glacial meltwater, which is cold, turbid, 

and has distinctive chemical characteristics (Slemmons et al., 2013).  

Proglacial lakes are generally colder than their non-glacier-fed counterparts (e.g., Koenings et al., 

1990; Tiberti et al., 2020). However, the distance between lake and glacier is a determinant factor 

for water temperature, with distal lakes exhibiting higher water temperature compared to ice-

contact lakes (Peter & Sommaruga, 2017; Harmeier et al., 2024). This results in different lake 

thermal dynamics. In ice-contact lakes, surface temperatures below 4°C induce inverse stratification 

or continuous mixing, while in ice-distal lakes temperatures above 4°C can promote the 
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establishment of thermal stratification (Hardmeier et al., 2024). These thermal differences originate 

from the inlet temperature, which is often close to 0°C in ice-contact lakes (Carrivick & Tweed, 

2013), whereas in distal lakes the inlet is heated in its path from the glacier to the lake (Irwin & 

Pickrill, 1982; Ashley, 2002). Also, the direct contact with the glacier front, when it forms part of the 

lake banks, can induce lake water cooling.   

Turbidity in glacier-fed lakes is usually higher than in snow-fed lakes at comparable elevations (Barta 

et al., 2018; Buerpee et al., 2018; Echeverría-Vega et al., 2018; Tiberti et al., 2020; Vanderwall et al., 

2023) and is caused by large amounts of fine sediment suspended in the water column (Modenutti 

et al., 2000). These fine sediments constitute the so-called “glacial flour”, which is composed mainly 

of mineral particles produced by the glacier erosion of underlying bedrock (Herman et al., 2015). 

The grain size of glacial flour particles ranges from fine silt to clay (Smith, 1978; Gallegos et al., 2008; 

Chanudet & Filella, 2009; Sommaruga & Kandolf, 2014) and their mineralogical composition 

depends on bedrock lithology (Ashley, 2002). Glacial flour influences the optical properties of the 

water column, attenuating the penetration of light radiation, both in the photosynthetic active 

(PAR) and in the ultraviolet (UV) range of wavelength (Rae et al., 2001; Gallegos et al., 2008; Rose 

et al., 2014).  

Turbidity patterns depend on the distribution of glacial flour in the lake, which is controlled by, and 

controls, density stratification within the lake, together with temperature (Sugiyama et al., 2016). 

For example, as explained by Ashley (2002), in stratified distal lakes, the atmospheric heat input on 

surface layers determines the formation of a warmer epilimnion overlying a colder hypolimnion. 

The difference in density between the cold and turbid inflow and the warmer lake water layers 

drives the formation of complex overflows, interflows or underflows. These transport patterns can 

result in sub-surface turbidity maxima (e.g., Robb et al., 2021).  

In comparison to snow-fed mountain lakes, proglacial lakes can be enriched in nutrients of      

different origin (Ren et al., 2019; Vanderwall et al., 2023). Glacial meltwater is an important source 

of organic carbon for downstream ecosystems (Singer et al., 2012; Hood et al., 2015). Indeed, 

glaciers store allochthonous organic carbon originating from atmospheric deposition and organic 

carbon originating from microbial primary production (Anesio et al., 2009; Singer et al., 2012). 

Enrichment in total phosphorus mainly derives from particulate phosphorus (P) released by the 

erosion activity of the glacier mass on underlying bedrocks (Hodson et al., 2004). However, relevant 

P input can originate also from episodic deposition of desert dust transported by the atmospheric 

circulation (Brahney et al., 2014). Glacier meltwater is often enriched also in particulate nitrogen 

(N), resulting in increased total N concentrations in glacier-fed lakes in comparison to other 

mountain lakes fed by snow (Saros et al., 2010; Slemmons and Saros, 2012; Williams et al., 2016; 

Warner et al., 2017; Colombo et al., 2019). Nitrogen can derive from atmospheric deposition on 

glacier surface (Colombo et al., 2019) and microbial processes (Slemmons et al., 2013). Given the 

spatial variability of sources, nutrient enrichment of meltwater is quite variable at regional scale 

(Rogora et al., 2008; Williams et al., 2016). 
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Life in proglacial lakes 

Proglacial lakes are unique ecosystems, where the extreme habitat conditions created by glacier 

meltwater support the presence of special combinations of organisms. Field-based studies showed 

that proglacial lake communities are markedly different from those found in clear mountain lakes 

(Slemmons & Saros, 2012; Kammerlander et al., 2016; Peter & Sommaruga, 2016; Barta et al., 2018; 

Tiberti et al., 2020; Kleinteich et al., 2022) and from those found in glacier-fed rivers (e.g., Hu et al., 

2020). The uniqueness of proglacial lake plankton is the result of the environmental characteristics 

of these ecosystems, as summarised by Sommaruga (2015). 

According to Elser et al. (2020), the main factors driving biological dynamics in alpine headwaters 

are temperature, light, stoichiometry, and efficiency in the use of limiting resources.       

Water temperature is an important factor in determining community composition and physiology 

in proglacial lakes. Cold temperatures pose selective constraints to living organisms, affecting 

enzyme activity, molecular flexibility, and fluidity of membranes (D’Amico et al., 2006; Elser et al., 

2020). Therefore, cryosphere-related organisms have evolved adaptations that involve, for 

example, the production of cold-adapted enzymes (Collins & Gerday, 2017), antifreeze proteins and 

cryoprotectants (Kawahara, 2017), modulations in the composition of membrane lipids (Russell, 

1997), and the increase of ATP production to maintain appropriate metabolism levels at low 

physiological temperature (Napolitano, 2004). These costly adaptations become ineffective, or even 

harmful, at higher temperatures (Elser et al., 2020), so that many cold-adapted organisms are 

stenotherms. In proglacial lakes, the presence of planktonic cold-adapted species is well 

documented, and include, for example, bacteria such as Polaromonas (Peter & Sommaruga, 2016) 

and algae such as Koliella sp. (Kammerlander et al., 2016). A warmer Alpine hydrosphere leads to a 

reduction of habitats of cold-adapted species (e.g., Brown et al., 2007; Muhlfeld et al., 2011), with 

increasing extinction risk (Gobbi et al., 2021). 

The presence of glacial flour is another key factor in determining the composition of planktonic 

communities in proglacial lakes, as it influences the feeding efficiency of grazers (Koenings et al., 

1990) and reduces the thickness of the photic zone (Rose et al., 2014), while attenuating UV-induced 

damage (Tartarotti et al., 2014). In such environments, turbidity induces light limitation and only 

the most tolerant taxa of phytoplankton can survive. In the Italian Alps, Tiberti et al. (2020) found a 

negative relationship between glacial influence and the presence of eukaryotic phytoplankton, with 

the main planktonic primary producers being picocyanobacteria. In some cases, proglacial 

planktonic communities can lack photosynthetic bacteria (Gaskill et al., 2020; Hu et al., 2020).  Harsh 

conditions favour specialised taxa and life strategies. Algal taxa observed in proglacial lake 

phytoplankton possess adaptations to low or variable light conditions. Cryptophytes, that are 

characteristic members of proglacial lake phytoplankton (Kammerlander et al., 2016; Barta et al., 

2018), possess, together with chlorophyll a and c, the phycobilisome light-harvesting complex 

(Gantt et al 1971; Gervais, 1997). Similarly, autotrophic picocyanobacteria are equipped with 

accessory light-harvesting phycobiliproteins (Callieri, 2017), an advantageous adaptation to low-

light niches (Tiberti et al., 2020; Miserendino et al., 2023). Among chlorophytes, species of the genus 

Koliella such as K. antarctica can readily respond to light fluctuations by controlling the xanthophyll 

content of their photosynthetic apparatus (La Rocca et al., 2015). 



12 
 

Phytoplankton is also highly sensitive to nutrient loads (Wetzel, 2001). N input delivered with glacial 

meltwater can cause phytoplankton communities to shift from N limitation, rather common for 

mountain lakes, towards P and N co-limitation (Slemmons & Saros, 2012; Ren et al., 2019) or P 

limitation (Tiberti et al., 2020), which implies changes in algal community composition (Slemmons 

et al., 2017) and photosynthetic rates (Slemmons & Saros, 2012). However, despite the nutrient 

input from meltwater, proglacial lakes are generally oligotrophic or ultraoligotrophic. Indeed, 

nutrients delivered with meltwater are mainly not readily available to algal consumption (Hodson 

et al., 2004; Föllmi et al., 2009). Furthermore, the physical constraints posed by glacial meltwater 

inhibit algal growth even in presence of large nutrient availability (e.g., Rinke et al., 2001), so that in 

very turbid proglacial lakes light attenuation induced by glacial particles dominates over nutrient 

enrichment in limiting primary production (Tiberti et al., 2020). 

The presence of glacial flour, together with phytoplankton composition of glacial lakes, influences 

higher planktonic trophic levels.  Waibel et al. (2019) identified high mountain oligotrophic lakes as 

hotspots for mixotrophy, i.e., the capacity of certain algal groups to improve their nutrition by 

ingesting organic particles or cells. In glacier-fed lakes, mixotrophy represents an advantageous trait 

for unicellular eukaryotes (Hinder et al., 1999; Sommaruga, 2015; Kammerlander et al 2016). In their 

experiment, Sommaruga and Kandolf (2014) demonstrated that the mixotrophic flagellate 

Dinobryon divergens was insensitive to the presence of glacial flour, while the abundance of the 

strictly heterotrophic Spumella sp. was significantly affected. This effect was concentration-

dependent and linked to the low bacteria to particle ratio. Indeed, the particles of glacial flour have 

a grain size distribution overlapping the size of the potential prokaryotic preys (Pernthaler, 2005; 

Sommaruga & Kandolf, 2014). Bacterivory of mixotrophic flagellates is strongly reduced by 

increased clay concentrations, in relation to the increased time invested in the handling of the prey 

and ejection of non-edible particles (Schenone et al., 2020). Furthermore, glacial particles typically 

have low organic coating, which does not support bacterial colonisation (Sommaruga & Kandolf, 

2014). Similarly, the high amounts of small-sized mineral particles arriving together with ice 

meltwater affect the foraging efficiency of filter-feeding zooplankton (Koenings et al., 1990). The 

main taxonomical groups of zooplankton living in proglacial lakes are copepods and rotifers (Barta 

et al., 2018; Kammerlander et al., 2016; Tiberti et al., 2020), both known as selective feeders 

(DeMott et al., 1986; Kirk et al., 1991). With respect to clear lakes, copepods have wider habitats in 

glacial lakes, thanks to UV-attenuation exerted by turbidity (Tartarotti et al 2017). Cladocerans, such 

as Daphnia sp., are present at very low densities in proglacial lakes (Barta et al., 2018). Tiberti et al. 

(2020) found significantly lower abundances of cladocerans and copepods in glacier-fed Alpine lakes 

compared to non-glacier-fed ones, with Daphnia sp., Alona sp. and the copepode Eucyclops 

serrulatus totally absent in the former ones. Khamis et al. (2014) found a negative relationship 

between the presence and abundance of the Daphnia longispina group, and the percentage of 

glacier cover in the catchment, thus confirming the link between the glacier activity and plankton 

structure. Nutrient limitations in phytoplankton interact with light restrictions caused by turbidity, 

affecting the light:P ratio (Sterner et al., 1997). In turbid glacial lakes, this can lead to a low algal C:P 

ratio (Ren et al., 2019). Since zooplankton species have different nutrient needs (e.g., Hall et al., 

2004), changes in the C:P ratio along turbidity gradients impact food quality and affect grazer species 

composition (Laspoumaderes et al., 2013). 
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While the knowledge of composition and ecology of phytoplankton of Alpine proglacial lakes is 

relatively advanced, information about benthic communities is still scarce and restricted to few 

taxonomic groups. A rather large information is available for benthic macroinvertebrates, which 

generally exhibit a lower diversity in glacier-fed lakes than in clear lakes (Barta et al., 2018; 

Miserendino et al., 2023), and whose communities are dominated by chironomids (Gobbi & 

Lencioni, 2020). However, macrozoobenthic assemblages in glacier-fed lakes exhibit distinct 

taxonomic composition, characterised by the presence of cold stenotherms such as the tribe 

Diamesinae (Jennings, 2021).   

Benthic microbial communities have been rarely considered in previous studies conducted in the 

Alps (e.g., Kleinteich et al., 2022). Even though cyanobacteria, diatoms, chrysophytes, and green 

algae represent the key component of phytobenthos of both glacial and clear non glacial high 

altitude water bodies (e.g., Rott et al., 2006; Sudlow et al., 2023), the investigations so far identified 

benthic microbial assemblages as taxonomically differing in proglacial lakes and clear lakes 

(Kleinteich et al., 2022). In the French Alps, Feret et al. (2017) individuated distinctive benthic diatom 

assemblages in proglacial lakes compared to other mountain lakes. However, the spatial and 

seasonal variability of benthic communities along the Alpine deglaciation chronosequences is still 

unknown.  

Nonetheless, given the reduced planktonic primary production and the low input of allochthonous 

organic matter from bare proglacial terrestrial ecosystems, benthic primary producers (i.e., 

periphyton) represent a key autochthonous carbon source for proglacial lake food webs 

(Vadeboncoeur et al., 2002). For example, Mez et al. (1998) and Kleinteich et al. (2022) observed 

the formation of conspicuous cyanobacterial mats growing on stones and sediment in proglacial 

lakes in the Swiss Alps. Despite the high dynamism of the water column, periphytic biofilm likely 

experiences different environmental conditions in comparison to plankton. However, information 

on this aspect only comes from studies on glacial streams. The study conducted by Ezzat et al. (2022) 

demonstrated that both alpha and beta diversity of benthic microbial communities significantly 

differ from those observed in the water column of glacier-fed streams. The phenology of 

phytobenthos in glacier-fed streams is determined by the physical properties induced by glacial 

runoff, i.e., cold temperatures and high turbidity. This suppresses benthic primary production during 

periods of glacial ablation (summer), when glacial flour induces light limitation, and bedload induces 

physical disturbance on biofilms. Instead, periphyton growth is concentrated during the so-called 

“Windows of Opportunity” (WOs, Uehlinger et al., 2010), periods during which environmental 

conditions are favourable for photosynthesis. WOs typically occur in autumn, when temperatures 

are still relatively high, but glacier runoff is reduced, and in spring, depending on snowpack 

conditions. The response of periphyton to WOs has been documented in stream communities and 

involved biomass, taxonomic composition, diversity, and metabolism (Uehlinger et al., 2010; Busi et 

al., 2022; Tolotti et al., 2024). Although similar mechanisms may drive WOs in proglacial lakes, the 

response of lentic water bodies to inflow of glacial meltwater is expected to be mediated also by 

density stratification (Ashley, 2002; Sugiyama et al., 2016). The consequent timing and 

characteristics of WOs in glacier-fed lakes remains up to date unexplored in this field.  
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Aims of the thesis 

This thesis aimed at improving the knowledge about Alpine proglacial lake ecosystems and their 

response to the present deglaciation process. This general aim was addressed by analysing a cluster 

of 4 proglacial lakes located in the Central European Alps, in the Ortles-Cevedale Massif (details in 

Chapter 2). The cluster includes four lakes (referred to in this thesis as the Cevedale proglacial lakes) 

that formed in recent decades due to the progressive retreat of an Alpine glacier, the 

Zufallferner/Vedretta del Cevedale. Therefore, the lakes have different age and distance from the 

glacier terminus and potentially represent a deglaciation chronosequence. The study of deglaciation 

chronosequences, as proposed by Sommaruga (2015), is a valuable approach to observe the 

changes in lake ecosystem structure over space and time, and to predict future ecological 

trajectories following their response to deglaciation. The field survey was complemented by the 

application of a hydrodynamic model, to generalise the observations about the evolution of the 

physical habitat in proglacial lakes and to explore the role of different processes.  

 

The specific aims of the study were to:  

 

1. Conduct a comprehensive analysis of the physical, chemical, and biological properties of the 

Cevedale proglacial lakes. 

2. Investigate the key parameters that control the physical habitat of the Cevedale proglacial 

lakes and examine the seasonal evolution of the physical environment in a proglacial lake 

(Chapter 3). 

Research questions:  

o How is the physical environment structured in a proglacial lake? 

o How do water temperature and turbidity vary during the ice-free season? 

o How can stratification influence ecological windows of opportunity for benthic 

primary producers? 

3. Characterise the community composition and diversity of benthic diatoms in the Cevedale 

proglacial lakes and assess their response to deglaciation (Chapter 4). 

Research questions:  

o What is the taxonomic composition of littoral benthic diatom communities in 

proglacial lakes? 

o How do these communities respond to varying levels of glacial influence? 

4. Provide the first survey of the community composition and diversity of prokaryotic and 

eukaryotic organisms in the Cevedale proglacial lakes and investigate their response to 

deglaciation (Chapter 5). 

o What is the community composition and diversity of prokaryotic and eukaryotic 

organisms in the Cevedale proglacial lakes? 

o How do these communities respond to deglaciation? 

o Are benthic primary producers more diverse than planktonic ones in proglacial lakes, 

and how do they adapt to harsh physical conditions and limited resources? 
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Chapter 2 

Study site and methodological approach 
 

Study site 

The study area (626746.125 5146297.011; WGS 84/UTM Z 32 N EPSG:32632) is located in the Ortles-

Cevedale Group, in the upper Martell Valley, Autonomous Province of Bolzano/Bozen, Italy, and is 

included in the territory of the Stelvio National Park, in the Central Alps. The upper Martell Valley is 

characterised by the presence of several Alpine glaciers in its more elevated portions, and proglacial 

lakes are frequent features of the landscape (Hofmeister et al., 2022). The climate in the study area 

is classified as “alpine tundra” in the Köppen-Geiger classification map (Kottek et al., 2006). The rock 

substrate in the area is characterised by mica schists and paragneiss, which are mainly composed of 

chlorite and sericite, with frequent intercalation with quartz (ISPRA 2012; Montrasio et al., 2012). 

The underlying rock is extensively covered by glacial deposits and moraines, formed during the last 

period of glacial expansion, i.e. the Little Ice Age (Montrasio et al., 2012). The land cover classes in 

the area are glaciers, rocks, and unvegetated debris areas (Autonomous Province of Bolzano/Bozen, 

2005), where primary vegetational succession is occurring (Ramskogler et al., 2023). The highest 

peaks of the area are Ortles (3905 m a.s.l.), Gran Zebrù (3857 m a.s.l.), and Cevedale (3769 m a.s.l.). 

According to the New Italian Glacier Inventory (Smiraglia & Diolaiuti, 2015), the 129 glaciers of the 

Ortles-Cevedale Group cover an area of 72.18 km2, of which 24 are in Trentino (9.22 m3), 51 in 

Lombardia (28.85 m2), and 54 in Alto Adige (34.38 m2). Among these glaciers, Zufallferner has an 

area of 3.39 km2 (Smiraglia & Diolaiuti, 2015). During the Little Ice Age, Zufallferner was connected 

with Langenferner (Figure 2. 1a) at their lower extremities, and they separated in the second half of 

the 19th century (Rabot, 1905). At the end of the 19th century, Zufallferner slightly increased in size 

and became an ice-dam for the glacial lakes fed by the Langenferner. The rupture of this ice dam 

caused four sudden floods (also known in literature as Glacier Lake Outburst Flood, GLOF, e.g., 

Taylor et al., 2023) in 1887, 1888, 1889 and 1891, that profoundly changed the morphology of the 

valley (Rabot, 1905). To protect the towns of the Martell Valley from the devastating effects of the 

glacial floods, an artificial dam was built between 1892 and 1893. 

According to the most recent annual glaciological surveys of Italian glaciers (Baroni et al., 2022; 

Baroni et al., 2023; Chiarle et al., 2024), the Cevedale glaciers, including Zufallferner and the 

adjacent Fürkeleferner (Figure 2. 1 a), are facing an important retreat phase. Zufallferner retreated 

by 251 m between 2013 and 2023 (Servizio Glaciologico Alto Adige, 2023). In 2023, Zufallferner and 

Fürkeleferner were still connected under the extensive moraine coverage (Servizio Glaciologico Alto 

Adige, 2023; Chiarle et al., 2024). The front of Zufallferner was located at an elevation of 2782 m 

a.s.l. in 2021 (Baroni et al., 2022), 2786 m in 2022 (Baroni et al., 2023), and at 2793 m in 2023 (Chiarle 

et al., 2024).  

Within this area, four proglacial lakes (Figure 2. 1) were analysed in the present study. The Cevedale 

proglacial lakes are located in a remote area, where human frequentation and direct disturbance 

are rare. There are no official paths to reach the lakes, and tourism is mostly concentrated in other 

parts of the upper Martell Valley, such as the nearby Fürkeleferner and the alpinist routes that reach 
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the glaciers of the Cevedale Massif. The closest structure is a mountain hut, Martellerhütte, located 

at 2610 m a.s.l. about 1.5 km from the downstream lake.  

The lakes formed from the progressive retreat of one of the glacier tongues of the Cevedale glaciers, 

the Zufallferner/Vedretta del Cevedale (Figure 2. 1a).  The portion of the Zufallferner that feeds the 

proglacial lakes is covered with abundant detritus (Figure 2. 1 b). 

The proglacial lakes are located above the timberline on almost barren soil, between 2700 and 2900 

m a.s.l., within the upper catchment of the Plima Creek, which is the inlet of the 

Gioveretto/Zufrittsee reservoir (approximately 6 km downstream from the proglacial lakes). Ice 

melt and snowmelt dominate the hydrological regime of the Plima catchment, and increases in 

summer flows are caused by glacier melt (Puspitarini et al., 2020). During winter, the lakes are 

covered with ice and snow, and are accessible only during the ice-free season, i.e., between July (or 

end of June) and September/October. The lakes formed progressively during the last decades in the 

depressions of the proglacial area left by the retreat of Zufallferner. Due to their progressive 

formation, the lakes are located at increasing distance from the glacier terminus (Figure 2. 1 a, b): 

only the most recent lake, L1, is still in contact with the glacier ice, while the oldest lake, L3, is also 

the most distant from the glacier ice. Small surface streams connect the water bodies (Figure 2. 1 

b). During the ice-free season, the lakes are mainly fed by glacial meltwater. During the study period, 

lake L1 was in contact with white glacier ice, was ice-dammed and part of the lake bottom was 

composed of ice. Lake L2 was in contact with debris-covered ice, at least along its upstream shore. 

The upstream shore was also covered by a conspicuous sediment delta, composed of fine glacial 

sediment (supplementary material S2.1). Lake LC was dammed by both moraines and bedrock. Lake 

L3 was dammed by moraines and was divided into two sub-sections by small moraine ridges that 

caused a narrowing of the lake area in its central part. 

The four lakes developed at different times, following the retreat of Zufallferner (Figure 2. 2). The 

oldest lake, L3, first formed in contact with the terminus of Zufallferner at least in 1992, when its 

first part was visible in an orthophoto (Figure 2. 2). In the orthophoto of 2015, lakes L1, L2 and LC 

were not visible, as their positions were still covered by ice or snow. L2 and LC formed between the 

summer of 2016 and 2017, with L2 initially in contact with ice. L1 appeared for the first time in 

summer of 2018. By 2020, all four lakes were fully formed and clearly visible in the orthophoto.  

In the early ice-free season 2023 (likely during the last week of June), all water in L1 drained 

following the collapse of the glacier ice dam (Figure 2. 3), allowing meltwater to flow in the direction 

of the adjacent glacial stream, fed by the Fürkeleferner. After this event, the depression in front of 

the right part of Zufallferner was no longer filled with water. Consequently, while in 2022 the 

proglacial lakes selected for the study were L1, L2 and L3, in 2023 LC was added to the study. In the 

2023 orthophoto, only the lakes L2, LC, and L3 are visible (Figure 2. 2).
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Figure 2. 1. (a) Position of the study site on the Cevedale Massif, in the Upper Martell Valley (from Google Earth). (b) Map of the study area showing the four lakes and the 

system of superficial streams that connect the lakes (background map: orthophoto 2020, Autonomous Province of Bolzano/Bozen). 
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Figure 2. 2. Evolution of the proglacial area around Zufallferner and Fürkeleferner from 1945 to 2023. Note the 

different scale in images from 1945 and 1954. Sources: 1945, Istituto Geografico Militare Italiano, 1945; 1954, Gruppo 
Aereo Italiano, 1954; 1992, 2006, 2008, 2015, 2020, 2023, orthophoto Autonomous Province of Bolzano; others, Image 

©, 2017, 2018, 2019, 2022, Planet Labs PBC. 
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Figure 2. 3. (a) Lake L1 before (13 September 2022) and after (4 July 2023) the dam break and subsequent drainage. (b) 

Collapsed glacier ice, previously constituting the dam of L1. 

The datasets of hydrochemistry and environmental DNA (see next sections) from the four proglacial 

lakes studied in 2022 and 2023 were integrated with samples collected from the Marmotte Lake, a 

clear mountain lake (628627.540 5144113.338; WGS 84/UTM Z 32 N EPSG:32632). The Marmotte 

Lake (Figure 2. 4) is located in the Ortles-Cevedale Group in the upper La Mare Valley (Val de La 

Mare), in the Autonomous Province of Trento, Italy, at an elevation of 2705 m a.s.l., approximately 

2.8 km southeast from the Cevedale proglacial lakes. The lake is currently about 203 m long, 136 m 

large and 6.5 m deep (Carturan et al., 2021). The geological substrate where this lake is located 

closely resembles that of the Cevedale proglacial lakes, consisting of Pleistocene glacial deposits 

overlying a bedrock of mica schists with prevailing chlorite and sericite (ISPRA, 2012). Although the 

Marmotte Lake has a glacial origin, it no longer receives glacial meltwater. The small Marmotte 

Glacier (Vedretta Marmotta) occupied the upper portion of the lake catchment until the first half of 

the 20th century, as reconstructed by Carturan et al. (2021). Vedretta Marmotta completely 

disappeared around 2003-2007, when the last fragmented glacier remnants melted (Carturan et al., 

2021). Today, rock glaciers and permafrost are common in the area (Carturan et al., 2016). Due to 

the absence of contribution from glacier melt, the water column of Marmotte Lake is highly 

transparent. The lake shores are composed of coarse sediment (Carturan et al., 2021). The 

Marmotte Lake was selected because, being once fed by Vedretta Marmotta (Carturan et al., 2021), 

can represent the possible condition of the proglacial lakes after the complete loss of glacial 
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influence, in a space-by-time approach. The Marmotte Lake is the closest available clear lake in the 

Cevedale Massif that can be safely reached.  
 

 

 
Figure 2. 4. Map of the study area with the location of the Cevedale proglacial lakes (yellow point) and the Marmotte 
Lake (green point). Light blue triangles indicate the main peaks of the area: Ortles (3905 m asl), Gran Zebrù (3857 m 
asl), Cevedale (3769 m asl) and Palon de La Mare (3703 m asl). Z and F indicate the sections of the Cevedale glaciers, 

Zufallferner and Fürkeleferner, respectively. Map: modified from Google Earth, retrieved 21 March 2025, from 
https://www.google.com/earth. 

 

Methodological approach 

The study of the Cevedale proglacial lakes was structured by adopting a multidisciplinary approach, 

coupling physical, chemical and biological analyses. Physical data, i.e., water temperature, electrical 

conductivity, light intensity and lake surface level, were monitored by installing dataloggers in the 

littoral area and the water column of the proglacial lakes. Furthermore, specific measures were 

acquired targeting the discharge of lake outlets, lake bathymetry, and the granulometric 

characterisation of littoral sediments. Chemical and biological samples were collected during three 

dedicated field campaigns each year, to characterise the conditions found in different stages of the 

Alpine summer, i.e., snow melt in early summer, glacier ablation in mid-summer, and flow recession 

in early autumn. The samples and data collected in the two seasons, 2022 and 2023, are listed in 

Table 2. 1. Hydrochemistry data from the Marmotte Lake were available for September of both 2022 

and 2023, while eDNA samples (plankton, sediment, and littoral periphyton) were collected in 

September 2023. 
 

https://www.google.com/earth
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Table 2. 1. Data and samples collected for the present study, in 2022 and 2023. 

Measure 
2022 2023 

Method 
L1 L2 L3 L2 LC L3 MA 

Water temperature - littoral x x x x x x x dataloggers + field probes 

Water temperature - vertical profiles    x  x  dataloggers (buoys) 

Electrical conductivity x x x x x x x dataloggers + field probes 

Lake level  x x x  x  dataloggers 

Discharge measurements  x x x  x  salt dilution method 

Hydrochemistry x x x x x x x 
water samples and lab analyses 

(FEM laboratory) 

Trace elements x x x x x x x 
water samples and lab analyses 

(eco-research laboratory) 

Suspended solids water column x x x x x x x water samples and lab analyses 

Biofilm organic content x x x x x x x biofilm samples and lab analyses 

Biofilm Chlorophyll - a x x x x x x x biofilm samples and lab analyses 

Benthic diatoms x x x x x x x biofilm samples and lab analyses 

eDNA x x x x x x x 
plankton, biofilm, sediment 

samples and lab analyses 

 

The physical habitat of the lakes was characterised by integrating field data and a modelling 

approach, detailed in Chapter 3.  

In the littoral area of the lakes, diatom samples were collected to determine density and 

taxonomical composition of benthic diatom communities. Further methodological details are 

provided in Chapter 4. 

Other components of biological communities inhabiting the lakes were analysed through the 

metabarcoding approach on environmental DNA samples. Water, biofilm and sediment samples 

were analysed, targeting the 16S (prokaryotes) and 18S (eukaryotes) rRNA genes (Chapter 5).  

In the next sections of this chapter, the general description of lake morphology, sediment 

characterisation, and hydrochemistry are provided. These data were used also in the following 

chapters.  
  

Lake morphology 

Bathymetric data were collected on 13 and 14 September 2022 for three of the lakes, L1, L2 and L3. 

Measurements were taken with a Fish Deeper Chirp+ sonar (Deeper, UAB) acquiring depth and 

water temperature data 15 times per second, and the GPS position at 1-second intervals. The sonar 

was mounted on a floating platform, which was moved from one of the lake shores towards the 

opposite one with ropes. A zig-zag trajectory was followed to cover the lake surface, resulting in 14 

transects for L2 and 20 for L3. Due to difficult accessibility along the shores and unfavourable 

meteorological conditions, only 6 transects could be measured at L1, covering about one half of its 

bathymetry. The final lake bathymetries were derived by interpolating the point measurements into 

a raster map using the Triangular Irregular Network method (Figure 2. 5). Bathymetric data were 

used to compute the lake surface area and the lake volume. 
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Figure 2. 5. Lake bottom profiles of L1, L2 and L3 (September 2022). 

To complement the bathymetric estimates, available remote sensing data were used for comparison 

(orthophoto 2020, Autonomous Province of Bolzano/Bozen). The contours of the four lakes in the 

orthophoto 2020 (Autonomous Province of Bolzano/Bozen, 2020) were drawn as polygons with the 

geometrical tools of QGIS 3.22.14, and the area of each polygon was computed. This approach also 

allowed the estimation of the area of LC, which was not covered by the field measurements, and to 

obtain a more complete estimate of the area of L1. For L2, remote sensing estimate was 725.8 m2 

larger than the bathymetric estimate (total area = 4996.3 m2). In this case, the significant 

discrepancy is due to the inclusion of the sediment delta in the remote sensing analysis, which was 

not captured in the field measurements.  

The main morphological characteristics of the Cevedale proglacial lakes are summarised in Table 2. 

2. Areas of L1 and LC are those estimated from orthophoto 2020, while areas of L2 and L3 are those 

estimated from bathymetric data.  

  

Table 2. 2.  Identification codes and main morphological characteristics (where available) of the analysed lakes. Area 
estimates for L1 and LC are those measured from orthophoto 2020, for L2 and L3 are those obtained from bathymetric 
data.   

ID Distance from glacier 

terminus (m) 

Maximum 

depth (m) 

Area (m2) Volume (m3)  

L1 0 4.45 4337.3 5526.9 

L2 100 2.95 4270.5 7149.4 

LC 350 - 1792.3 - 

L3 750 4.66 4481.0 7098.9 

 

 

Lake hydrochemistry and habitat characteristics 

During each field campaign in 2022 and 2023, water samples were collected for chemical analyses. 

Samples were collected in 500 mL polyethylene bottles and preserved at 4°C and in the dark until 

the analyses, performed at the Hydrochemistry laboratory of the Edmund Mach Foundation 

according to standardised methods (APHA-AWWA-WPCF, 2017). Analyses addressed turbidity 

(NTU), pH, electrical conductivity (µS/cm) at 20°C, alkalinity (mg CaCO3/L), concentration of major 

ions (CO3
-, Ca2+, Mg2+, Cl-, Na+, K+, SO4

2-, mg/L), nutrients, i.e., total nitrogen TN, NH4
+- N,  NO3-N 

(µg/L), total phosphorus TP, soluble PO4-P (µg/L) and SiO2 (mg/L). Lake water was also analysed 
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addressing the concentration of trace elements: 100 mL water samples were filtered through 

cellulose acetate membranes (0.45 μm) and acidified with 1-1.5 mL of 65% HNO3. The determination 

of the content of 24 trace elements was performed by the Ecoresearch S.r.l. laboratory (Bolzano) 

using a ICP-MS ICAP-Q Thermo Fischer analyser, and addressed concentrations of Be, B, Na, Mg, Al, 

K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Ag, Cd, Sn, Sb, Ba, Tl, Pb, U, Bi, P (µg/L).  

The concentration of suspended solids in the water column of the lakes, divided into organic and 

inorganic components, was measured by filtering water samples in situ (Figure 2. 6) in six sampling 

occasions (for each month of the ice-free seasons): 24-25 June 2022, 1-2 August 2022, 12 September 

2022, 4-5 July 2023, 31 July-1 August 2023, and 26-27 September 2023.  
 

 
Figure 2. 6. Filtration of water samples in situ for the determination of the concentration of suspended solids in the 

water column. 

Water samples (volume 250-1000 mL) were collected from the surface layers of the water column 

(20-30 cm depth), from the littoral area. Water was passed through previously calibrated GF/C 

Whatman glass microfiber filters with 1.2 µm porosity. Filtration was protracted until the filter 

clogged. Filters were stored in aluminium foils and frozen at temperature below -20°C until 

laboratory analyses. Filters were oven-dried for 1 hour at 110 °C, followed by 1 hour at 550 °C in a      

furnace (loss on ignition method, Steinmann et al., 1996). The total dry mass of suspended matter 

was obtained as the net mass retained in the filter after the treatment at 110°C divided by the 

filtered volume (TSS in Figure 2. 7, mg/L). After burning the organic matter at 550 °C, the inorganic 

(ISS in Figure 2. 7, mg/L) and organic (OSS in Figure 2. 7, mg/L) fractions in the sample were obtained 

as the difference between total dry mass and ashes mass. 

The organic content of littoral biofilms (periphyton) was determined in the same six sampling 

occasions. A known area of biofilm was collected with a clean toothbrush from littoral substrata 

such as pebbles and cohesive sediment. The reference area was delimited with a nitrile frame (1.5 

x 1.5 cm2), and up to 5 replicates were collected. The total brushed area was dependent on biofilm 

thickness and the accumulation of mineral sediment on the substrata. The collected material was 

integrated, dispersed in a small amount of water and passed through previously calibrated GF/C 

Whatman glass microfiber filters with a fine nominal particle retention of 1.2 µm. Filters were 

preserved in aluminium foils, frozen as soon as possible and preserved at -20 °C under dark 

conditions until laboratory analyses, which included the same steps as for the determination of 
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water suspended solids (Steinmann et al., 1996). The dry mass per unit area (biofilm in Figure 2. 7, 

g/m2) was estimated as the net mass retained in the filter after the treatment at 110° divided by the 

brushed area. The organic content (org_biofilm in Figure 2. 7, g/m2) was finally computed as the 

difference between the total dry mass and the ashes mass (ash_biofilm in Figure 2. 7, g/m2), 

measured as the net mass retained in the filter after the ignition at 550°C. 

During the same sampling campaigns, the content of chlorophyll a (Chla-a) of littoral biofilms, i.e., 

periphyton, was determined. Biofilm samples were collected from lake littoral areas by brushing a 

known area of biofilm, delimited with a nitrile frame. The sampled material was passed through 

GF/C filters. The filters were preserved in aluminium foils, frozen as soon as possible, and preserved 

at -20 °C under dark conditions until laboratory analysis. Laboratory analysis was performed in two 

consecutive days following standardised protocols (Lorenzen, 1967; Hauer & Lamberti, 1996). Algal 

pigments were extracted from the filters overnight in 90% acetone. After filtering the extract 

through GF/F Watman filters (pore size 0.7 µm), the absorbance of the extract at 664, 665 and 750 

nm was measured with a spectrophotometer before and after acidification with HCl 1N. The 

chlorophyll a per unit area was computed as:  

 

𝐶ℎ𝑙 − 𝑎 =  
26.7 (𝐴𝑏𝑠664𝑏 −  𝐴𝑏𝑠665𝑎) 𝑉𝑒𝑥𝑡

𝐴𝑠 𝐿
 , 

(2.1) 
 

where 𝐴𝑏𝑠664𝑏 is the extract absorbance at 664 nm before acidification, 𝐴𝑏𝑠665𝑎 is sample 

absorbance at 665 nm after acidification, 𝑉𝑒𝑥𝑡 is the volume of acetone used for the extraction (20 

mL), 𝐴𝑠 is the biofilm sampled area (cm2) and 𝐿 is path length of the cuvette (5 cm).  

 

The main chemical and physical properties measured in the Cevedale proglacial lakes are shown in 

Figure 2. 7. The variables that showed statistically significant differences among the Cevedale 

proglacial lakes (Kruskal-Wallis test, p < 0.05) were water temperature (Tw), suspended solids in the 

water column (both TSS and ISS), total phosphorus (TP) and silica (SiO2).  
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Figure 2. 7. Environmental parameters measured in the Cevedale proglacial lakes and the Marmotte Lake. Units are 
specified in the text. Tw = water temperature (°C). L1, L2, LC, L3 = Cevedale proglacial lakes; MA = Marmotte Lake. 

 

Turbidity and the concentration of suspended solids in the water column (TSS) decreased 

progressively from ice-contact to ice-distal and clear conditions, leading to a corresponding 

decrease in turbidity. Conversely, water temperature (Tw) exhibited an increasing trend from ice-

contact to ice-distal lakes, with L1 being the coldest and L3 the warmest.  

The pH of the studied lakes was generally circumneutral to slightly acidic. The lowest pH value was 

recorded in the Marmotte Lake, MA (pH = 6.11 in September 2022), while the highest was observed 

in L2 (pH = 7.32 in September 2022). Electrical conductivity (EC) was higher in Marmotte Lake (mean 

= 126.1 µS/cm) compared to the Cevedale proglacial lakes (average = 68.8 µS/cm). Among the 

Cevedale lakes, L1 exhibited the lowest conductivity (mean = 14.79 µS/cm), while L2, LC, and L3 had 

similar conductivity values (mean = 81.7, 75.7, and 77.9 µS/cm, respectively). 

Regarding nutrient concentrations, total phosphorus (TP) was highest in L1 (mean = 174.13 µg/L) 

and lowest in MA (mean = 11.43 µg/L). Total nitrogen (TN) was more concentrated in L2 (mean L2 

= 428 µg/L). Soluble reactive nitrogen (N-NH3, N-NO3) and phosphorus (P-PO4
3-) concentrations were 

consistently low across the entire proglacial lake system, as well as in the Marmotte Lake. The 

highest concentrations of TP were found in L1 (104-280 µg/L), gradually decreasing in distal lakes 

(5-60 µg/L in L3). Within total phosphorus, the particulate fraction predominated, contributing 99% 

of TP in L1, 93-99% in L2, 21-99% in LC, and 9-98% in L3. These findings are consistent with previous 

studies reporting extremely low concentrations of soluble phosphorus in glacier-fed freshwaters 

(Rinke et al., 2001; Uehlinger et al., 2010; Robinson et al., 2016). On the other hand, the particulate 

fraction of phosphorus is produced by the erosion of sediment and bedrock by the movement of 

the glacier and is likely less available for photosynthetic organisms (Ren et al., 2019). In absence of 

the erosive activity of the glacier, in the samples from MA particulate phosphorus had substantially 



 

26 
 

lower concentrations than in the proglacial lakes (on average 11 µg/L in MA, 83 µg/L in the proglacial 

lakes).  

Silica (SiO2) concentrations showed an increasing trend from L1 to L3, and MA had the highest mean 

concentration (mean proglacial = 0.33 mg/L, mean Marmotte = 2.65 mg/L). In L2, SiO2 

concentrations dropped to 0.5 mg/L in the samples collected both in August 2022 and 2023, likely 

due to dilution from increased meltwater inflow discharge during the period of glacier ablation. A 

similar seasonal trend, with a decrease in silica concentration in August, was observed also in LC in 

August 2023 and in L3 in both 2022 and 2023.  

Finally, biofilm organic content (org_biofilm) increased from L1 to L3, as well as chlorophyll-a 

concentrations, reaching their peak in L3. 

 

Trace elements 

 

The concentrations of the most relevant trace elements measured in the analysed lakes are shown 

in Figure 2. 8. Trace elements with concentrations below the sensitivity of the instruments were not 

considered in the dataset. Nickel (Ni), Strontium (Sr) and Barium (Ba) differed significantly between 

lakes (Kruskal-Wallis test, p < 0.05). Specifically, Nickel decreased from L1 (4.2-7.3 μg/L) to MA (0 

μg/L). In L3, the concentration of Ni was higher in 2022 (2.9-5.3 μg/L) than in 2023 (1.1-2.8 μg/L). 

The contribution of L1 to L3 during the season of 2022 likely increased the concentration of Ni in L3 

in 2022, suggesting a local origin of this element. Strontium showed an increasing trend from L1 to 

MA, and, similarly, Barium was higher in the distal lakes than in L1, while the concentration in MA 

was more similar to L1. Manganese showed a decreasing, although not statistically significant, trend 

from L1 to L3. The highest value of Mn, 52.2 μg/L was measured in L1 at the end of June 2022 and 

exceeded the limits of concentration for human consumption according to Italian laws (50 μg/L).  Sr, 

Li, Ba and Al, together with the sum of the concentrations of all trace elements, showed significant 

correlations with electrical conductivity (Spearman rho > 0.5, p < 0.05).  
 

 
Figure 2. 8. Concentrations of trace elements (µg/L) in the Cevedale proglacial lakes and in the Marmotte Lake. Total = 

sum of the concentrations of all trace elements in the sample. Only trace elements with concentrations higher than 
the sensitivity of the instruments are shown. 
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Sediment characterisation 

The sediment deposited on the shore of lake L2 was characterised in terms of grain-size distribution. 

We collected one integrated sediment sample from the lake shore in the upstream part of L2 in June 

2022. The grain size composition of the sample was determined by sieving and sedimentation      

according to standardised protocols (UNI EN ISO 17892-4:2017), at the Geotechnical Laboratory of 

DICAM.  Gravel and sand fractions were separated from the finer components by sieving the sample. 

Sieving was performed also by rinsing the sample with distilled water, to separate small particles 

attached to the surface of gravel and sand grains. Gravel and sand particles represented respectively 

0.45% and 10% of the sample mass. The remaining material (grain size < 75 µm) was used for the 

sedimentation analysis. The material was divided into two subsamples that were analysed 

separately: subsample “A” was treated with a dispersant agent (sodium hexametaphosphate) that 

prevents flocculation of sediment particles; subsample “B” was not treated.  

The two grain size distributions obtained in the experiment are shown in Figure 2. 9. Subsample A 

represents the actual grain size composition of the sample, where clays make a relevant portion of 

the suspended material (26%), and silts represent the 64%. This observation is consistent with 

literature referring to analogous glacial lake environments, where clay and fine silt are the 

predominant grain sizes of the suspended sediment (Smith, 1978; Chikita, 1999; Sommaruga & 

Kandolf, 2014). On the other hand, the experiment without the dispersant is more representative 

of the real behaviour of the grains in a water column. Specifically, subsample B is composed of 90% 

silt, indicating that clays in the water column flocculate, thereby exhibiting an increased 

sedimentation velocity. The aggregation of clay in flocs can occur also in absence of organic material 

as observed in the glacier-fed Lillooet Lake (Hodder, 2009).  

 

  
Figure 2. 9. Grain size composition of the sediment sample collected from L2 in June 2022, obtained with (A) and 

without (B) adding the dispersant. 
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Chapter 3 

Stratification dynamics and implications for 

proglacial lake habitats 

 
Introduction 

Alpine proglacial lakes represent unique aquatic ecosystems that significantly influence the 

characteristics of high-altitude catchments. Their influence is particularly strong on downstream 

water temperatures (Uehlinger et al., 2003), turbidity, and sedimentation dynamics (Otto, 2019). 

Their thermal characteristics are distinct from those of clear, non-glacier-fed high mountain lakes, 

as proglacial lakes are typically polymictic (Peter & Sommaruga, 2017). Also, they are more turbid 

(Irwin, 1974; Tiberti et al., 2020), a characteristic that profoundly influences the ecosystem structure 

by imposing strong selective effects on planktonic biota (Sommaruga, 2015). The dispersal patterns 

of fine suspended sediment, also called “glacial flour”, is strongly influenced by density stratification 

within the lake (Ashley, 2002). These physical dynamics, particularly the density differences 

between inflowing meltwater and lake water, play a crucial role in shaping habitat conditions in the 

surface layers of proglacial lakes and in littoral areas. As recently pointed out by Hardmeyer et al. 

(2024), small-scale studies on Alpine proglacial lakes are quite rare and rarely consider seasonal 

patterns (e.g., Masetti et al., 2010; Peter & Sommaruga, 2017).  

Studies on glacier-fed streams show that benthic algal growth during the Alpine summer is 

concentrated in specific periods, called “Windows of Opportunity” (WOs, Uehlinger et al., 2010), 

mainly occurring in periods of reduced glacial runoff, i.e., autumn. In the euphotic zone of the littoral 

area of proglacial lakes, local conditions can allow periphyton growth (e.g., cyanobacteria, Mez et 

al., 1998). However, the timing of occurrence of WOs in glacier-fed lakes, and the influence of 

stratification patterns on their occurrence, have not previously been addressed (to the best of our 

knowledge). Understanding how the physical habitat evolves throughout the ice-free season, and 

the subsequent effects on ecological processes such as periphyton growth, is critical for a complete 

characterisation of proglacial lake ecology. 

This chapter aims to describe the physical habitat of the Cevedale proglacial lakes, focusing on 

seasonal variations and their ecological implications. The first section analyses data and field 

observations collected during field campaigns in the ice-free seasons of 2022 and 2023; the second 

section integrates these data into a modelling approach to provide a more detailed interpretation 

of the physical dynamics in one of the lakes (L2). Specifically, the following questions are addressed: 

(i) How is the physical environment structured in the Cevedale proglacial lakes, and how does it 

evolve seasonally? (ii) How do stratification patterns control ecological Windows of Opportunity for 

periphyton growth? 
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Methods 

Field data 

Field measurements were performed in the Cevedale proglacial lakes over the two ice-free seasons 

of 2022 and 2023, by installing sensors for continuous data acquisition and with field measurements. 

Sensors for water temperature (Tw) (HOBO UA-002-08/UA-002-64 Pendant Temperature/Light Data 

Logger) and electrical conductivity (EC) (HOBO U24-001 Freshwater Conductivity Loggers) were 

deployed on lake shores. Figure 3. 1 shows the position of the gauging stations; information on the 

installed data loggers is detailed in Table 3. 1. In lakes L2 and L3, water level was monitored by 

installing a pressure transducer (Keller AG Messtechnik, Switzerland) in the littoral area, as far from 

the shore as it was possible to safely reach. The pressure transducer recorded the difference 

between a submerged pressure sensor and a subaerial sensor at a 10-minute interval. 
 

 
Figure 3. 1. Position of the gauging stations installed at the Cevedale proglacial lakes in 2022 and 2023. Stars represent 

pressure sensors; circles represent temperature/conductivity stations (for details, see Table 1). Background map: 
orthophoto 2020, Autonomous Province of Bolzano/Bozen (https://geonetwork1.civis.bz.it). 

 

Table 3. 1. Dataloggers installed in the Cevedale proglacial lakes in 2022 and 2023. The position of the gauging stations 
is shown in Figure 3. 1. Tw = water temperature, measured in the littoral area and in water column, EC = electrical 

conductivity, Light = light intensity. 

Lake L1 L2 LC L3 

Station L1 L2M L2V LC L3M L3V 

Season 2022 2023 2022 2023 2022 2023 2022 2023 2022 2023 2022 2023 

Tw – littoral x  x x x x  x x x x x 

EC      x  x  x   

Tw - column    x  x    x   

Light - column    x      x   

Water level   x   X 

 

In addition, vertical temperature profiles were collected in L2 and L3 between 1 August and 25 

September 2023. For this purpose, three chains of temperature data-loggers (MX2202 Pendant - 

Water Temperature/Light Bluetooth Data Logger and Water Temperature Pro v2 Data Logger, 

HOBO©, Germany) were installed: two chains in L2, in the upstream (L2M) and downstream (L2V) 

part of the lake, and one in L3, in the central part. Sensors were secured at 5 fixed depths (i.e., 0, 

https://geonetwork1.civis.bz.it/
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0.2, 0.4, 0.8, 1.6 m; distances measured starting from the bottom of the immersed part of the buoy, 

which was approximately 0.05-0.1 m below the water surface) to a rope attached to a buoy and to 

a weight, as shown in Figure 3. 2. All sensors acquired data every 10 minutes.  

Thermal differences between the upstream and downstream parts of L2 were calculated as the 

difference between the water temperature registered in the downstream buoy and the water 

temperature registered in the upstream buoy, in each layer. 

Starting from water temperature data, the stability of the thermal stratification was quantified by 

computing the Schmidt stability (Schmidt, 1928; Idso, 1973) for each location where the 

temperature profiles were measured. The Schmidt stability quantifies the resistance to mechanical 

mixing of the water column as the amount of work required to make the water column uniformly 

dense. Calculations were performed by using the Lake Analyzer program (Read et al., 2011) in 

Matlab version 9.13.0 (The MathWorks Inc., 2022). The obtained time series of Schmidt stability 

were compared among locations with pairwise comparisons, computing the non-parametric Mann-

Whitney test in R version 4.3.2 (R Core Team, 2023). 

Sensors installed in the upstream part of L2 and in L3 also included light intensity measurements in 

units of lumens/ft2 (lux). Sensors (MX2202 Pendant - Water Temperature/Light Bluetooth Data 

Logger, HOBO©, Germany) detected light intensity in a wavelength range between 400 and 700 nm, 

thus covering the spectrum of the Photosynthetically Active Radiation (PAR). Light and temperature 

data were also integrated in the modelling approach, for model calibration and validation.  

 
Figure 3. 2. Schematic representation of the chains of thermistors in L2. L2M = upstream; L2V = downstream. 

 

Water light extinction coefficients were calculated based on light intensity measurements according 

to the Beer-Lambert law: 

𝐼(𝑧) =  𝐼0  𝑒−𝑘𝑧, 

(3.  1) 

where 𝐼(𝑧) is light intensity at the depth 𝑧, 𝐼0 is light intensity at the surface, 𝑘 is light extinction 

coefficient, and 𝑧 is depth. A linear model was fitted to the logarithm of light intensity data versus 

depth, where the slope of the fitted line is the negative value of the extinction coefficient. 

The Secchi disk depth was then estimated by applying, as a first approximation, the relationship 

originally proposed by Poole & Atkins (1929) and adopted in several models:  

 

𝑘 ∙ 𝑆𝐷 = 1.7, 

(3.  2) 
where 𝑆𝐷 is the Secchi disk depth [m] and 𝑘 is the light extinction coefficient of water [m-1]. 
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The concentration of suspended solids in the lake surface layers was determined by adopting the 

loss on ignition method, as described in Chapter 2, in six sampling occasions (for each month of the 

ice-free seasons), representing the main hydrological stages of the Alpine glacial summer, 

characterised by prevailing snowmelt, ice melt, and base flow.  

 

Modelling 

Physical dynamics were further investigated in the L2 lake, by integrating field data analysis and a 

modelling approach. The model used is the CE-QUAL-W2 model (version 4.5, Wells, 2023a; b), a 

laterally averaged two dimensional, hydrodynamic and water quality model. Based on the water 

temperature data observed in the lake, the vertical stratification patterns and their spatial and 

seasonal evolution were studied. The choice of a laterally averaged 2D model is driven by the need 

to represent both the longitudinal and the vertical thermal structure observed in the lake, while the 

lateral variability plays a minor role. Water temperature and the concentration of inorganic 

suspended solids were simulated in the ice-free seasons of 2022 and 2023, as the main drivers of 

the evolution of the lake habitat. To run the model, geometric data (bathymetry) and boundary 

conditions such as meteorological data and inflow and outflow discharges were provided. The 

model parameters were calibrated using water temperature data collected in situ, as described in 

the following sections. 

 

Bathymetry and computational grid 

Bathymetric measurements were performed with a Fish Deeper Chirp+ sonar (© 2023 Deeper, UAB) 

on 14 September 2022, and the lake bottom profile was obtained from the bathymetric 

measurements, as described in Chapter 2. Bathymetric data were processed in QGIS 3.22.14 to 

obtain the final computational grid (2D, laterally averaged, with one main horizontal axis x and 

vertical axis z), as described in Cole & Wells (2023). Polygon and line vector files were drawn to apply 

the qgis-cequalw2-bath plugin (https://github.com/WQDSS/qgis-cequalw2-bath/wiki). The final 

computational grid (Figure 3. 3) is composed of 51 segments along the longitudinal direction and 34 

layers along the vertical. Each layer is 0.10 m deep. 

https://github.com/WQDSS/qgis-cequalw2-bath/wiki
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Figure 3. 3. Computational grid used to apply the CE-QUAL-W2 model to the L2 lake. (a): subdivision of the lake surface 

area into segments (plan view); (b): transect x-z showing segments (along the horizontal axis) and layers (along the 
vertical axis). The highlighted segments, 18 and 40, correspond to the position of the buoys. 

 

 

Meteorological conditions 

Meteorological forcing was obtained from meteorological data provided by the Autonomous 

Province of Bolzano/Bozen and eurac research (http://meteobrowser.eurac.edu/). Air temperature, 

wind velocity, wind direction and relative humidity are those observed at the closest meteorological 

station available (Figure 3. 4), i.e., Sulden-Madritsch station (2825 m a.s.l., 4.8 km NW from L2). The 

closest station measuring solar radiation is the Hintermartell station (1720 m a.s.l., 8.7 km NE from 

L2). Precipitation was also included in the interpretation of data and simulations. Precipitation data 

came from the Sulden station (1907 m a.s.l., 7.9 km NW from L2). 
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Figure 3. 4. Map showing the position of the meteorological stations with respect to the Cevedale proglacial lakes. 

Background map: Google Earth. 

 

Dew point 𝑇𝑑 was calculated as: 

𝑇𝑑 = 𝑇𝑎 − (
100 − 𝑅𝐻

5
),  

(3. 3) 
 

where 𝑇𝑎 is air temperature [°C] and 𝑅𝐻 is relative humidity [%]. Cloud cover was obtained at daily 

frequency as the ratio between the solar radiation and the maximum measured solar radiation in 

the reference month, on a daily basis. Given the position of the Madritsch meteorological station 

(Figure 3. 4), wind direction is affected by a large uncertainty. Indeed, the complex orography of the 

high mountain landscape makes wind conditions very variable and wind directions can be quite 

different even in two adjacent valleys. Moreover, the wind at lake L2 is affected by the presence of 

the glacier, a condition that does not exist at Madritsch station. Therefore, different wind scenarios 

were analysed, according also to the available scientific knowledge on glacier winds, and a sensitivity 

analysis was conducted to select the most representative forcing for lake L2’s hydro-thermal 

dynamics.  

 

Outflow and inflow discharge 

Water discharge measurements were performed at the outlet of L2 under different flow conditions 

using the salt dilution method (Gordon et al., 1992). The flow rating curve was reconstructed by 

fitting the outflow discharge, 𝑄𝑜𝑢𝑡 [m3/s], as a function of the water level measured in the lake, ℎ 

[m] (Figure 3. 5 a), using a power law (Figure 3. 5 b). The regression curve allowed us to extrapolate 

the outflow discharge time series as a function of lake level. To avoid unrealistic values, the 

maximum outflow discharge was fixed at 0.15 m3/s. 
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Figure 3. 5. (a)Water level measured in lake L2 in summer 2022 and 2023; (b) flow-rating curve relating outflow 

discharge to water level (lake L2). 

 

The inflow at lake L2 is composed of diffused glacier runoff flowing on debris-covered ice and 

moraines (see Figure 3. 6 and S2.1), where direct discharge measurements were not feasible. In 

order to estimate the total inflow as a single value, 𝑄𝑖𝑛, representing the sum of all the streams, we 

inverted the mass balance 

 
𝑑

𝑑𝑡
 (𝐴 ℎ) = 𝑄𝑖𝑛 −  𝑄𝑜𝑢𝑡, 

(3. 4) 
 

where 𝑡 is time [s], and 𝐴 is the lake surface area [m2]. Assuming a constant area 𝐴0 (4270.5 m2) and 

adopting the flow rating curve shown in Figure 3. 5 b, which allows the computation of the outflow 

discharge 𝑄𝑜𝑢𝑡 as a function of the water level ℎ, we discretized the continuity equation (3. 4) to 

obtain:  

 

𝑄𝑖𝑛 (𝑡𝑘) = 𝐴0
ℎ𝑘+1−ℎ𝑘−1

2𝛥𝑡
+ 𝑄𝑜𝑢𝑡(ℎ𝑘), 

(3. 5) 
 

where k is the time index and 𝛥𝑡 the time step (10 minutes) of the available measurements of the 

water level.  

 

Inflow qualitative characteristics 

The key factors that characterise the glacial meltwater input are water temperature and the 

concentration of suspended solids. These parameters were estimated with different approaches.  

 



 

35 
 

Inflow water temperature  

The water temperature time series of the diffused inflow was estimated from a simplified heat 

balance equation, following a procedure similar to those proposed by Toffolon and Piccolroaz 

(2015). The heat budget for the region between the melting glacier and the lake can be described 

as: 

 

𝜌 𝑐𝑝 𝑉 
𝑑𝑇𝑤

𝑑𝑡
= 𝐴 [𝑅 + 𝑘𝑤𝑎(𝑇𝑎 − 𝑇𝑤) − 𝐿0], 

(3. 6) 
 

where 𝑇𝑤 is the water temperature [°C], 𝜌 is the water density (≅ 1000 kg m-3), 𝑐𝑝 the specific heat 

capacity of a mixture of water and soil (≅ 4180 J kg-1 K-1 for water), 𝑉 the volume of water and soil 

that is involved in the quantification of the heat capacity (thermal inertia), 𝑡 the time [s], 𝐴 the area 

where the heat flux is exchanged [m2], 𝑅 the shortwave solar radiation [W m-2], 𝑘𝑤𝑎 the heat 

transfer coefficient [W m2 K-1] between inflow water and air, and 𝐿0 quantifies the total heat loss 

[W m-2], a bulk parameter that accounts for the net effect of all the unresolved processes. 

Introducing an equivalent thickness of the thermally reactive layer of water and soil, 𝐻 =
𝑉

𝐴
, 

equation (3. 6) can be rewritten as: 

 
𝑑𝑇𝑤

𝑑𝑡
= 𝛼 [𝑅 + 𝑘𝑤𝑎(𝑇𝑎 − 𝑇𝑤) − 𝐿0], 

 

(3. 7) 
 

where 𝛼 = (𝜌 𝑐𝑝 𝐻)
−1

 is a lumped coefficient [W-1 s-1 m2 K] proportional to the inverse of the 

characteristic time of the process. Therefore, the variation of temperature over time is a function 

of the incident solar radiation, the total heat loss, the heat exchange between water and air and the 

thickness of the thermally reactive layer in the inflow (Figure 3. 6). A simplified linear relation was 

assumed to describe the increase of the thermally reactive layer, given by the mixture of water and 

sediment, as a function of the discharge, 𝐻 = 𝐻0 + ∆𝐻 ∙ 𝑄/𝑚𝑎𝑥 (𝑄) , where 𝐻0is the base value 

(also accounting for the effect of the soil), 𝑄 is the inflow discharge, and ∆𝐻 is the maximum increase 

corresponding to the maximum discharge estimated from the data. 
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Figure 3. 6. The main glacial meltwater inflow (left) and a schematic description of the heat exchanges (right), modified 

from Toffolon and Piccolroaz (2015). 

 

For the calibration of the parameters in equation (3. 7), we considered the availability of a few point 

measurements of the temperature in the lake inlets (performed with a portable probe WTW-Cond-

3310 during the 2022 field campaign) and the results obtained with the lake model, compared with 

the measured temperature profiles, in a trial-and-error procedure. As a first approximation, the 

total heat loss 𝐿0 was assumed to be equal to the average heat input. The values of the calibrated 

parameters, H0, 𝚫H, and 𝑘𝑤𝑎, are reported in Table 3. 2. 

 

Table 3. 2. Parameters used in equation (5) to estimate the inlet water temperature. 

Component Description Unit Value 

R Shortwave solar radiation (heat input) [W m-2] Measured meteorological data 

– Hintermartell station 

(Province of Bolzano/Bozen) 

L0 Total heat loss [W m-2] 250  

kwa Heat transfer coefficient between water 

and air 

[W m2 K-1] 80 

α = (ρ cp H)-1 Lumped coefficient [W-1 s-1 m2 K]  

ρ Water density [kg m-3] 1000 

cp Specific heat capacity [J kg-1 K-1] 4180 (for water) 

H Thickness of the thermally reactive layer [m] 𝐻 =  𝐻0 + ∆𝐻 ∙ 𝑄/max (𝑄) 

with 𝐻0 = 0.2 m 

and ∆𝐻 = 0.4 m 

 

Water density (ρ) was calculated based on the state equation for freshwater proposed by Chen & 

Millero (1986). For the assessment of the theoretical depth of intrusion of the inflow, water density 

was computed as a function of the estimated water temperature only.  
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Inflow suspended solids concentration 

The concentration of inorganic suspended solids in the lake (hereafter, ISS) was modelled, providing 

the inflow ISS concentration and the settling velocity of particles. The concentration and 

composition of suspended solids in the lake shallow layers was available from the analysis described 

in Chapter 2. The measured concentrations of suspended solids were compared with the model 

output. Simulations were then iterated varying inflow ISS concentrations until the simulated ISS 

concentrations in the water column (averaged across the first two shallow layers) aligned with the 

measured values of total dry mass, at least in the order of magnitude. The optimal inflow 

concentration obtained was 200 mg/L. 

 

ISS settling velocity 

The settling velocity of the solids in the water column was assigned based on the available data 

obtained from the sediment characterisation (Chapter 2). To assign the settling velocity of the solids 

in the water column, an average particle diameter of 0.006 mm (i.e., fine silt) was assigned to the 

suspended solids. Settling velocity of particles in a water column is a function of the grain size, as 

described by the Stoke’s law:  

 

𝑊𝑠 =  
1

18
 
𝑔 ∆

𝜈
𝑑2, 

(3. 8) 
 

where 𝑔 is the gravitational acceleration (9.8 m/s2), ∆ is the submerged specific gravity of sediments 

(here considered equal to 1.65 as an average value for inorganic sediments), 𝜈 is the kinematic 

viscosity of water (10-6 m2/s at 20 °C) and 𝑑 is the particle diameter (m). From the Stoke’s law, the 

assigned settling velocity was 3.2 m/day. 

 

Data analysis and model calibration 

Model parameters were calibrated in order to minimise the error between modelled temperature 

data and field temperature data as measured by the thermistors chains positioned in L2 during 

summer 2023 (see methods section in this chapter). Temperature sensors were intercalibrated and 

mean errors for each sensor were applied to the dataset. For the calibration, hourly averaged 

temperature data were considered. The upstream temperature data were compared with the 

model output at segment 18, while the downstream temperature data were compared with the 

model output at segment 40 (Figure 3. 3). Root mean square error (RMSE) was computed separately 

for the upstream and the downstream segments, for each layer corresponding to the location of the 

thermistors, i.e., 0, 0.2, 0.4, 0.8, 1.6 m. RMSE was also calculated on longitudinal thermal 

differences, expressed as the difference between the downstream and upstream segments for each 

of the five layers, and the vertical differences, expressed as the differences between water 

temperature in the surficial layer and the temperature in the other layers. 
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Results  

Field data 

Water temperature 

The temperature data measured in the littoral areas of the four Cevedale proglacial lakes during the 

monitoring seasons 2022 and 2023 are shown in  Figure 3. 7 and Table 3. 3. Overall, the ice-contact 

lake, L1, was the coldest lake, with a mean temperature of 3.16 °C (min = 0.23, max = 8.38 °C). This 

condition potentially leads to continuous mixing due to the formation of thermal convection 

processes (Otto, 2019). The process can theoretically be described as follows: glacier runoff enters 

the lake at temperature below the temperature of maximum density of 3.98 °C (e.g, for L1, between 

0.2 and 3.5 °C, as measured on 2 August 2022), the surface layers are heated by solar radiation, 

increasing their density and sinking in the water column until water reaches its maximum density 

and can drop to deeper layers. This process is likely not occurring in the other three lakes, L2, LC and 

L3, which showed an increasing trend in littoral water temperature going from L2 to L3.  

Notably, L2 showed longitudinal thermaldifferences, with the downstream portion of the lake 0.8 

°C warmer, on average, than the upstream portion (Table 3. 3). In 2022, the littoral water 

temperature measured in the upstream portion of the lake was on average 1.6 °C warmer than in 

the downstream portion, while, in 2023, littoral water temperatures in L2 were more uniform.   

 

 

 
Figure 3. 7. Distribution of littoral water temperatures measured in the four Cevedale proglacial lakes (2022 and 2023).  

Vertical lines represent the median value of the distribution (central line) and 25th and 75th percentiles. 
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Table 3. 3. Littoral water temperature (minimum, maximum and average values, expressed in °C) measured in the 
Cevedale proglacial lakes over the two ice-free seasons 2022 and 2023. M = upstream; V = downstream. 

Lake 2022 2023 2022 + 2023 

 Min Max Average Min Max Average Average 

L1 0.23 8.38 3.16 - - - 3.16 

L2M 3.26 15.76 7.58 0.12 20.71 8.29 7.94 

L2V 0.82 21.86 9.19 0.78 18.04 8.31 8.75 

LC - - - 1.44 22.14 9.86 9.86 

L3M 2.94 17.95 10.79 2.94 22.43 11.49 11.14 

L3V 2.02 19.03 10.83 1.55 21.38 11.28 11.06 

 

Vertical temperature profiles in L2 and L3 (Figure 3. 8) showed that, overall, the water column in L3 

was warmer than L2, with an average water temperature of, respectively, 10.3 °C and 7.5°C (7.3 °C 

upstream and 7.6 °C downstream). Also, temperature maxima were more pronounced in L3 than in 

L2, reaching 20.6 °C in L3 and 18.2 °C in L2. During warm and dry periods (e.g., during the period 

from 11 August to 25 August), when air temperatures were warm and precipitation events reduced, 

the lakes responded with a daily thermal stratification, with shallow layers becoming warmer than 

deeper layers. The temperature difference between the surface layer, 0 m, and the deepest layer, 

1.6 m, increased from L2M to L3, and was on average 1.09 °C in L2M, 1.53 °C in L2V, and 1.9 °C in 

L3. Surface layers in L3 were warmer than in L2, with an average surface temperature of respectively 

10.9 °C and 8.1 °C (7.9 °C upstream and 8.3 °C downstream). Layers at 1.6 m showed a similar 

pattern, increasing from 6.8 °C in L2M, to 6.7 °C in L2V, and 9.0 °C in L3.  
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Figure 3. 8. (a) Meteorological conditions (daily cumulate precipitation registered in the Sulden meteorological station 

and mean air temperature at the Madritsch meteorological station); (b), (c), (d) water temperature profiles in L2 
(upstream, L2M and downstream, L2V) and in L3. 

 

The Schmidt stability (Figure 3. 9) was significantly higher in L3 (mean 2.57 J m-2, max 9.4 J m-2) than 

in L2 (upstream: mean 0.53 J m-2, max 1.33 J m-2; downstream: mean = 1.22 J m-2, max = 3.18 J m-2), 

thus indicating that the stratification was more stable in L3 than in L2. Both locations in L2, i.e., 

upstream and downstream, showed significant differences (Mann-Whitney test, p < 0.05) between 

each other and with L3. More pronounced differences in Schmidt stability between the three 

locations formed during the summer period (August), while in September the lakes were uniformly 

unstable. 

 

 
Figure 3. 9. Schmidt stability estimated from measured temperature data, during the ice-free season 2023. 
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In lake L2, similarly to what observed from measurements in the littoral area (Figure 3. 7), a 

longitudinal thermal difference formed along the lake (Figure 3. 10), especially in the surface layers 

(0, 0.2 and 0.4 m). Longitudinal thermal differences were more pronounced during warm and dry 

periods. The strongest difference, reaching, in the layer at 0 m, 2.1 °C on a daily average (i.e., 

downstream part 2.1 °C warmer than the upstream part), was observed on 21 August 2023. On the 

other hand, during periods with lower air temperature or precipitation events (e.g. during the period 

26-30 August, Figure 3. 10) the cooling of surface water column produced-well mixed conditions, 

with uniform surface temperature along the lake.  

 

 
Figure 3. 10. Daily averaged air temperature and cumulative precipitation in Summer 2023 (upper plot) and the 
thermal longitudinal differences observed in L2 in the same period, in the five layers of the water column where 

thermistors were installed. 

 

Water temperature measured in the first layer of the buoy chains (0m) showed good agreement 

with the temperature data measured in the littoral area (Figure 3. 11). In the upstream part of the 

lake, thermal variations of the littoral sensor were stronger than those registered by the buoy 

sensor, while water temperature in the downstream part was more laterally uniform.  

 

 
Figure 3. 11. Water temperature measured in 2023 in the shallow layers of the buoys and in the littoral area, in the 

upstream and downstream parts of L2. 
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Electrical conductivity  

The lowest electrical conductivity was measured in lake L1 (average18 µS/cm, see Chapter 1). During 

the first month of the ice-free season of 2022 (25 June – 1 August), electrical conductivity was higher 

in L2 compared to L3 (Figure 3. 12). However, in the early days of August 2022, this trend reversed, 

with L3 showing higher electrical conductivity than L2. This condition persisted for the remaining 

part of 2022 and the whole season 2023. This shift is likely the result of the progressively reduced      

connection between L1 and L3. Initially, L3 received water from both L1 and L2, with L1 delivering 

water with low electrical conductivity (11-27 µS/cm). After the discharge of the channel connecting 

L1 and L3 decreased significantly, L3 primarily received water from L2. L2 outflow is progressively 

enriched in solutes along the chain of streams and lakes, resulting in a higher electrical conductivity 

in L3.  

 

 
Figure 3. 12. Electrical Conductivity (EC, µS/cm) measured in L2 and L3, in the ice-free seasons 2022 and 2023. 

 

 

Turbidity and light availability 

The turbidity (N) and concentration of total suspended solids (TSS) measured in water samples 

showed a linear relationship (Figure 3. 13),  

 

𝑁 = 𝑎0 + 𝑎1 𝑇𝑆𝑆, 

(3. 9) 

 

where 𝑎0 = 3.88 NTU and 𝑎1 = 0.68 NTU mg-1 L, with significant positive correlation (Spearman rho 

= 0.82, p < 0.01).  
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Figure 3. 13. Linear fit with 95% confidence interval between turbidity (NTU) and total suspended solids (TSS) 

measured in laboratory analyses on independent samples collected from the study area. 

 

Considering the composition of the suspended solids, the predominant fraction was the inorganic, 

(ashes in Figure 3. 14), which represented from 94.5 to 96% of the dry mass in L1, from 90.2 to 96% 

in L2, from 87.9 to 84.2% in LC, from 76.5 to 94.4% in L3.  

 

 
Figure 3. 14. Concentration of suspended solids measured in the four Cevedale proglacial lakes in 2022 and 2023 with 

laboratory analyses. Colours represent the dry mass of the two components of the suspended dry mass, obtained after 
ignition at 550 °C. 

 

Therefore, the concentration of suspended solids, which was composed mainly by the inorganic 

mineral fraction, was adopted as a proxy for turbidity.  

The most turbid lakes were L1 (mean = 103.1 NTU) and L2 (mean = 95.8 NTU in 2022, 54.7 NTU in 

2023); due to the increasing distance from the glacier, LC and L3 had lower turbidity (mean = 33.8 

and 29.5 NTU, respectively). 

Turbidity gradually decreased with decreasing glacial influence, both considering NTU and the total 

amount of suspended solids in the water column. The glacier ablation period in summer, and the 
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consequent increase in glacial turbid runoff, induced a significant peak in the suspended solids only 

in the L1 lake, in 2022. In L2 and LC, turbidity gradually decreased during the season, while the 

concentration in L3 is lower than 50 mg/L throughout the entire season, and concentrations 

diminished mainly in September (i.e., early autumn). The presence of a summer turbidity peak in L1 

suggests that the water temperatures around 4 °C induce a continuous mixing of the water column, 

and a continuous redistribution of suspended solids.  

The high concentration of solids suspended in the water column impacts water transparency to 

light. In lake L2, the average light extinction coefficient was 5.87 m-1, corresponding to a mean Secchi 

disk depth of 0.3 m. However, the estimated light extinction coefficient showed significant seasonal 

variation (Figure 3. 15). During sunny summer days, such as 20 August 2023, when glacier melting 

is sustained, light penetration is strongly reduced. At 14:00 on this day, the light extinction 

coefficient was 6.8 m-1, corresponding to a Secchi disk depth of 0.25 m. Following the snowing event 

at the end of August 2023, light penetration in the deeper layers increased, and measured light was 

> 0 lux also at 1.6 m. On 1 September at 14:00, the light extinction coefficient decreased to 1.32 m-

1, corresponding to a Secchi disk depth of approximately 1.28 m. In contrast, Lake L3 exhibited 

overall lower light attenuation. For instance, on 20 August 2023, the light extinction coefficient at 

14:00 in L3 was 2.38 m-1, corresponding to a Secchi disk depth of 0.7 m.  

 

 
Figure 3. 15. (a) Water light extinction coefficient time series in L2, computed at 14:00 of each day. (b) Vertical profiles 
of light recorded in the water column, in two selected days (red circles in the upper panel). 

 

The turbidity of the proglacial lakes, as previously pointed out, is determined by the presence of 

suspended fine glacial sediments. Within a lentic water body, relatively slow current velocities can 

allow suspended sediments to deposit (Otto, 2019). Sedimentation of suspended solids is a crucial 

process that can strongly influence the environmental characteristics of the downstream water 

bodies (Figure 3. 16).  
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Figure 3. 16. Effect of sedimentation on stream turbidity: confluence between a stream directly fed from a glacier 

tongue (Fürkeleferner) and the outlet of the Cevedale lakes system (14 July 2023). 

 

To estimate the order of magnitude of the sediment layer that deposits on the lake bottom of L2, 

we adopted the approach proposed by Steffen et al., 2022 and Hardmeier et al., 2024. According to 

this approach, the volume of sediment deposited in a glacial lake can be estimated based on the 

difference in suspended sediment concentration between the inlet and outlet streams, as described 

by the equation:  

 

Vs  =  
Cin−Cout

ρs
 Vw, 

(3. 10) 

 

where Vs is the volume of accumulated sediment during a time interval [m3], Cin and Cout are the 

concentrations of suspended solids in the inlet and outlet streams [kg/m3], ρs is the density of the 

deposited sediment [kg/m3] and  Vw is the cumulative glacial runoff during the time interval [m3/s]. 

As an example, it is possible to estimate the order of magnitude of sedimentation during a day of 

glacier ablation (31 July 2023). The inlet and outlet concentrations of suspended solids were 

estimated from direct turbidity measured in the streams using equation Figure 3. 8), and amounted 

to 1.37 and 0.05 kg/m3, respectively. 𝜌𝑠 is assumed equal to 2200 kg/m3 (Steffen et al., 2022; 

Hardmeier et al., 2024). The glacial runoff (Vw) for this day was calculated based on the inflow 

timeseries and amounted to approximately 1888.4 m3. From equation (3. 10), the total amount of 

fine sediment deposited in lake L2 on 31 July 2023 was about 1.13 m3.  

Given the lake area of 4996.3 m2 (here including the sediment delta estimated from orthophoto, 

see Chapter 2), the average thickness of the sediment layer deposited on the lake bottom was 0.2 

mm per day. Over a month of glacier ablation, assuming all days are equal to 31 July, this 

corresponds to a total deposition of 6 mm.  

The same procedure was applied to other days for which stream turbidity measurements and lake 

level data were available (Table 3. 4). The average daily deposition, based on these data, was 0.1 

mm. Assuming uniform deposition over a three-month season (90 days), the average thickness of 
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the sediment layer deposited in L2 would be approximately 0.9 mm. However, these observations 

highlight the seasonal variability in the sedimentation processes. Sediment deposition during 

periods of sustained glacier ablation in 2022 and 31 July 2023 was higher than during autumn, as 

exemplified by the lowest value recorded on 26 September 2023. This reflects the reduced glacier 

runoff observed at the end of September, driven by lower air temperatures. In this period, inflow 

discharge was primarily sustained by snowmelt following a snowfall between 22 and 24 September 

(snow height at the Madritsch meteorological station, 6 cm on 23 September, 

http://meteobrowser.eurac.edu/). As a result of the limited ice melt contribution, the concentration 

of suspended solids in the water column was lower.  

 

Table 3. 4. Parameters used to estimate the sediment deposition in lake L2. Qin = daily average inflow discharge; Cin, Cout 
= concentrations of suspended solids estimated from turbidity measurements in inflow and outflow streams, 
respectively. H = average thickness of the sediment layer deposited on the day. 

Date Qin [m3/s] Cin [kg/m3] Cout [kg/m3] H [mm/day] 

1 August 2022 0.02 0.52 0.06 0.07 

13 September 2022 0.01 0.84 0.02 0.08 

31 July 2023 0.02 1.37 0.05 0.23 

26 September 2023 0.002 0.22 0.001 0.003 
 

 

Modelling 

The model CE-QUAL-W2 was used to simulate the temperature and turbidity dynamics of lake L2 in 

the two ice-free seasons of 2022 and 2023. Details on the periods considered in the simulations and 

the respective meteorological forcings used in the model are reported in Table 3. 5. 

 
Table 3. 5. Periods of CE-QUAL-W2 simulation in 2022 and 2023 and the main meteorological conditions. 

 2022 2023 

Simulation period 12 July – 21 September  12 July – 26 September  

Air temperature (°C) avg 7.29, min 6.8, max 16.9 avg 7.89, min, 5.3, max 17.2 

Wind velocity (m/s) avg 1.75, max 9.3 avg 2.06, max 8.6 

Solar radiation (W/m2) avg 199.39, max 1095.6 avg 177.09, max 1140.5 

Cumulate precipitation (mm) 159.9 mm 521.1 mm 
  

Model calibration 

The meteorological parameter with the largest degree of uncertainty was wind direction, due to the 

different location of the study site and the meteorological station adopted as reference (Madritsch). 

Indeed, the Madritsch meteorological station is located in an adjacent valley, Solda Valley, at a 

location where the presence and influence of glaciers is significantly reduced with respect to the 

widely glacierised Upper Martell Valley (Figure 3. 17c). Furthermore, the main orientations of Solda 

and Martell Valleys differ, with the Solda Valley S-N oriented and Martell Valley SW-NE oriented 

(Figure 3. 17c). Finally, microclimate conditions over glaciers are predominantly influenced by 

http://meteobrowser.eurac.edu/
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downslope katabatic winds, often referred to as glacier winds (Smith, 1978; Obleitner, 1994; Van 

Den Broeke, 1997; Strasser et al., 2004; Oerlemans & Grisogono, 2002). 

Therefore, in absence of in situ measurements at the Cevedale proglacial lakes of this parameter, 

different configurations of wind direction were explored, maintaining the measured wind speeds 

measured at the Madritsch station. In Figure 3. 17a, two wind scenarios are shown, the first (W1) 

with wind directions measured at the Madritsch station, the second (W2), with modified wind 

directions in the configuration that minimised the root mean square error. This configuration was 

obtained by adding 150 °C to the directions recorded at the Madritsch station. For wind directions 

corresponding to up-valley flows, a 180° adjustment was applied to convert them into katabatic 

wind directions. In the W2 scenario, the most frequent winds are oriented as Martell Valley, i.e., 

SW-NE, and originate from the area covered by the Zufallferner (Figure 3. 17c). This wind 

configuration resulted in a more accurate representation of the observed longitudinal thermal 

differences, with the downstream section of the lake being warmer than the upstream section 

(Figure 3. 17b). Anabatic winds reversed this difference. Indeed, the RMSE referred to the thermal 

difference was 1.22 °C in W2, compared to 1.87 °C in the W1 scenario.  

While the precise wind direction remains a source of uncertainty in this model application, the W2 

scenario is considered the most realistic based on both literature and the comparison of model 

outputs with field data. Consequently, the results shown in the next sections refer to this 

configuration. 
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Figure 3. 17. (a) Windrose of two wind scenarios, W1 and W2 (described in the text); (b) longitudinal thermal 
differences obtained in the simulations adopting W1 and W2 scenarios, expressed as the difference in water 

temperature between the downstream and the upstream segments, predicted (orange) and observed (blue) in a warm 
and dry period. (c) Map of the study area showing the position of the Cevedale proglacial lakes and of the Madritsch 
meteorological station, with the respective windrose (Orthophoto: Autonomous Province of Bolzano/Bozen, 2023). 
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The inflow water temperatures were estimated with the simplified model in equation (3. 7). The 

results are presented in Figure 3. 18: temperatures range from 0 to 13.8 °C in 2022 and from 0 to 

12.8 °C in 2023, with mean values of 5.82 °C in 2022 and 5.84 °C in 2023. The estimated values 

showed a good agreement with the available inflow water temperature measured during 2022. 

During the 2022 season, the decrease in inflow water temperature was gradual. In contrast, the 

2023 season was characterised by sharper temperature fluctuations, driven by variable 

meteorological conditions.  

 

  

Figure 3. 18. (a) Estimated inflow water temperature and (b) inflow discharge of L2 in 2022 and 2023. 

 

The model was calibrated manually, by adopting an expert-based trial and error procedure. 

Simulations were iterated (about two hundred times) changing the values of key parameters, 

observing the effects of the modifications on lake thermal dynamics and annotating RMSE, aiming 

to minimise errors. The final configuration of the model with the calibrated parameters is shown in 

Table 3. 6.  

One of the most relevant factors in shaping the lake thermal dynamics, and influencing RMSE, was 

the inflow water temperature. The adoption of the modelling approach for this parameter 

significantly reduced the RMSE with respect to the adoption of a constant temperature value.  

The assigned light extinction coefficient for water (EXH2O) was set at 1.3 m-1, which is higher than 

the value of pure water (Cole & Wells, 2023) and corresponds to the lowest value of light extinction 

estimated from the field measurements of light intensity (for a description of this data, see the 

section “Turbidity and light availability” in the Results of this chapter). This adjustment was made 

to account for the presence of non-flocculated clays in the water column, that induce the 

background turbidity observed in the L2 lake, often characterised by the typical “milky” look of 

proglacial lakes (e.g. Sommaruga, 2015). Assuming the relationship (3.  2), a light extinction 

coefficient of 1.3 m-1 corresponds to a Secchi disk depth of 1.3 m. On top of this background light 

extinction, the extinction due to inorganic suspended solids (EXSS) was calibrated based on field 

observations. In August 2022, the measured concentration was 33 mg/L, and we observed that, in 

the same day, the Secchi disk depth was < 30 cm. It was possible to obtain this light extinction value 

at 33mg/L by attributing EXSS = 0.2 m-1/(g/m3), corresponding to a total light extinction of 7.9 m-1 

and a Secchi depth of 0.2 m. The default value, multiplied 33 mg/L, produced the unrealistic Secchi 

disk depth of 0.6 m. 
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Wind speed was reduced by scaling the measured wind speeds (at Madritsch meteorological 

station) by a factor of 0.5, which allowed a better replication of the mixing dynamics observed in 

the vertical profiles. This condition reflects the fact that the ground depression where L2 is 

impounded is surrounded by moraines, that partially shelter the surface of the lake from wind 

stress.  

The critical shear stress for sediment resuspension was assigned from literature data referred to 

lakes in the adjacent Province of Trento (Righetti et al., 2010).  

 
Table 3. 6. Calibrated parameters of the CE-QUAL-W2 model, applied to lake L2. 

Description 
Short 

name 
Default Calibrated Unit 

Water light extinction EXH2O 0.25 2 1/m 

Fraction of incident solar radiation absorbed at the water surface BETA 0.45 0.3 - 

Light extinction due to inorganic suspended solids EXSS 0.1 0.2 m-1/(g/m3) 

Wind sheltering  - 0.5 - 

ISS concentration  - 200 mg/L 

ISS settling velocity  - 3.2 m/day 

Critical shear stress for sediment resuspension TAUCR - 0.5 dynes/cm2 

 

The calibrated numerical model simulated the thermal dynamics measured at the two buoys with 

an average RMSE of 1.54 °C. Errors were slightly higher in the upstream segment (1.57 °C) compared 

to the downstream segment (1.52 °C). The model allowed a good reproduction of the observed daily 

and seasonal thermal fluctuations of water temperature (Figure 3. 19) and of the temperature 

differences between the layers (Figure 3. 20, RMSE = 1.19 °C). In particular, the model coherently 

reproduced the changes of temperature that were observed between warm and dry periods 

(second half of August and first half of September), and the colder/stormy days (end of August). The 

period with the highest error was the end of September, when the model generally underestimated 

water temperatures in all layers. This uncertainty was reflected also in the vertical differences 

(Figure 3. 20), that were overestimated by the model simulations, while measured data suggested 

isothermal conditions. Finally, longitudinal thermal differences (Figure 3. 21, RMSE = 1.23 °C) were 

well reproduced in their general daily trends but were generally underestimated in the model 

outputs in all the lake layers. 
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Figure 3. 19. Observed (buoy, blue) and modelled (model, orange) temperature data in the calibration period (1  

August-26 September 2023), in the 5 layers of the upstream (L2M) and downstream (L2V) segments of L2. 

 
Figure 3. 20. Observed (buoy, blue) and modelled (model, orange) temperature differences between the surface layer 

and deeper layers. 
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Figure 3. 21. Observed (buoy, blue) and modelled (model, orange) temperature differences between the upstream and 

downstream segments of the lake, at different depths. 

 

 

Modelled concentrations of suspended solids were coherent with measurements of light intensity 

in the water column (Figure 3. 22). This means that higher modelled concentrations of ISS 

correspond to periods of decreased light intensity reaching the water column and vice versa. 
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Figure 3. 22. (a) Light intensity measured by HOBO sensors (blue line) and the concentration of inorganic suspended 
solids predicted by model simulations (orange line), in four layers of the water column of the upstream part of L2. (b) 
Modelled concentration of ISS in the water column (mean of the five layers) at segment 18 (blue dotted line) and the 

light extinction coefficient computed from light measurements at the same location (black continuous line). 

 

 

Stratification related dynamics 

Lake surface is exposed to wind stress, which is crucial in determining the direction of the horizontal 

superficial current.  

In a warm and dry day (Figure 3. 23), thermal stratification is typically observed in the lake, with 

shallow layers warmer than deeper layers. This stratification forms because water temperatures in 

these phases are constantly above 3.98 °C, i.e., the temperature of maximum density. Therefore, 

colder water is denser than warmer water, and the layers warmed by the solar radiation float on 

colder layers. Furthermore, as observed in the measured data, the shallow layers in the downstream 

part of the lake are warmer than those in the upstream part, thus determining a longitudinal thermal 

difference.  
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Figure 3. 23. Longitudinal section of L2 showing (colours) the modelled water temperature in L2 on a warm and dry day 
(20 August 2023, at 14:00). 

 

In this stratified context, currents develop in different layers of the lake (Figure 3. 24). The strongest 

currents are observed in the horizontal direction and involve mainly the first meter of the water 

column, while in the deeper layers the horizontal velocities were weaker. As expected in shallow 

water systems, vertical velocities are always significantly weaker than horizontal ones.  

With the katabatic glacier wind applied to the system, two circulations are observed, both 

counterclockwise in Figure 3. 24. The circulation in the shallow layers is more intense (higher 

horizontal velocities), whereas the one in deeper layers is weaker.  

 

 
Figure 3. 24. Flow field modelled in the L2 lake on a warm and dry day in summer (20 August 2023 at 14:00). Note the 

different colour scales. 

 

Periods of daily thermal stratification induced a stable density stratification in the lake and mixing 

processes involved only the upper layers, which responded directly to heat input from solar 
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radiation. On the other hand, deeper layers of L2 constitute a cold hypolimnion during warming 

periods, which is not involved in diurnal processes. This pattern can be clearly observed when 

considering water age, i.e., the time water has remained in the lake (Wells, 2023b), that increased 

in deeper layers after a period of stable thermal stratification (Figure 3. 25). 

 

 
Figure 3. 25. Modelled water age in L2 on 20 August 2023 at 14:00. 

 

The next element addressed in the modelling analysis was the concentration of suspended solids 

(glacial flour) in the water column. The turbid glacial inflow starts to enter the lake in the late 

morning, and the concentration of suspended solids simulated by the model in the surface layers 

(0, 0.2, 0.4 m, see Figure 3. 26) reaches its maximum at around midday in the upstream part. The 

maximum concentration of ISS reached in the shallow layers of the downstream part is lower than 

upstream. Therefore, in the first hours of the day, turbidity is limited, especially in the downstream 

segments (Figure 3. 27) and light can be available in the littoral area for photosynthetic organisms. 

In the late afternoon, the maximum ISS concentration is observed below the water surface. 

Consequently, in the afternoon of a warm and dry day, light limitation induced by glacial flour can 

be mitigated by sedimentation.  
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Figure 3. 26. Modelled concentration of suspended solids at 0, 0.2 and 0.4 m (black lines) and incident solar radiation 

(orange) during a warm and dry period. 

 

 
Figure 3. 27. Modelled concentration of suspended solids in the L2 lake on 20 August 2023, in the morning and in the 

afternoon. 
  

The glacial inflow is heated to a lesser extent than the lake surface layer during warm and dry 

periods, thus determining a temperature difference between inlet and lake water. This difference 

in turn determines a difference in water density, which induces the inflow to often enter the lake as 

an interflow (Figure 3. 28). The cooling of the upper layer is the result of the upwelling current 

developing in the lake (see the upward arrow in Figure 3. 24), which shifts the colder glacial water 

from the layer of intrusion towards the surface layers. This movement also involves the suspended 
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solids, which are, therefore, transported toward the surface in the upstream part. On the other side, 

the downstream part of the lake is affected by downwelling currents (downward arrow in Figure 3. 

24), which allow the sedimentation of suspended particles. This pattern can explain the reduction 

of turbidity peaks during summer, i.e., August sampling, both in 2022 and 2023 (shown in Figure 3. 

14). Indeed, water samples were collected during warm and dry days in the central part of the lake, 

where suspended solids were already sinking towards the lake bottom.  

 

 
Figure 28. Concentration of inorganic suspended solids (ISS): temporal evolution of the profiles in the upstream and 
downstream part of the lake, in a warm and dry period. Red dots represent the theoretical depth of intrusion of the 
inflow, based on water density.  
 

On a seasonal scale, the intensity of the vertical currents (Figure 3. 28 and Figure 3. 29) is reduced 

during warm and dry periods, whereas precipitation events or air temperature drops induce 

increased vertical velocity, both in the upstream and downstream parts of the lake.  
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Figure 3. 28. Meteorological conditions (upper panels) and modelled vertical velocity at different depths, in the 

upstream (yellow bars) and downstream (purple bars) parts of L2, in 2022. Daily values. 
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Figure 3. 29. Meteorological conditions (upper panels) and modelled vertical velocity at different depths, in the 

upstream (yellow bars) and downstream (purple bars) segments of L2, in 2023. Daily values. 

 

Discussion 

The loss of contact between proglacial lakes and the glacier is a critical phase for the thermal 

structure of proglacial lakes. Ice-contact lakes typically maintain uniformly cold thermal conditions, 

with water temperatures lower than 3.98 °C (e.g., Bird et al., 2022), and the water column is 

continuously mixed (Otto, 2019), as likely happened in lake L1. This thermal pattern was maintained 

by both the cold glacier runoff entering the lake and the direct contact of lake water with glacier 

ice, which in L1 involved at least half of the perimeter and the lake bottom. In contrast, ice-distal 
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lakes are no longer in contact with the glacier ice and receive warmer water. In L2, the contact with 

ice involved only one shore of the lake (upstream). Ice-distal proglacial lakes can experience 

considerable diurnal warming and the development of thermal stratification (Irwin & Pickrill, 1982; 

Peter & Sommaruga, 2017; Bird et al., 2022).  Also, ice distal lakes can often develop longitudinal 

thermal differences, as observed in L2. For example, in Place Lake (Coast Mountains), a temperature 

increase of 1.8°C was observed from the inlet to the outlet (Richards et al., 2011); Roseg Lake in the 

European Alps exhibited a temperature rise of 3.3 °C in the summer period (Uehlinger et al., 2003); 

in the distal portion of the Bridge Lake in the Coast Mountains, water temperatures increased by 

1.9 °C (Bird et al., 2022). In this study, lake L2, despite being in close proximity (about 270 m in 2023) 

to the glacier, exhibited significant longitudinal thermal differences, likely driven also by the contact 

with debris-covered ice in its upstream part. Specifically, the average longitudinal difference 

reached 2.1 °C in the surface layer  in the central part of the lake, and 1.6 °C in the littoral area. 

According to these thermal differences and to the stratification patterns observed, L2 can be 

considered an ice-distal lake, even if it is very close to the glacier and in contact with debris-covered 

ice. In L3, longitudinal thermal differences were close to 0 or slightly negative (-0.1 °C in the two 

seasons), indicating a more homogeneous environment.  Horizontal gradients in proglacial lakes can 

have deep influences on lake habitat characteristics. For instance, Hylander et al. (2011) observed 

that longitudinal differences in the water light extinction coefficient in a glacier-fed lake in the 

Andes, Lake Mascardi, influenced the depth distribution of phytoplankton and the relative 

abundances of zooplankton, within the same lake. Our results confirm that even small water bodies, 

such as L2, can exhibit significant longitudinal thermal differences with potential ecological 

consequences. These differences are particularly relevant when considering habitat heterogeneity 

and the potential for differential responses of aquatic organisms to temperature and light 

conditions within the same lake. In ice-distal lakes, where thermal stratification occurs, the 

thermocline separates lake layers (Ashley, 2002), and thermal stratification affects the distribution 

of suspended solids. The suspended glacial flour tends to sink to the deeper layers, at a depth of 

intrusion depending on temperature and turbidity differences, i.e., density, between the glacial 

inflow and lake water (Otto 2019). In the occurrence of underflows and interflows, cold meltwater 

moves along the lake bottom, as has been previously documented in other proglacial lakes (e.g., 

Robb et al., 2021, Hardmeier et al., 2024). The estimated depth of intrusion of the inflow in L2 is 

likely an underestimate, given that the presence of suspended particles can increase water density 

(Sugiyama et al., 2016; Hardmeier et al., 2024).  

Sedimentation patterns in proglacial lakes are also strongly influenced by meteorological conditions 

(Chikita, 1999; Peter & Sommaruga, 2017). The local variability in mountain weather conditions can 

contribute to discrepancies in model predictions for L2, particularly evident in late September 2023. 

However, despite the weather data from the Madritsch meteorological station may not fully capture 

the specific conditions in the Cevedale proglacial area, the general seasonal trends were well 

reproduced, and the model provided valuable insights into the general response of the lake to 

meteorological forcing. In L2, events of meteorological instability were associated with total mixing 

and cooling of the water column, and increased vertical velocity compared to warm and dry periods. 

This corresponds to strong increases in turbulence and, in turn, possible resuspension of the glacial 

flour that results in an increase of turbidity. Conversely, under stable meteorological conditions, 
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with warm and dry weather, vertical velocity was reduced. When the turbid inflow enters the lake 

as an interflow, the patterns of circulation induced by katabatic glacier winds allow the 

sedimentation of solids in the downstream part of the lake. Therefore, sedimentation processes can 

mitigate the light limiting effect of glacier-derived turbidity in the shallow layers of L2, in the 

downstream part of the lake, creating more suitable conditions for primary production in the littoral 

area. This setting could open the possibility of additional Windows of Opportunity for periphyton 

growth in summer. 

 

Windows of opportunity and periphyton growth  

Benthic primary production in glacier-fed Alpine water bodies such as streams is typically inhibited 

during the summer period of glacier ablation (Uehlinger et al., 2010). We measured benthic growth 

in L2 during summer of 2022 and 2023 every month, as described in Chapter 2, both in terms of 

chlorophyll a and organic content in quantitative biofilm samples. Surprisingly, an enhanced benthic 

growth was observed in August 2022, both in terms of primary productivity (measured as 

chlorophyll a) and of the biofilm organic content (Figure 3. 30), while in August 2023 benthic 

communities showed a suppression of their growth.  

 

 
Figure 3. 30. Biofilm organic content and chlorophyll a in the littoral area of L2 lake. J = June, A = August, S = 

September. 

 

The meteorological conditions and modelled habitat characteristics in the lake (water temperature 

and concentration of inorganic suspended solids) in the 10 days before the field campaigns in August 

are shown in Figure 3. 31 (2022) and Figure 3. 32 (2023). Meteorological conditions were 

characterised by higher mean air temperatures in 2022 than in 2023 (8.4 °C and 6.5 °C, respectively), 

with colder minima in 2023 and warmer maxima in 2022 (min = 2.2 °C in 2022, -1.8 °C in 2023; max 

= 16.7 °C in 2022, 11.8 °C in 2023). Furthermore, precipitations were more intense in 2023 (77.5 mm 

cumulated over the period, with a maximum of 37.1 mm in one day) than in 2022 (28.7 mm 

cumulated over the period, with a maximum of 18.3 mm in one day). Raining events can disrupt the 

thermal stratification of proglacial lakes, as precipitation flowing on glacier ice is cooled and enters 

the lake at low temperatures (Peter & Sommaruga, 2017), weakening the thermocline. 
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Furthermore, the limited heat input due to cloud cover does not induce the warming of surface 

layers, as observed in warm and dry days. The modelled response of the lake water column to this 

condition shows stronger surface heating in 2022 than in 2023: average surface (0 m) water 

temperature is 11.4 °C in 2022 and 7.2 °C in 2023, with a maximum of 18.9 °C in 2022, and of 10.9 

°C in 2023. In 2023, less stable meteorological conditions induced more frequent mixing events, 

associated with higher vertical velocities in the period (Figure 3. 29). Therefore, littoral communities 

may have responded both to warmer water temperature with enhanced metabolic and replication 

rates (Teoh et al., 2010), and to light availability with enhanced photosynthetic rates, resulting in 

accelerated biofilm formation (Villanueva et al., 2011). No other significant patterns were 

recognised in other environmental factors (e.g., nutrient concentration), suggesting that 

temperature and light may be the dominant factors influencing benthic growth in L2. These 

windows of milder habitat conditions in summer may be further exploitable by photosynthetic 

organisms as they can occur in correspondence to longer photoperiod compared to autumn. 

The littoral area of L2 was also characterised by the continuous deposition of fine sediment on the 

lake shores, which shapes the habitat characteristics where benthic littoral communities grow, 

potentially creating selective pressures that foster the establishment of specialised communities 

(e.g., epipelic). Furthermore, due to water level fluctuations induced by meltwater flow pulses, 

littoral communities are likely subject to daily periods of emersion, another potential selective 

environmental factor for algal communities. 

The predicted alterations in air temperatures and in the distribution of rain events induced by 

climatic changes (Kotlarski et al., 2022) will likely alter the physical dynamics of proglacial lakes. A 

trend toward warmer and drier conditions during Alpine summers could accelerate colonisation 

processes in the littoral areas of proglacial lakes by inducing longer and more stable thermal 

stratification and increased algal growth. Furthermore, the shrinking and fragmentation of the 

glacier may cause a decay of katabatic wind currents and a progressive incursion of up-valley winds 

over the glacier area (Shaw et al., 2023), a condition that would alter the flow currents in the lake, 

and consequently sedimentation patterns.  
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Figure 3. 31. Meteorological conditions and modelled lake water temperature and suspended solids concentration in 

the 10 days before the sampling in summer 2023 (1 August 2022). Red dots represent the theoretical depth of 
intrusion of the inflow, based on water density. 

 

 
Figure 3. 32. Meteorological conditions and modelled lake water temperature and suspended solids concentration in 
the 10 days before the sampling in summer 2023 (31 July 2023). Red dots represent the theoretical depth of intrusion 

of the inflow, based on water density. 
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Concluding remarks 

Among the Cevedale proglacial lakes, L1 can be classified as an ice-contact lake, while L2, LC and L3 

are distal lakes. L2 showed typical characteristics of an ice-distal lake, such as thermal stratification, 

despite its recent appearance (approx. 2018, see Chapter 2) and its proximity to the glacier (about 

270 m in September 2022, 300 m in September 2023), suggesting a particularly fast evolution of the 

system. The littoral habitat of L2 was influenced by thermal patterns. Thermal stratification formed 

during warm and dry periods and induced warming of surface layers, allowing the sedimentation of 

glacial flour, and mitigating the light limiting effect of fine suspended solids. Warm temperatures 

and light availability can affect the timing of windows of opportunity for littoral algal growth, 

inducing additional windows in summer (with respect to the typical ones occurring in autumn) and 

accelerating algal colonisation processes. 
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Chapter 4 

Benthic diatom communities of the Cevedale 

proglacial lakes 

Introduction 

Diatoms (class Bacillariophyceae) are unicellular, eukaryotic algae that produce a siliceous cell-wall 

made by opaline silica (SiO2, Round et al., 1990). Diatoms include mainly photosynthetic pigmented 

organisms that colonise all the aquatic ecosystems in the world, with a multitude of adaptations to 

different ecosystems and their environmental conditions (Stevenson et al., 2010). Diatom taxonomy 

is very developed, and more than 24000 species were already described (Julius & Theriot, 2010). 

Furthermore, their ecological preferences are largely investigated by the scientific community (e.g. 

Van Dam et al., 1994; Smol & Stoermer, 2010). Diatoms are used as bioindicators (e.g., U.S. Clean 

Water Act of 1972 and European Water Framework Directive 2000/60/EC), as they are widespread 

and highly sensitive to environmental conditions. Therefore, the analysis of diatom communities, 

while providing valuable biodiversity and conservation insights, allows to gather important 

information about the conditions of the habitats that host the community.  

Diatoms are also among the main algal groups composing phytobenthic communities in high-

altitude water bodies, together with cyanobacteria, chrysophytes, and chlorophytes (Rott et al., 

2006; Fell et al., 2017; Busi et al., 2022; Sudlow et al., 2023). Benthic diatoms form distinct 

communities in turbid mountain lakes compared to clear mountain lakes (Feret et al., 2018).  

The Alpine glacial summer is characterised by three main hydrological phases, i.e., snow melt, 

glacier ablation (ice melt) and glacial recession (base flow), that determine a seasonal succession of 

habitat conditions which are particularly evident in glacier-fed water bodies. Previous studies on 

benthic diatoms of Alpine proglacial lakes mainly focused on regional patterns (e.g., Feret et al., 

2018) while rarely addressing the seasonal evolution of communities.  

This chapter presents and discusses the results obtained from the analysis of the benthic diatom      

communities of the Cevedale proglacial lakes, based on the samples collected during the ice-free 

season of 2022 and 2023. No previous studies on the biological communities of the Cevedale 

proglacial lakes have been published to date. Diatom samples were analysed addressing diatom 

density, taxonomic composition and ecological strategies. This study aims at: (i) provide the first 

characterisation of the diatom flora of the Cevedale proglacial lakes; (ii) exploring role of varying 

glacial influence in shaping the density and taxonomical composition of diatom communities.  

 

 

Material and methods 

Benthic diatom communities of the Cevedale proglacial lakes were analysed by adopting a 

quantitative morphological approach. Samples were collected at each sampling occasion during the 

ice-free seasons in 2022 and 2023, i.e., in June/July (as soon as snowpack and ice conditions allowed 
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to reach the study site), early August, and middle/late September. In 2022, communities of lakes L1, 

L2 and L3 were investigated, while in 2023, after the flood and disappearance of L1, LC was added 

to the analysis. In 2022, one integrated sample was assembled for each lake at each sampling 

session, while in 2023 samples from L2 and L3 were collected separately in the upstream (M) and 

downstream (V) portions of these lakes. Periphyton samples were assembled by collecting the 

biofilm from the substrata that characterised the littoral area of the lakes, i.e., pebbles (epilithic 

samples) and cohesive sediment (epipelic samples). A known area of biofilm was collected by 

brushing the substratum with a clean toothbrush, to obtain quantitative samples. The reference 

area was delimited with a 3 x 3 cm nitrile frame, shown in Figure 4. 1a.  

The collected material was preserved in polyethylene bottles in ethanol at a final concentration of 

50%. Samples were treated according to the Italian and European guidelines for the analysis of 

benthic diatom communities (APAT 2007; CEN 2014). Diatom samples were transferred into 100 mL 

Pyrex flasks and organic matter, which hinders the observation of diatom frustules, was removed 

by oxidation, by adding 30% hydrogen peroxide (H2O2) and heating the mixture at 90 °C on a heating 

plate (Figure 4. 1b). Samples containing particularly resistant organic matter were finally treated 

with a small quantity of the strong oxidant potassium bichromate (K2Cr2O7), until the colour of the 

solution turned from opaque green/yellow to limpid blue/purple. At the end of the oxidation, 

samples were added with a small volume of 37% HCl, to dissolve carbonates. Samples were then      

decanted overnight. The diatom suspension was transferred to a 50mL Falcon tube by using a 

Pasteur pipette. The solid phase, containing coarse mineral material, was removed after careful 

rinsing with distilled water. Samples were centrifuged at 1700 rpm for 15 minutes at 20 °C and the 

liquid phase was removed. The pellet was then resuspended in distilled water and centrifugation 

was repeated. This rinsing procedure was repeated 3 times, to completely remove the reagents. 

Finally, the pellet was resuspended with a small volume of distilled water to be transferred into glass 

vials. The clean diatom suspension was finally preserved in ethanol 90%. 

To allow quantitative diatom analyses, all sample volumes were equalised at 6 ml. In the case of 

samples with a total volume > 6 ml, a subsample was extracted after homogenisation. Then, a known 

quantity of microscopic marker was added in each sample. Sample volumes of 6 ml were added with 

1 ml of a standard solution of divinylbenzene microspheres (diameter 8-10 μm, concentration 8.02 

106 ml-1). The suspensions of diatoms added with the microspheres were used to prepare 

permanent slides. Few drops of each sample were collected with a clean Pasteur pipette and diluted 

in distilled water into a separate clean glass vial. After homogenisation, a small aliquot of the diluted 

suspension was withdrawn with a clean Pasteur pipette and distributed on three round cover 

glasses (13 mm diameter) placed on a clean slide (Figure 4. 1c). Drops were left to dry on cover 

glasses at room temperature. Permanent slides were mounted in Naphrax®, with 1.7 refraction 

index. 

Dilutions were variable and were iterated until obtaining a suitable concentration of diatoms, 

microspheres and inorganic grains for the microscopical observation. Diatom identification and 

counting were performed using a Leica DM2500 optical microscope (LM) equipped with differential 

interference contrast optics at 1000x magnification (Figure 4. 1d). Micrographs and measurements 

of the specimens were taken at the LM using the Leica LASX Software (version 3.7.6.25977) for 

digital image acquisition and processing. Taxonomic identification of diatom valvae followed current 
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reference literature (Lange-Bertalot et al., 2017; Lange-Bertalot & Gankal, 1999; Krammer, 2000; 

Levkov et al., 2016; Krammer & Lange-Bertalot, 1986-2000), completed by recent papers for 

taxonomical updates at species level (e.g., Hlúbiková et al., 2009; Kulikovskiy et al., 2023). Diatom 

valvae were identified at the lowest taxonomic level (i.e., species or variety) whenever possible. The 

taxonomic identification of some critical species was validated by analysing samples with a scanning 

electron microscope (SEM, Jeol JSM-IT300LV), at the Micro-structural Analysis Laboratory of the 

Department of Industrial Engineering of the University of Trento.   

 

 

Figure 4. 1. Main steps of the treatment of diatom samples, see text for details. a) Collection of samples by brushing a 
known area of substratum with a 9 cm2 template; b) oxidation of organic matter and dissolution of carbonates in the 
samples, on the heating plate; c) drops of diluted samples drying on the cover glasses during permanent slide 
preparation; d) digital microphotography at the light microscope (magnification 100x), showing three microspheres and 
a diatom frustule (Odonthidium mesodon (Ehrenberg) Kützing, 1844), in girdle view. 

 

The determination of diatom density per unit area was performed by counting at least 400 valvae 

per mount (CEN 2004) and simultaneously enumerating the microspheres present in each field. For 

very diluted permanent slides (<400 valvae in a slide), at least 1000 microspheres were counted. 

Diatom density per unit area was then estimated according to Battarbee et al. 2001. The total 

number of diatom valvae in one sample (𝑁𝑠)  was calculated as:   

 

𝑁𝑠 =  
𝑛𝑚0 𝑛𝑣

𝑛𝑚
, 

(4. 1) 

where 𝑛𝑚0 = (𝑐𝑚 𝑉𝑚) is the number of microspheres introduced in the sample obtained as the 

concentration of divinylbenzene microspheres (𝑐𝑚) multiplied the volume of solution added to the 

sample, 𝑛𝑣 is the number of valvae counted in the sample, and 𝑛𝑚is the number of microspheres 

counted in the sample. Diatom density (𝐷), expressed as the total number of valvae per cm2, was 

then obtained as:  

𝐷 =  
𝑁𝑠

𝐴𝑠 
, 

(4. 2) 

where 𝑁𝑠 is the total number of valvae in the sample and 𝐴𝑠 is the brushed area on the substratum 

(cm2). All counts were performed in 3 replicates to calculate the standard error of the density 

estimates.  
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Diatom biodiversity was analysed based on the final community compositions. Species represented       

by less than 2 valvae (i.e., one cell frustule) in each sample were not considered in the computation. 

Similarly, specimens identified only at higher taxonomic level than genus were not considered in the 

biodiversity analyses. All analyses were performed in R version 4.3.2 (R Core Team 2023). Alpha-

diversity was analysed using the vegan package (Oksanen et al., 2022), computing species richness 

(number of observed species in the sample) and the Shannon Index (Shannon & Weaver, 1949). The 

Pielou’s Evenness (Pielou, 1975) was used to evaluate the heterogeneity of the diatom assemblages. 

Beta-diversity was analysed by computing a Bray-Curtis distance matrix of samples based on taxa 

relative abundances. The Bray-Curtis distance was also used to perform a Non-metric 

Multidimensional Scaling (NMDS, Kruskal & Wish, 1978). Statistical differences between diatom 

assemblage composition in the studied lakes were tested by computing the analysis of similarity 

(ANOSIM, Clarke, 1993). The relationship between environmental variables (log+1 transformed) and 

diatom community structure was examined by applying the envfit function of the vegan package, 

that fits environmental vectors into the NMDS ordination. Spearman rank order correlation 

coefficients between environmental variables and the NMDS ordination were computed to assess 

the significance of each relationship.  

The presence of rare species within the diatom communities of the proglacial lakes was tested based 

on the German Red List of diatoms (Hofmann et al. 2018). To investigate the ecological traits of 

diatom communities, diatom taxa were grouped into functional groups according to data 

aggregated in the Diat.barcode database (Rimet et al., 2018; Rimet et al., 2019a). Ecological 

preferences toward presence of water and nutrients in the habitat (aerophily and trophic status, 

respectively) and pH were derived from van Dam et al., 1994 and Rimet et al., 2019a. Habitus and 

ecological guilds of the identified diatom species were classified based on Passy et al. (2007), which 

grouped diatom taxa into three ecological guilds—high-profile, low-profile, and motile—based on 

their competitiveness in utilizing resources (nutrients and light) and their ability to cope with 

disturbance. The low-profile guild comprises species that grow very near the substrate and firmly 

attached to it, including adnate, prostrate, and short-stalked forms. These species typically remain 

within the biofilm boundary layer, which confers increased resistance to physical disturbances. 

However, their position also limits access to light and nutrients. In contrast, the high-profile 

morphological guild includes taller forms, capable of extending beyond the biofilm boundary layer 

through the development of elongated structures such as stalks, tubes, or chains. This elevated 

position facilitates access to light and nutrients but increases exposure to physical disturbances, 

such as current scouring and grazing. Lastly, the motile guild consists of species that actively move 

across the substrate by gliding along their raphe, allowing them to selectively occupy microhabitats. 

 

Results  

Diatom density 

Periphytic diatom density as determined under the light microscope showed an increasing spatial 

trend according to the decrease of glacial influences from L1 to L3 (Figure 4. 2).  
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Figure 4. 2. Median, 25th percentile and 75th percentile of estimated diatom densities in the analysed samples, grouped 
by lake.  

Benthic diatom assemblages were extremely diluted in the ice-contact lake L1, where the lowest 

density of the whole lake system was observed (0 – 0.2 103 valvae/cm2). Density increased in L2, 

ranging from 2.87 103 to 405.76 103 valvae/cm2, while the two samples analysed in LC in 2023 

showed a significant benthic growth in September 2023 (1524.84 103 valvae/cm2) compared with 

August 2023 (15.17 103 valvae/cm2). Finally, density in L3 reached the highest values in the system, 

ranging from 19.00 103 to 4589.63 103 valvae/cm2. L1 and L2 showed comparable seasonal changes, 

with density increase from June to the August maximum, followed by a pronounced drop from 

August to September (Figure 4. 3). Conversely, L3 showed increased and particularly intense diatom 

growth in August 2023, in the upstream portion of the lake.   

 

 

Figure 4. 3. Diatom density in the counted samples, grouped by lake and season, with error bars (standard error). In 
2022 and 2023, both upstream (L2M and L3M) and downstream (L2V and L3V) samples, where available, are shown 

for each month. 
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Diatom taxonomic composition and diversity 

In the 21 diatom samples collected from the Cevedale proglacial lakes, 36 diatom taxa were 

identified, belonging to 17 genera (Table 4. 1). The taxonomic composition of the analysed samples 

is show in Figure 4. 5. Micrographs of the main species identified in the samples are presented in 

supplementary material S4.1.  

The most abundant genus across all analysed samples was Achnanthidium (38.6% average relative 

abundance), followed by Encyonopsis (14.7%), Encyonema (9.9%), Pinnularia (9.3%), Caloneis 

(7.3%), Gomphonema (5.8%), Nitzschia (5.8%) and Surirella (3.0%). Other genera showed relative 

abundances lower than 1%. Some of the most abundant genera showed remarkable spatial trends 

(Figure 4. 4). The genus Achnanthidium was predominantly represented by the species 

Achnanthidium minutissimum (mean relative abundance across all samples 38.5%), which was the 

most abundant species in all L2 samples, and the only species found in L1 in August 2022, albeit with 

a low number of valvae. In LC, the relative abundance of A. minutissimum ranged from 7.9% to 

61.4%, while in L3 it was still present, but with lower relative abundance (0.5-14.2%). Encyonopsis 

exhibited variable abundance across the lake system and was represented by two species. In L2 and 

L3, Encyonopsis falaisensis was the most frequent species of the genus (mean relative abundance 

across all samples 10.2%), in LC Encyonopsis microcephala var. robusta was observed, reaching the 

remarkable  relative abundance of 51.9% in September 2023. In this lake, E. falaisensis accounted 

for 24.2% to 27.1% of the community. Encyonema was almost exclusively found in L3, especially in 

the upstream part, where it made up to 64.6% of the community (September 2023). The genus 

Pinnularia was frequently observed in L3, especially in the downstream part, where it made up to 

54.6% of the community (July 2023). Notably, the relative abundance of Pinnularia in L3 was higher 

in the epipelic (indicated with * in Figure 4. 5) than in the epilithic samples, ranging, respectively, 

from 20% to 54% and from 0.25% to 7.1% (Wilcoxon-Mann-Whitney test, p < 0.05). In only one 

sample from L1, Pinnularia accounted for 30.8% of the counted valvae. However, it is important to 

remark that only 26 valvae were counted in this whole slide, with Pinnularia sp. being represented 

by just 8 valvae. Similarly, the high relative abundances of Caloneis in L1 corresponded to few valvae 

counted (7 in June and 26 in August), attributed to Caloneis aerophila (mean relative abundance 

across all samples 6.1%). The genus Gomphonema was found exclusively in L3, where it appeared in 

all the samples and accounted for 3.9% to 38.9% of the diatom communities. The most abundant 

species of the genus in the dataset was Gomphonema varioreduncum (mean relative abundance 

5.5%). Nitzschia was observed mainly in L2 and L3. Surirella showed a low but even distribution 

among the distal lakes and was absent only in L1.  
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Table 4. 1. List of diatom taxa identified in the samples collected in the Cevedale proglacial lakes in 2022 and 2023. N 
samples = number of samples where the species was observed; max% = maximum relative abundance of the species in 

the dataset; max n valvae = maximum number of valvae attributed to the species in one sample; + and – symbols 
indicate respectively presence (at least one observation in one sample) or absence of the species in each lake (no 

observations across all samples). 

Taxon n 
samples  

max% max n 
valvae 

L1 L2 LC L3 

Achnanthidium minutissimum (Kützing) Czarnecki, 1994 22 100.0 431 + + + + 

Achnanthidium pyrenaicum (Hustedt) H.Kobayasi, 1997 2 2.2 4 - - + + 

Adlafia minuscula (Grunow) Lange-Bertalot, 1999 5 1.9 8 - + - + 

Amphora C.G. Ehrenberg ex F.T. Kützing, 1844 1 0.9 4 - - - + 

Caloneis P.T. Cleve, 1894 4 4.5 19 - + - + 

Caloneis aerophila W.Bock, 1963 7 100.0 28 + - - + 

Caloneis vasileyevae Lange-Bertalot, Genkal & Vekhov 
2004 

5 10.4 19 - - - + 

Denticula tenuis Kützing, 1844 1 1.6 8 - - + - 

Encyonema Kütz., 1833 6 14.2 57 - + - + 

Encyonema minutum (Hilse) D.G.Mann, 1990 5 3.7 15 - - - + 

Encyonema silesiacum (Bleisch) D.G.Mann, 1990 7 46.6 210 - - - + 

Encyonopsis falaisensis (Grunow) Krammer, 1997 20 31.5 143 - + + + 

Encyonopsis microcephala var. robusta (Hustedt) 
Krammer, 1997 

9 51.9 255 - + + + 

Encyonopsis sp. (aff. microcephala var. robusta (Hustedt) 
Krammer, 1997) 

2 8.6 42 - - + - 

Eucocconeis laevis (Østrup) Lange-Bertalot, 1999 2 0.5 2 - + - - 

Gomphonema C.G. Ehrenberg, 1832 7 1.2 5 - - + + 

Gomphonema varioreduncum Jüttner, Ector, E. 
Reichardt, Van de Vijver & E.J.Cox, 2013 

9 37.7 160 - - - + 

Hantzschia amphioxys (Ehrenberg) Grunow, 1880 2 0.5 2 - - - + 

Mayamaea permitis (Hustedt) K.Bruder & L.K.Medlin, 
2008 

1 1.1 2 - - - + 

Navicula cryptocephala Kützing, 1844 8 7.3 31 + + - + 

Nitzschia A.H. Hassall, 1845 2 1.4 6 - - - + 

Nitzschia acidoclinata Lange-Bertalot, 1976 2 1.4 6 - - - + 

Nitzschia palea var. debilis (Kützing) Grunow, 1880 9 4.2 15 - + + + 

Nitzschia perminuta (Grunow) M.Peragallo, 1903 10 2.4 11 - + - + 

Nitzschia sp. (aff. pura Hustedt 1954) 18 38.6 129 - + + + 

Odontidium mesodon (Ehrenberg) Kützing, 1844 3 11.5 10 + + - + 

Pinnularia C.G. Ehrenberg, 1843 3 30.8 8 + - - + 

Pinnularia borealis Ehrenberg, 1843 2 0.5 2 - + - + 

Pinnularia brebissonii (Kützing) Rabenhorst 1864 1 1.0 2 - - + - 

Pinnularia bullacostae Krammer & Lange-Bertalot, 1999 10 30.1 127 - + - + 

Pinnularia microstauron var. nonfasciata Krammer, 2000 1 2.7 5 - - - + 

Pinnularia obscura Krasske, 1932 7 28.4 52 - + - + 

Pinnularia obscuriformis Krammer 2000 6 6.3 4 - + - - 

Psammothidium helveticum (Hustedt) Bukhtiyarova & 
Round, 1996 

11 4.3 9 - + + + 

Surirella P.J.F. Turpin, 1828 11 4.8 13 - + + + 

Surirella terricola Lange-Bertalot & E.Alles, 1996 19 9.5 29 - + + + 
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Figure 4. 4. Relative abundance of the four most represented genera found in the samples from the Cevedale lakes. 
Samples are ordered from left to right representing a gradient of glacial influence. 

 

According to the German Red List of freshwater diatoms (Hofmann et al. 2018), two of the species 

identified in the studied lakes are considered as extremely rare: Caloneis vasileyevae and 

Caloneis aerophila. Caloneis vasileyevae was previously observed in alpine lakes and ponds of 

Turkey, including glacier-fed ones (Solak et al. 2023). Pinnularia obscuriformis and 

Pinnularia microstauron var. nonfasciata, are classified as very rare, and two, Encyonopsis 

falaisensis and Eucocconeis laevis, as rare. Several of the most common species in the lakes are 

classified as common (Odontidium mesodon, Achnanthidium minutissimum, Adlafia minuscula, 

Achnanthidium pyrenaicum, Hantzschia amphyoxis, Navicula cryptocephala) or very common 

(Encyonema silesiacum, Encyonosis microcephala var. robusta, Pinnularia obscura, Psammothidium 

helveticum, Nitzschia perminuta, Encyonema minutum, Nitzschia acidoclinata, Denticula tenuis, 

Pinnularia brebissonii and Pinnularia borealis). Surirella terricola and Gomphonema varioreduncum 

are widespread species in Europe (Guiry, 2016; Karlson et al., 2018). Pinnularia bullacostae (not 

included in the red list as typical for polar and subpolar ecosystems) has never been previously 

detected in the European Alps. Nonetheless, it formed a stable population on one shore in the 

downstream part of L3 covered with fine sediment (epipelic substratum), where it accounted for 

16.6 to 30.1% of the total number of counted valvae in the samples. The species, whose 

identification could be validated at the SEM, was observed also in two samples of L2 in August 2022 

and August 2023, with relative abundance 0.2 and 4.8%, respectively. In L1 and LC, the species has 

never been detected during the study period. More insights about this species and its distribution 

are described in supplementary material S4.2 (Tenci et al., 2025). 
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Figure 4. 5. Diatom taxonomical composition of all the analysed samples (relative abundance). Stars indicate epipelic samples. 
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The number of species (richness) observed in the samples varied from 1 to 20 (Table 4. 2) and 

showed a spatial gradient (Figure 4. 6a), gradually increasing from ice-contact conditions towards 

ice-distal conditions. In L1 very scarce and monospecific communities were observed in 2 out of 3 

samples. Here, only up to 26 valvae were observed in a whole slide, and 5 species in total were 

identified in these samples, resulting in the lowest alpha diversity of the system (Figure 4. 6a). 

Conversely, the highest species richness was observed in L3, where well developed communities 

with rather high species richness (up to 20 species) were identified. Intermediate richness was 

observed in samples from L2, ranging from 5 to 10, and LC, ranging from 8 to 9. Similarly, the 

Shannon index showed a spatially increasing trend, ranging from 0 to 1.2 in L1, from 0.4 to 1.4 in L2, 

from 1.1 to 1.4 in LC and from 1.5 to 2.2 in L3 (Figure 4. 6b). The highest species evenness (0.9) was 

observed in L1, where the only non-monospecific sample was composed by 26 valvae belonging to 

only 4 taxa. Species evenness of the other three studied lakes gradually increased accordingly to ice-

distal conditions.  

In L2, the highest value of Shannon Index was recorded in August in both 2022 and 2023, i.e., during 

the glacier ablation period. In L3, alpha diversity (Shannon Index in Figure 4. 6) was more stable 

across the two seasons, with a slight increase in August in 2022 and in September in 2023. The 

samples collected in L2 and L3 during 2023 also reveal community patterns within lakes. In L2, the 

samples collected in the upstream portion (L2M in Figure 4. 5, Table 4. 2 and Figure 4. 6) had a 

slightly higher diversity than those collected in the downstream portion (L2V), while seasonal 

patterns were similar. The community compositions of L2M and L2V samples (Figure 4. 5) were 

similar as well, and characterised by the dominance of A. minutissimum in both groups of samples, 

followed by Encyonopsis falaisensis and Nitzschia sp. In L3, alpha diversity was slightly higher in the 

samples from the downstream portion (L3V) than the upstream portion (L3M), with a similar stable 

seasonal pattern and a slight increase in September 2023. The taxonomic composition of 

communities in L3 were more diversified than in L2. In L3M samples, the most abundant genera 

were Encyonema and Gomphonema, while in L3V samples Pinnularia was more abundant, as well 

as in the epipelic sample collected in June 2022. This pattern reflects the heterogeneity of littoral 

habitats in L3, where epilithic substrata prevailed upstream, while epipelic substrata prevailed 

downstream.   
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Table 4. 2. Diatom counts grouped by lake and values of diversity indexes in each sample. 

lake Sample id N valvae Richness Shannon Evenness 

L1 

ZL1-j22 26 4 1.25 0.90 

ZL1-a22 26 1 0.00 NA 

ZL1-s22 4 1 0.00 NA 

L2 

ZL2-j22 408 9 0.65 0.30 

ZL2-a22 454 10 1.45 0.63 

ZL2-s22 35 4 0.86 0.62 

ZL2M-j23 334 7 1.03 0.53 

ZL2V-j23 470 6 0.37 0.20 

ZL2M-a23 48 6 1.19 0.66 

ZL2V-a23 42 5 0.91 0.57 

ZL2M-s23 438 7 0.47 0.24 

ZL2V-s23 418 6 0.44 0.24 

LC 
ZLC-a23 210 8 1.09 0.53 

ZLC-s23 491 9 1.36 0.62 

L3 

ZL3-j22 178 13 2.05 0.80 

ZL3-a22 424 20 2.24 0.75 

ZL3-s22 443 10 1.78 0.77 

ZL3M-j23 231 7 1.54 0.79 

ZL3V-j23 183 11 1.91 0.80 

ZL3M-a23 471 15 1.83 0.68 

ZL3V-a23 422 15 1.92 0.71 

ZL3M-s23 401 14 1.83 0.69 

ZL3V-s23 410 15 2.33 0.86 
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Figure 4. 6. (a) Alpha-diversity measures of the diatom samples, grouped by lake (median values, 25th and 75th 
percentiles); (b) seasonal evolution of the Shannon index in the samples collected in the four lakes, during the seasons 

2022 and 2023. 

The NMDS ordination (Figure 4. 7) showed a neat clustering of diatom samples collected from the 

different studied lakes (stress value = 0.12, R2 = 0.99 in the Shepard plot). The diatom community 

composition was significantly different among the four lakes (ANOSIM R = 0.72, p = 0.001), 

suggesting that within-lake seasonal differences in community composition are less important than 

variations between lakes. The samples from L1 are clearly separated from the samples from the 

distal lakes L2, LC and L3, mainly along the first NMDS axis. Compared to the communities observed 

in the distal lakes, communities in L1 were extremely scarce and showed very low diversity. Among 

the distal lakes, samples collected in L2 and L3 formed two distinct clusters, separated from each 

other mainly along the vertical axis direction (NMDS2). The two samples available from LC are only 

partially separated from L2 and L3 and did not form a distinct cluster. Those taxa that significantly 

contributed to the grouping of samples along the first two NMDS axes are shown in Table 4. 3. The 

L2 cluster was characterised by the dominance of Achnanthidium minutissimum and the presence 

of Psammothidium helveticum in all the samples collected from this lake (relative abundance of P. 

helveticum ranging from 0.6 to 4.3%). In contrast, only one valva of this species was found in only 

one sample from L3, i.e., in June 2022. In the L3 cluster, other taxa that were not observed in L2 

outnumbered A. minutissimum, such as Gomphonema spp., Encyonema silesiacum and Pinnualaria 

spp. The two communities detected in LC did not form a distinct cluster. In August 2023, the 
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community was comparable to those observed in L2, and it was dominated by A. minutissimum 

(60.5%) and Encyonopsis falaisensis (27.1%), while in September 2023 the community was closer to 

those observed in L3 and dominated by Encyonopsis microcephala var. robusta (51.9%) and E. 

falaisensis (24.2%). Denticula tenuis was uniquely observed in LC in September 2023 (1.6%).  

The environmental variables that were significantly correlated with the NMDS ordination axes (p < 

0.05 in Table 4. 4) were suspended solids in the water column (TSS), electrical conductivity (EC), 

concentration of total nitrogen (TN), total phosphorus (TP) and silica (SiO2), as well as water 

temperature (Tw). Tw, SiO2, EC and P-PO4 all point toward the L3 cluster in the ordination plot, and 

L3 is indeed characterised by higher values of these environmental variables (see also Chapter 2 and 

3), thus confirming that Tw, SiO2, EC and P-PO4 can be key drivers for diatom community 

compositions observed in samples from L3. On the other hand, NTU and TP arrows point toward the 

L1 cluster, where the highest water turbidity and total P concentrations were measured. Finally, the 

L2 cluster, which was characterised by intermediate conditions in water temperature and electrical 

conductivity, and was enriched in total nitrogen, occupies a rather central position in the NMDS 

ordination, close to the dimension origin.  

 

 

Figure 4. 7. Non-metric multidimensional scaling ordination plot of diatom samples, grouped according to lake of origin 
(point shapes).   
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Table 4. 3. Correlation between NMDS axes scores and taxa abundances. p-value refers to the significance of the 
correlations with |R|>0.5 (Spearman). Stars: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

Taxon NMDS1 NMDS2 

Achnanthidium minutissimum 0.23 0.78 *** 

Caloneis aerophila -0.62** -0.26 

Caloneis vasileyevae -0.15 -0.58** 

Encyonema silesiacum 0.18 -0.56** 

Encyonema sp -0.01 -0.52* 

Encyonopsis microcephala var. robusta 0.53** -0.43 

Gomphonema sp 0.21 -0.62** 

Gomphonema varioreduncum -0.02 -0.79*** 

Nitzschia palea var. debilis 0.55** -0.15 

Nitzschia perminuta 0.53** -0.31 

Pinnularia bullacostae -0.36 -0.68*** 

Pinnularia obscura -0.21 -0.74*** 

Psammothidium helveticum 0.33 0.60** 

 

Table 4. 4. Environmental variables fitted to the NMDS ordination, the loadings on axes NMDS1 and NMDS2, 
correlation coefficient (r², Spearman correlation), and associated p-values for each variable. Significant correlations are 

indicated by stars: * p ≤ 0.05, * p ≤ 0.01, *** p ≤ 0.001. 

 Variable NMDS1 NMDS2 r2 

EC 0.87 -0.49 0.51 *** 

N-NH3 0.16 0.99 0.05 

N-NO3 0.08 1.00 0.01 

TN 0.27 0.96 0.29 * 

pH 0.75 0.66 0.03 

P-PO4
3- 0.42 -0.91 0.10 

TP -0.86 0.51 0.35 * 

SiO2 0.42 -0.91 0.43 ** 

TSS -0.85 0.52 0.50 ** 

Tw 0.45 -0.89 0.72 *** 

 

Ecological traits 

The diatom species identified in the Cevedale proglacial lakes are exclusively pennate benthic forms 

typical of freshwater habitats. The most abundant species, Achnanthidium minutissimum, is a widely 

distributed, generalist (Potapova et al., 2009) and pioneer species (Rimet et al., 2017). Several 

species, such as Odontidium mesodon and Encyonopsis falaisensis (Potapova, 2009; Bahls et al., 

2013) are known to prefer cold water temperatures, while others, like Nitzschia acidoclinata and O. 

mesodon thrive in low-conductivity habitats (Potapova, 2009; Bahls, 2016). 

According to the classification proposed by Van Dam et al. (1994), many taxa in the Cevedale 

proglacial lakes are circumneutral, occurring at pH values around 7, or alkaliphilous. Taxa that can 
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tolerate temporary desiccation are common in all the lakes (Figure 4. 8a). In L2, more than 80% of 

the community is composed of species that regularly occur both in water bodies and wet or moist 

places. Caloneis aerophila, which is among the few species found in the upper ice-contact lake L1, 

although in low absolute abundance, is a pseudaerial species (Lange-Bertalot et al., 2017; Rimet et 

al., 2017), able to colonise wet soils (Van Kerckvoorde et al., 2000). Surirella terricola, another aerial 

species (Cantonati et al., 2020), can be found in soils (Lange-Bertalot et al., 2017), as well as 

Pinnularia bullacostae (Patova & Novakovskaya, 2018; Foets et al., 2020; Patova et al., 2023). In L3, 

diatom communities shift towards predominantly aquatic taxa.  

Regarding trophic status, the community of L2 was dominated by tolerant taxa that are not selective 

with respect to the trophic status, and by few eutraphentic forms (Figure 4. 8b). In L3, where the 

communities are more structured and diverse, the proportion of oligotraphentic species increased.  

The low-profile ecological guild prevailed in Lake L2 (Figure 4. 8c), while the high-profile guild 

prevailed in L3. Fast-moving species, such as Nitzschia spp, were observed throughout all the 

Cevedale lakes. Notably, in samples collected from the downstream section of L3 (marked with stars 

in Figure 4. 8c: ZL3-jun22 and ZL3V in 2023), the relative abundance of motile forms was significantly 

higher in the epipelic samples than in the epilithic samples (Wilcoxon-Mann-Whitney test, p < 0.05).  
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Figure 4. 8. Relative abundances of diatom groups with different preferences for moisture (a) and trophic status (b); (c) 
relative abundances of diatom ecological guilds observed in the Cevedale proglacial lakes. Stars highlight epipelic 
samples. 

 

Discussion 

The diatom flora of the four Cevedale proglacial lakes consists of distinct assemblages that reflect a 

gradient of decreasing glacial influence. These assemblages, characterised by different ecological 

strategies, provide insights into the dynamic interactions between benthic growth and 

environmental factors, such as glacial meltwater input and the connected physical disturbances in 
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glacier-fed lentic ecosystems.  Diatom density also followed the gradient of glacial influence, with 

very low values in the ice-contact lake L1 and progressively increasing densities towards the ice-

distal lakes, L2, LC and L3. The initial stages of colonization, specifically the communities in L1 and 

L2, were dominated by aerophilic and pioneer species. The presence of aerophilic and subaerial 

diatom species was already documented in glacier-fed lakes (Feret et al., 2017), where water level 

fluctuations can be an important selective pressure (Wantzen, 2008). 

As expected according to the sparse previous investigation of biological communities in proglacial 

lakes (e.g., Sommaruga 2015), environmental factors showing significant correlations with the 

NMDS ordination axes included key indicators of glacial influence, i.e., mineral turbidity (determined 

by suspended glacial flour and higher near the glacier terminus), electrical conductivity and water 

temperature (both increasing towards distal conditions). Silica concentrations were lowest in water 

samples collected in L1, with slightly higher values in L2 and highest values in L3. In L2, LC and L3, 

SiO2 showed similar seasonal trends, with minimum values in the August samples (Chapter 2), likely 

due to a dilution effect by increased inflow discharge of meltwater during the period of glacier 

ablation. These observations suggest that silica limitation may play a relevant role in constraining 

diatom growth in the upstream lakes. Regarding the other key algal nutrients, i.e., N and P, total 

phosphorus (TP) and nitrogen (TN) were significantly correlated with NMDS ordination axes. Indeed, 

total phosphorus exhibited a clear spatial trend, with higher concentrations in L1 and L2 with respect 

to LC and L3 (Chapter 2). On the other hand, concentrations of reactive phosphorus (PO4) were 

extremely low, often below the detection limit of the analytical method (0.5 μg/L), across the entire 

system. Particulate phosphorus, primarily generated through the comminution of bedrock and 

sediment by glacier activity, is often rather abundant in glacial meltwater (Burpee et al., 2018; Ren 

et al. 2019), but it is not readily bioavailable to diatoms (Hodson et al., 2004). Therefore, due to the 

extremely low availability of bioavailable, soluble P, primary productivity in glacier-fed lakes is often 

clearly phosphorus-limited (Ren et al., 2019). 

The very low diatom densities observed in the studied lakes, and especially in L1, align with findings 

from glacier-fed streams within high-altitude catchments of the same region (Rotta et al. 2018). 

Nonetheless, the increasing density toward distal lakes appears related to a combination of 

interconnected factors. First, L1 is a very young lake that started to form in proximity of the Cevedale 

glacier terminus in summer 2018 (Chapter 2), and little time was available for algal colonisation to 

occur. Second, L1 exhibits the highest turbidity and lowest water temperatures compared to other 

lakes in the system (Chapter 3), determining the harshest habitat conditions. Third, the water 

column in L1 is likely isothermal and subject to constant mixing, due to the thermal patterns induced 

by water temperatures around 4 °C (Chapter 3). This leads to the absence (or extremely reduced) 

mediation of thermal stratification on turbidity patterns. Consequently, constant light limitation and 

low water temperatures likely constrained diatom colonisation while cell growth is likely 

consistently slowed down by the low temperatures in lake L1. Although L2 shares a similarly recent 

origin, as it started to be visible in satellite images in summer 2017 (Chapter 2), diatom communities 

in L2 were denser and showed higher diversity than those in L1, thus suggesting a faster colonisation 

possibly due to more favourable conditions occurring in L2. Still, the diatom assemblage of L2 can 

be interpreted as the result of an early stage of colonisation, as suggested by the dominance of the 

pioneer species Achnanthidium minutissimum. As described in Chapter 3, a critical factor shaping 
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the habitat setting of proglacial lakes in their early stages of evolution is the loss of direct contact 

with the glacier ice. In summer 2017, L2 was still an ice-contact lake (Chapter 2), while in 2018 this 

connection was already lost. In 2022 and 2023, when we conducted the sampling campaigns, while 

L1 showed the typical characteristics of ice-contact lakes, L2 already showed the typical thermal 

patterns of distal lakes. In L2, surface water temperature was usually above 4 °C, especially during 

periods characterised by warm air temperatures and scarce (or absent) precipitation events. During 

these periods, identified in Chapter 3 as stratification-driven Windows of Opportunity for littoral 

periphyton growth, diatom communities could have experienced stable physical habitat conditions. 

Indeed, following a period of stable warm and dry weather conditions that induced thermal 

stratification in the lake water column (Chapter 3), diatom communities in L2 showed a density peak 

in August 2022. In contrast, in August 2023, after a period characterised by unstable weather 

conditions, diatom density did not increase. In addition, in the sample collected in L2 in August 2022, 

specimens of the two dominant species, i.e., Achnanthidium minutissimum (37.2 %) and 

Encyonopsis falaisensis (31.5 %), were characterised by small valvae size in August 2022 (Figure 4. 

9). The presence of small-sized individuals is considered to reflect a period of fast asexual 

reproduction (Chepurnov et al., 2004). Indeed, after cytokinesis, each valva of the diatom frustule 

is inherited by one of the two daughter cells, that will complete the frustule by adding an hypovalva 

contained in the first valva (epivalva), thus decreasing progressively the size of the cells. With this 

mechanism, called MacDonald-Pfitzer rule (MacDonald, 1869; Pfitzer, 1871), asexual reproduction 

produces smaller generations of diatom cells, until sexual reproduction can re-establish the original 

cell size (Cherpurnov et al., 2004). This event has been observed to typically occur once a year for 

Achnanthidium minutissimum (Cyr, 2016). A. minutissimum frequently dominates benthic algal 

communities in the first stages of colonisation (e.g., Stockner & Armstrong, 1971; Cyr, 2016). 

However, during fast asexual reproduction phases, cells are particularly vulnerable to dislodgement, 

as the sibling cells after asexual replication are not attached and it takes time to the cells to securely 

attach to substrata through the production of short stalks (Peterson, 1996; Cyr, 2016). Similarly, 

Encyonopsis falaisensis is a not-attached species (Bahls, 2013; Rimet et al., 2017), suggesting early 

vulnerability to physical disturbance such as turbulence. Therefore, the accumulation of cell 

frustules on the shores of lake L2 Lake may be linked to different interplaying factors: absolute 

higher values of water temperature and light availability induced accelerated growth rates of 

pioneer R-strategist algae (Biggs et al., 1998), while environmental stability and reduced physical 

disturbance allowed communities to attach to substrata and establish. Considering ecological guilds, 

the communities observed in L2 are dominated by low-profile diatoms, which are in general more 

resistant to physical disturbances (Passy et al., 2007; Fell et al., 2017). In contrast, in L3, the high-

profile guild was more frequent, if not predominant. High-profile forms are able to better exploit 

resources such as light (Tuji, 2000) and nutrients (McCormick, 1996), when habitat conditions 

become more stable. As observed in Chapter 3, the more stable thermal stratification (Schmidt 

stability) that characterises the water column in L3 makes this lake more resistant to holomixis than 

L2. Mixing events are associated with increased vertical motion and resuspension of sediments 

(Evans, 1994), a phenomenon that decreases the light availability for diatom growth even along the 

lake shores. Furthermore, although lake-specific wind measurements are not available, L3 may 

experience less wind stress on its surface, as the glacier deposited, in the area right upstream the 
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lake, a moraine with a considerable elevation that partially shelters the lake from katabatic glacier 

winds. L2 is directly exposed to glacier winds that produce a constant physical disturbance on 

biofilms in shallow layers (Rimet et al., 2019b). Therefore, species that are vulnerable to physical 

disturbance, such as high-profile species, are selectively removed from the biofilm, where only 

species adapted to suboptimal conditions are likely to survive (McCormick, 1996; Fell et al., 2017; 

Rimet et al., 2019b). 

 

 

Figure 4. 9. Large and small specimens of Encyonopsis falaisensis (left) and Achnanthidium minutissimum (right) in the 
Cevedale proglacial lakes. Small specimens were photographed in the sample collected in August 2022 from L2. 

 

A more stable environment ensures less physical disturbance on diatom communities, which in turn 

makes high-profile, larger forms more competitive and successful. According to the Intermediate 

Disturbance Hypothesis (IDH, Connell, 1978), intermediate and constant levels of disturbance can 

promote an increase in local biodiversity. In biofilms,  dominant, high-profile species are periodically 

displaced by physical disturbance (Peterson, 1996), thus mitigating the effect of competitive 

interactions in structuring the communities (McCormick, 1996). This theory can be applied also to 

the studied Cevedale proglacial lake system to explain the higher diatom diversity observed with 

increasing distal conditions. The “intermediate disturbance” conditions can be identified as the daily 

increase in turbidity induced by meltwater pulses during the period of glacier ablation, observed 

both in L2 and L3. Higher levels of disturbance can be induced by factors that increase littoral 

turbidity, such as frequent mixing processes of the water column or wind stress on lake surface 

(Rimet et al., 2019b). These effects are amplified in concomitance with storms, that induce the total 

mixing and cooling of the water column (Chapter 3). A conceptual model of this ecological regulation 

is depicted in Figure 4. 10. High disturbance intensity and frequency in L2 selected diatom 

communities with high levels of adaptation to physical disturbance (low-profile and R-strategists), 

relatively low biodiversity, and reduced competition between species. During the warm and dry 

period in summer 2022, stable habitat conditions induced an increase in both diatom density and 

biodiversity, suggesting that warm and dry periods represent stages of reduced disturbance. On the 

other hand, diversity was higher in L3, where less resistant but more competitive high-profile diatom 

species established. At the same time, high-profile diatoms are periodically displaced, e.g., during 

storms, thus mitigating the effects of competitive exclusion and allowing the coexistence of resistant 

and competitive species, which in turn determines the highest diatom diversity in the system.  
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Figure 4. 10. Schematic representation of the relationship between the degree of intensity of disturbance and species 
diversity, competitive interactions in community structuring and adaptations to physical disturbance. The conditions 

hypothetically observed in L2 and L3 are highlighted. Adapted from McCormick 1996. 

 

Finally, diatom species belonging to the motile guild were present in all the lakes. Motility has been 

demonstrated to be an advantageous trait in developing biofilms (Hill, 1996) and, especially, epipelic 

algal assemblages (Linares Cuesta et al., 2007). The capacity to glide over the raphe allows diatom 

species to migrate toward more suitable environmental conditions, thus compensating, for 

instance, the light attenuation related to sediment deposition over the substratum (Wetzel, 2001). 

In glacier-fed lakes, where fine sediment is continuously deposited on the lake bottom, motility may 

also give advantage to reach the surface after deposition of fine sediment on the biofilm (Round & 

Eaton, 1966; Passy et al., 2007), that increases during periods of glacier ablation.  

 

Concluding remarks  

The results of this study provide important insights on the diversity and ecology of benthic diatoms 

in proglacial lakes. The stability of the physical environment and the availability of light are crucial 

factors in determining the structure and dynamics of diatom communities in these unique 

ecosystems. 

Glacial influence plays a significant role in shaping diatom community composition and distribution 

of recently formed proglacial lakes. As known for planktonic communities (Sommaruga, 2015), harsh 

environmental conditions in proglacial lakes pose important selective forces to lake communities, 

shaping unique algal assemblages with a rapid evolution. The variation in diatom density and      

diversity across the Cevedale proglacial lakes reflects differences in turbidity, water temperature, 

electrical conductivity, and, secondarily, nutrient availability. Physical conditions play a dominant 

role in constraining diatom growth and shaping community composition, surpassing the influence 

of chemical factors. 
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First stages of colonisation, i.e., communities in L1 and L2, were characterized by aerophilic and 

pioneer species. These early-stage colonisers reflect the exposition to continuous and intense      

physical disturbance induced by daily pulses of glacial meltwater, wind stress, and instability of the 

water column. With decreasing glacial influence, α-diversity increased. The distal lake L3 supported 

denser, stable, and more diversified diatom communities. The more stable environment allowed 

also the establishment of competitively dominant, high-profile diatom taxa.  

These results underscore how the loss of contact of proglacial lakes with glacier ice represent a 

critical stage in the environmental and ecological evolution of these ecosystems, accelerating 

colonisation processes with longer windows of opportunity for periphyton growth (see also Chapter 

3) and triggering the establishment of more stable and lake-typical communities.  
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Chapter 5 

Prokaryotic and eukaryotic diversity of the 

Cevedale proglacial lakes 

  
Introduction 

Biological communities in glacier-fed lakes are often dominated by microorganisms (Sommaruga, 

2015), which play a key role in the ecosystem functioning by connecting the biotic and abiotic 

compartments through their metabolism (Bartons et al., 2012), and represent key elements of food 

webs (Sommaruga, 2015; Tiberti et al., 2020). Previous studies of microbial communities in Alpine 

proglacial lakes have primarily focused on planktonic populations (e.g., Peter & Sommaruga, 2017), 

revealing that glacial meltwater can influence lake biodiversity. This influence decreases as the 

glacial meltwater contribution wanes, thus highlighting the dynamic relationship between glaciers 

and lake ecosystems. On the other hand, studies specifically focusing on benthic prokaryotic 

communities in proglacial lakes remain scarce, particularly in the European Alps (e.g., Kleinteich et 

al., 2022). Nonetheless, during early stages of lake formation, benthic biofilms may serve as a crucial 

source of biomass (Mez et al., 1998) and biodiversity (Liu et al., 2024), thus playing a vital role in 

ecosystem development. In addition, recent findings suggest that prokaryotic benthic communities 

may respond differently to deglaciation compared to planktonic communities (Liu et al., 2024). 

Knowledge on eukaryotic microbial communities of proglacial lakes is even scarcer. While planktonic 

eukaryotes have been more widely studied (e.g., Koenings et al., 1990; Sommaruga & Kandolf, 

2014), benthic eukaryotes have predominantly been studied in relation to benthic 

macroinvertebrates (e.g., Khamis et al., 2014; Jennings, 2021; DeBiasi et al., 2022). Studies on 

benthic macroinvertebrates revealed the presence of indicator species of glacial influence (Khamis 

et al., 2014), and the occurrence of highly specialised communities that differentiate proglacial lakes 

from other high-altitude lakes (Miserendino et al., 2023). However, proglacial lakes are primarily 

microbially dominated ecosystems (Sommaruga, 2015), and while mountain lakes have been 

identified as biodiversity hotspots for planktonic eukaryotic microbes (Triadó-Margarit & 

Casamayor, 2012; Kammerlander et al., 2015), the benthic microbial component has largely been 

overlooked. 

In this study, we investigated planktonic and benthic communities in the Cevedale proglacial lakes, 

focusing on both prokaryotic and eukaryotic components, using HTS (High Throughput Sequencing) 

metabarcoding of eDNA samples. This is the first exploration of the biodiversity inhabiting the 

Cevedale proglacial lakes. The metabarcoding approach was chosen to provide a preliminary 

overview of microbial and metazoan biodiversity, and to individuate key groups in the community 

composition of the proglacial lakes and their response to deglaciation. In addition, this approach 

has been adopted to overcome the technical challenges posed by the pronounced water turbidity 

in the studied lakes, which hinders the microscopic observation due to the abundance of mineral 
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particles (glacial flour) similar in size to cells (i.e., silts and clays, as described in Chapter 2). The 

investigation aimed at (i) characterising the microbial and animal diversity and community 

composition of the Cevedale proglacial lakes, providing baseline data for future monitoring, and (ii) 

identifying key groups driving the community composition of the proglacial lakes and the response 

of biodiversity to deglaciation processes. In addition, the study aimed at testing the hypotheses that 

benthic communities in proglacial lakes are more relevant than planktonic ones in terms of diversity, 

and that communities are composed of organisms adapted to cope with harsh physical constraints 

and scarce resources. 

 

Methods 

Samples for prokaryotic and eukaryotic metabarcoding were collected from the Cevedale proglacial 

lakes L1, L2, LC, L3, and from the clear (i.e., non-glacier-fed) mountain lake Marmotte Lake (MA). 

The location and main morphological and environmental characteristics of these lakes are described 

in Chapter 2. Sample collection occurred during the ice-free seasons 2022 and 2023, in June/July, 

August and September, which represent the main stages of the Alpine glacial summer. Samples of 

benthic epilithic biofilms were collected by brushing, with a sterile toothbrush, the surface of up to 

10 pebbles (epilithon) and cohesive sediment (epipelon) in the littoral area of each lake. Sediment 

samples were collected by withdrawing small quantities of material from the surface (0-1 cm depth) 

sediment of the littoral area using a sterile plastic pipette. In 2022, 22 samples were collected: 9 

epilithic, 9 sediment, and 5 plankton samples from L1, L2, and L3. In 2023, only epilithic (17) and 

plankton (9) samples were collected from L2, LC, L3 and MA, the latter sampled once in September 

2023. Epilithic samples from L2 and L3 in 2023 were collected both in the upstream and downstream 

parts of the lakes, to account for habitat heterogeneity. L1 was not considered in 2023 as it totally 

drained in June (see Chapter 2). For a detailed list of samples collected, see supplementary material 

S5.2. 

Epilithic and sediment samples were stored into sterile Falcon tubes and preserved at temperature 

< 20°C until laboratory processing and were treated in laboratory in the same way: water was 

removed from the samples by freeze-drying at -65 °C and aliquots of 150-250 mg of the dried 

material were sub-sampled to perform DNA extraction. DNA was extracted with the DNeasy Power 

Soil Kit (QIAGEN, USA), following the manufacturer's instructions. Planktonic samples consisted of 1 

L lake water samples collected from the littoral zone using sterile PE bottles. Water samples were 

stored at 4 °C and filtered as soon as possible (within 24 h from the sampling) in the laboratory. 

Water samples passed through previously sterilised polycarbonate filters (0.45 μm-pore-size, 

Whatman). The filtered volume of water ranged from 250 to 1000 mL, depending on the water 

mineral turbidity. Each filter containing planktonic eDNA was preserved at -80 °C. DNA extraction 

was performed with the DNeasy PowerWater Kit (QIAGEN, USA) following the manufacturer’s 

instructions. The final concentration of nucleic acids in the extracts was checked with a NanoDrop 

spectrophotometer ND-8000 (Thermo-Fischer Scientific Inc. Ma., USA). 

PCA amplification, library preparation and DNA Illumina sequencing were performed by the FEM 

laboratory of Computational Biology. PCR amplification of the variable region V4 of the 16S rRNA 
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genes was performed by using the specific primer set (5′ GTGYCAGCMGCCGCGGTAA 3′) and (5′ 

GGACTACNVGGGTWTCTAAT 3′). PCR amplification of the variable region V4 of the 18S rRNA genes 

was performed by using the specific primer set (5’ CCAGCASCYGCGGTAATTCC 3’) and (3’ 

ACTTTCGTTCTTGATYRATGA 5′). For further details about amplification, library preparation, and DNA 

Illumina sequencing refer to Tolotti et al., 2020 (16S) and to Obertegger et al., 2019 (18S).  

Raw 16S and 18S rRNA gene sequences were pre-processed with the open-source MICCA (version 

1.7.2) software (Albanese et al., 2015). Paired-end reads were merged keeping only merged reads 

with minimum overlap length > 150 bp and with number of mismatches < 50 bp for 16S, and 

minimum overlap length > 120 bp and with number of mismatches < 30 bp for 18S. Forward and 

reverse primers were trimmed and reads shorter than 270 bp and expected error rate higher than 

0.5% were removed (for both 16S and 18S datasets). Sequences were then clustered into Amplicon 

Sequence Variants (ASVs) with the UNOISE3 algorithm implemented in MICCA (Albanese et al., 

2015). Prokaryotic ASVs were assigned to taxonomic groups using the RDP classifier dataset version 

2.14 (Wang et al., 2007). Eukaryotic ASVs were assigned to taxonomic groups using the PR2 database 

version 5.0.1 (Guillou et al., 2013). ASVs assigned to chloroplasts and mitochondria, as well as those 

without assigned prokaryotic phylum or eukaryotic division, were removed from the rRNA amplicon 

datasets.  

Community composition and diversity analyses were performed in R, version 4.3.2 (R Core Team 

2023). The packages phyloseq v 1.46.0 (McMurdie & Holmes, 2013), microeco v 1.2.2 (Liu et al., 

2021), and vegan (Oksanen et al., 2022). Plots were drawn with ggplot2 package v 3.5.1 (Wickham, 

2016).  

 

16S dataset 

To explore the taxonomic composition of the samples, the relative abundance of the taxa was 

considered, based on the total number of reads in each sample. For biodiversity analyses, a 

rarefaction without replacement was applied at 10000 reads per sample. Rarefaction curves are 

shown in the supplementary material S5.1. Eight samples (16%) had sequencing depth lower than 

10000 reads and were removed from the dataset after rarefaction. The list of samples before and 

after rarefaction is shown in supplementary material S5.2.  

Prokaryotic α-diversity was quantified based on the observed number of ASVs in each sample (ASV 

richness) and the Shannon Diversity Index. Significant differences in α-diversity among sample types 

were tested with the Kruskal-Wallis rank sum test and the pairwise Wilcoxon test. Beta-diversity 

was explored by building a Bray-Curtis dissimilarity matrix based on ASV relative abundance. The 

dissimilarity matrix was used to perform the NMDS analysis (non-metric multidimensional scaling) 

based on the ASV composition. Statistical significance of differences in community composition 

among types of samples was assessed with the non-parametric Analysis of Similarity (ANOSIM, 

Clarke & Green 1988). Plankton and epilithic samples were also analysed separately, but separate 

analysis was not performed on sediment samples because of the low number of samples. For each 

of the two datasets (plankton and epilithic), statistical differences in community composition 

between lakes were tested with ANOSIM and graphically represented in the NMDS with fitted 

environmental vectors. Environmental variables were those described in Chapter 2 and were log-

transformed by log(x+1). Significant Spearman correlations between α-diversity metrics (ASV 
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richness, Shannon Index) and environmental variables were tested with the Benjamini-Hochberg 

correction.  

 

 

18S dataset 

The analysis of the 18S dataset focused on the identification of key groups, i.e., classes, 

characterising the epilithic and planktic communities in the different lakes, including both unicellular 

eukaryotes and pluricellular organisms (i.e., metazoans). Relative abundances across the whole 

community were not considered due bias originating from the high variability of the number of gene 

copies among unicellular eukaryotes (e.g., Gong et al., 2013), which can lead to misleading 

interpretations of abundances (Santi et al., 2021). New methodologies were recently proposed to 

gain a more accurate correspondence between number of sequences and biomass or number of 

individuals (Martin et al., 2022; Yabuki et al., 2024), however these studies are restricted to few 

taxonomic groups. For the aims of this study, i.e., to individuate key groups composing the up-to-

date unknown community composition of eukaryotes the Cevedale proglacial lakes, and to inspect 

biodiversity patterns in response to glacial influence, community composition was explored in terms 

of presence/absence of genera and of ASV richness within key classes. Key classes were identified 

among the most diverse classes detected in the dataset, considering both the number of ASVs and 

the number of genera. These classes were then explored separately to assess biodiversity patterns 

in response to glacial influence in both benthic and plankton assemblages. 

For biodiversity analyses, rarefaction without replacement was applied at 10000 reads per sample. 

Twelve samples (24%) had sequencing depth lower than 10000 reads and were removed from the 

dataset after rarefaction (supplementary material S5.1 and S5.2). Significant differences in ASV 

richness between sample types (epilithic, plankton, sediment) were tested with the Kruskal-Wallis 

test. The spatial variation of α-diversity was analysed by computing the number of ASVs in each 

sample on the rarefied dataset (ASV richness). Significant differences in planktonic and epilithic ASV 

richness in the lakes were tested with the Kruskal-Wallis test and the pairwise Wilcoxon test. 

Sediment samples were excluded due to the low number. Significant Spearman correlations 

between ASV richness and environmental variables were tested with the Benjamini-Hochberg 

correction, separately for plankton and epilithic samples. ASV richness was also computed 

separately on key groups, to observe group-specific biodiversity patterns. 

The community composition of epilithic diatoms at the genus level obtained with the analysis of the 

18S dataset was compared with the results obtained with the morphological analysis described in 

Chapter 4. Richness (number of diatom genera) was computed for each sample. Significant 

differences between richness obtained with the two methods were tested with the Wilcoxon 

signed-rank test. NMDS was built on the Bray-Curtis distance matrix and statistical differences in 

community composition among lakes were tested with ANOSIM.  
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Results and discussion 

Prokaryotes 

The metabarcoding of the V4 region of the prokaryotic 16S rRNA gene resulted in 13672 Amplicon 

Sequence Variants (ASVs), assigned to 33 phyla and 531 genera. The Cevedale proglacial lakes 

shared a core bacterial composition, at phylum level, with other cryosphere environments in the 

Alps (Kleinteich et al., 2022; Tolotti et al., 2024) and at the global level (Bourquin et al., 2022). In 

fact, the most abundant phylum across the analysed samples was Pseudomonadota, which 

contributed between 14.3 and 89.9 % to the total community composition (Figure 5. 1). Planktonic 

assemblages were predominantly composed of Bacteroidota (8.5 – 66.8%) and Pseudomonadota 

(31.4 – 89.8%). Cyanobacteriota were almost exclusively present in epilithic samples, where the 

phylum accounted for an average 23.6% of the whole community, while they contributed only 0 – 

6.5% and 0 – 8.2% to the community composition in planktonic and sediment samples, respectively. 

Deinococcota exhibited the highest relative abundances in epilithic samples (up to 35.6%, in L1), 

while being scarcely represented in planktonic (0 – 0.1%) and sediment (0 – 0.7%) samples. Bacillota 

were mainly detected in sediment samples (0.7 – 63.8%).  

Archaea were detected only in the plankton samples from L3 and MA (supplementary material S5.4). 

Abundances of archaea (number of reads) were overall very low, in accordance with other surveys 

of microbial communities of Alpine cryospheric freshwater habitats (Wilhelm et al., 2014; Tolotti et 

al., 2024). The presence of archaea in glacial streams has been interpreted as related to the 

transport of cells living in the glacier ice during intense glacier melting (Battin et al., 2001; Tolotti et 

al., 2024). However, in this study, archaea were exclusively found in the most distal lake and in the 

clear lake, suggesting that the glacier may not be the primary source of archaeal cells. All the 

archaeal reads were attributed to the genus Nitrosarchaeum, (phylum Nitrososphaerota), an 

aerobic autotrophic archaeon, able to fix carbon via ammonia oxidation to nitrite, found in soils and 

low salinity to freshwater habitats, including lakes (Tolar et al., 2019). 

 

 
Figure 5. 1. Taxonomic composition at the phylum level of prokaryotic communities in all the examined samples, 

according to the analyses of the 16S rRNA gene. Samples are grouped by type (E = epilithic, P = plankton, S = 
sediment) and lake. 

 

Several prokaryotic genera characteristic of specific community types were identified in the 

analysed samples (Figure 5. 2). Polaromonas (phylum Pseudomonadota) was the most abundant 



 

91 
 

genus across all samples, followed by Rhodoferax (Pseudomonadota) and Aquirufa (Bacteroidota). 

Rhodoferax and Aquirufa were predominant in planktonic samples, alongside Methylophilus and 

Spingorhabdus (Pseudomonadota), while were scarcely represented in both epilithic and sediment 

samples. Conversely, cyanobacterial genera such as Anagnostidinema and Apatinema, along with 

Deninococcus (Deinococcota) and Ferruginibacter (Bacteroidota), were more abundant in epilithic 

samples compared to planktonic and sediment samples. The abundance of these genera in the 

samples confirms the high specialisation of lake bacterial communities to cold conditions. Three 

genera, i.e., Polaromonas, Rhodoferax, and Ferruginibacter are important contributors of the 

world’s cryospheric microbiome (Bourquin et al., 2022). Polaromonas is a widespread genus in 

cryospheric environments (Darcy et al., 2011; Margesin et al., 2012; Franzetti et al 2013; Franzetti 

et al., 2016; Varliero et al., 2024), including the glacier runoff entering proglacial lakes (Peter & 

Sommaruga, 2016). Strains of Polaromonas are psychrophilic, (Gosnik, 2015) or psychrotolerant 

(Ciok et al., 2018). Rhodoferax is a phototroph that has been previously observed in cold 

environments such as glaciers (Liu et al., 2015; Bourquin et al., 2022) and Antarctic lakes (Jung et 

al., 2004), and includes psychrophilic lineages (Jung et al., 2004; Baker et al., 2015).  

Deinococcus is known for its exceptional resistance to extreme conditions and the related 

environmental stress (e.g., Slade & Radman, 2011) and was previously found in high-altitude Alpine 

catchments (Tolotti et al., 2024).      Anagnostidinema (Strunecký et al., 2017, formerly members of 

the genus Geitlerinema) can colonise lake littoral areas, periphyton of stagnant waters and 

periodically wetted habitats such as soils (Strunecký et al., 2017). Apatinema is a soil 

cyanobacterium, first described by Davydov & Vilnet (2022) in podzol soil layers in the Apatity town, 

Murmansk Region of Russia.  

 

 
Figure 5. 2. Relative abundance of the 10 most abundant genera detected in the analysed samples, grouped by type: E 

= epilithic, P = plankton, S = sediment. Also the phylum is indicated. 
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Prokaryotic diversity in the Cevedale proglacial lakes (not considering the Marmotte Lake) was 

significantly different among the three different analysed types of samples, i.e., epilithic (E), 

plankton (P) and sediment (S) (Kruskal-Wallis test p < 0.05 for both ASV richness and Shannon Index). 

The pairwise Wilcoxon test highlighted that α-diversity values were significantly higher in the 

epilithic than in the planktonic and sediment samples (Figure 5. 3). The Shannon Index, which 

considers both the number of ASVs (higher in epilithic than in sediment) was significantly lower in 

the plankton than sediment and epilithon, which showed comparable values of the index (Figure 5. 

3).  

 

 
Figure 5. 3 . Prokaryotic α-diversity metrics in the samples collected from the Cevedale proglacial lakes, grouped by 
sample type: E = epilithic, P = plankton, S = sediment. Significance = Wilcoxon test, * p < 0.05, ** p < 0.01, *** p < 

0.001. 

  

The NMDS ordination (Figure 5. 4) showed a sample clustering according to the type of sample, i.e., 

epilithic, planktonic, sediment (stress = 0.14). The ANOSIM analysis confirmed that community 

composition of the three sample groups was significantly different (R = 0.75, p = 0.001). Specifically, 

while sediment and epilithic samples were partially overlapped, planktonic samples formed a 

distinct separated cluster with different taxonomic composition. 

 

 
Figure 5. 4. NMDS ordination plot of the samples collected in the Cevedale lakes, grouped by sample type: E = epilithic, 

P = plankton, S = sediment. Stress value = 0.14. 
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Considering the lake spatial gradient, i.e., from ice-contact conditions (L1) toward distal (L2, LC, L3) 

and clear (MA) conditions, plankton samples did not show significant differences in α-diversity 

metrics between lakes (Kruskal-Wallis test, p > 0.05, see Figure 5. 5a). Conversely, α-diversity of 

bacterial epilithic samples showed a gradually increasing trend from L1 to L3 and MA (Figure 5. 5b). 

Alpha-diversity differences among lakes were significant only when considering ASV richness 

(Kruskal-Wallis test, p < 0.05), not the Shannon Index (p > 0.05).  

 

 

 
Figure 5. 5. Prokaryotic α -diversity metrics of the planktonic (a) and epilithic (b) samples analysed from the Cevedale 

proglacial lakes (L1, L2, LC, L3) and the Marmotte Lake (MA). 

 

Planktonic α-diversity did not show significant correlations with key environmental variables 

(Spearman correlation, p adjusted > 0.05). In contrast, epilithic α-diversity metrics were significantly 

correlated with 6 environmental variables (Spearman correlation, adjusted p < 0.05, Figure 5. 6): 

concentration of suspended solids (total, TSS, inorganic, ISS, organic, OSS), water temperature (Tw), 

concentration of silica (SiO2) and total nitrogen (TN). Specifically, both richness and the Shannon 

Index increased with warmer water temperatures and concentrations of silica. In contrast, both 

diversity metrics decreased with increasing concentrations of suspended solids. The Shannon Index 

also showed a negative correlation with total nitrogen. 
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Figure 5. 6. Environmental variables with significant correlation (Spearman, p adjusted < 0.05) with ASV richness and 

the Shannon Index in the epilithic samples. Only significant correlations are shown. 

 

The observed differences in community compositions among lakes were statistically significant for 

both plankton and epilithic samples (ANOSIM, p < 0.05, R = 0.41 and 0.86 respectively). The NMDS 

analysis (supplementary material S5.3) confirmed the importance of glacier-related factors in 

shaping lake prokaryotic communities. In both plankton and epilithic, samples from the distal lakes 

L2, LC and L3, and MA, were separated along axis 1, while samples from the ice-contact lake L1 were 

separated from the other groups mainly along axis 2. Environmental variables that showed a 

significant relationship with both ordination pattens (plankton and epilithic) were electrical 

conductivity (EC), concentration of silica (SiO2), and concentration of suspended solids in the water 

column (TSS). The ordination of epilithic samples showed also a significant relationship with water 

temperature (Tw) and total nitrogen (TN).  

 

 

Planktonic communities 

The comparable α-diversity observed in the proglacial lakes and the clear lake can be linked to 

different interacting factors. First, dispersal processes: planktonic communities of proglacial lakes 

receive the contribution of a metacommunity which is influenced by the glaciers included in the lake 

catchment area (Battin et al., 2007; Peter & Sommaruga, 2016; Liu et al., 2024), while the Marmotte 

catchment lacks the glacier source. Glacial microbial communities not only include several taxa 

which are adapted to the harsh glacial habitat (Anesio & Laybourn-Parry, 2012), but also can receive 

the input of allochthonous taxa through the atmospheric deposition, a vector of bacterial cells that 

are transported with aerosols and dust (Margesin & Miteva, 2011), deposited upon glacier surfaces 

with precipitation and released during the ice melting phases. Furthermore, proglacial lakes can 

receive contributions from other sources such as cryoconite holes (Cook et al., 2016), snow (Krug et 

al., 2020), and soils (Crump et al., 2012). Second, the reduced presence of key predators in the water 

column of turbid glacial lakes (Sommaruga, 2015; Peter & Sommaruga, 2016), such as heterotrophic 

nanoflagellates (Sommaruga & Kandolf, 2014) and Cladocera (Koenings et al., 1990), may reduce 
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the predatory pressure on bacterial communities, thus contributing to maintain relatively high 

abundance and biodiversity. Third, mineral turbidity, by attenuating UVR penetration in the water 

column (Rose et al., 2014), may provide protection to UV-sensitive bacteria (Sommaruga, 2001; 

Peter & Sommaruga, 2016), while plankton bacteria of the clear lake are highly exposed to UV stress 

(Sommaruga, 2001). Altogether, these factors may help mitigate the harsh environmental 

conditions in ice-contact lakes and contribute to maintaining bacterial diversity levels in both 

proglacial and clear lakes. 

Bacterial planktonic communities of the analysed lakes were generally characterised by high relative 

abundance of the phyla Pseudomonadota and Bacteroidota, in agreement with previous studies 

about high-altitude Alpine headwaters (e.g., Tolotti et al., 2024) including glacier-fed lakes (Peter & 

Sommaruga, 2016). Some of the most represented planktonic genera identified in the studied lakes 

showed remarkable spatial gradients in their relative abundance, as shown in Figure 5. 7. 

Polaromonas (phylum Pseudomonadota) was the genus with the highest relative abundances in the 

plankton of proglacial lakes, where it accounted for 16.3% to 56.6% of the communities in L1, L2, LC 

and L3, while the relative abundance of the genus substantially dropped to 4.1% in the sample from 

the Marmotte Lake (MA). Another genus that was frequently observed in the plankton of the 

Cevedale proglacial lakes was Aquirufa (phylum Bacteroidota), which increased gradually in relative 

abundance, from L1 (0.33 – 0.35%) to L2 (8.04 – 19.19.28%), LC (20.16 – 32.19%), and L3 (29.96 – 

34.01%), while it was not detected in MA (0 reads). Similarly, Methylophilus (phylum 

Pseudomonadota) accounted from 3.3 to 15.2 % of the proglacial planktonic communities, while 

was not detected in the MA (0 reads). Sphingorhabdus (phylum Pseudomonadota) exhibited low 

relative abundance in L1 (0 – 0.01%) and MA (0.03%), while in the proglacial distal lakes was more 

frequent (3.93 – 12.84% in L2, 8.28 – 10.52% in LC, 2.79 – 10.61% in L3). Arcicella, a bacterial genus 

that was previously found as characteristic glacier fed lakes (Peter & Sommaruga, 2016; Liu et al., 

2024) (phylum Bacteroidota) showed a strong spatial gradient. The highest relative abundance was 

observed in L1 (3.9 - 18.3 % of the community) and gradually decreased in the other lakes. 

Ferruginibacter showed the highest relative abundance in L1 (1.44 – 12.67%) and MA (4.99%), while 

in L2, LC and L3 it had relative abundances lower than 1% in all samples. Flavobacterium had the 

highest relative abundance in L3. Similarly to Polaromonas, Flavobacterium constitutes the core 

microbiome of the cryosphere (Bourquin et al., 2022). In contrast, Haliscomenobacter (phylum 

Bacteroidota) was a characteristic genus of the Marmotte Lake. Here, the genus accounted for 

59.16% of the planktonic community, while in the proglacial Cevedale lakes it was not detected (L1 

and LC) or in extremely low relative abundances (0 – 0.1% in L2, 0 – 0.04% in L3). This bacterial genus 

was previously found as characteristic of clear lake conditions and absent in glacier-fed lakes (Peter 

& Sommaruga, 2016). Finally, the genus Rhodoferax (phylum Pseudomonadota), which was very 

common in all the analysed samples, did not show spatial gradients. 
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Figure 5. 7. Relative abundance of the 10 most abundant prokaryotic genera detected in the analysed planktonic 

samples, grouped by lake. The phylum is also indicated. 

 

Epilithic communities  

The most representative genera (in terms of highest relative abundance in reads) identified in 

littoral epilithic communities belonged to the phyla Cyanobacteriota, Deinococcota, 

Pseudomonadota and Bacteroidota (Figure 5. 8). The cryospheric genera that were common in the 

plankton samples, such as Polaromonas, Rhodoferax and Ferruginibacter, were common also in 

epilithic samples, as well as Deinococcus. All these genera exhibited a similar decreasing trend from 

L1 to MA.  Polaromonas accounted for 14.1 - 19.26% of the community in L1, 2.29 - 9.82% in L2, 

1.74 - 2.6% in LC, 1.42 - 4.75% in L3, and 1.85 - 2.13% in MA. A similar trend was observed for 

Ferruginibacter (phylum Bacteroidota), that gradually decreased from L1 (8.8 – 19.54%) toward 

distal lakes (0.9 – 5.99% in L2, 0 – 2.03% in LC, 0.26 – 1.66% in L3). In the clear lake, MA, the 

abundance of Ferruginibacter ranged from 2.9 to 5.83%. Deinococcus was highly represented in L1 

(25–33.7%) but decreased in the samples from other lakes.  

 



 

97 
 

 
Figure 5. 8. Relative abundance of the 10 most abundant prokaryotic genera detected in the analysed epilithic 

samples, grouped by lake.      

 

Being cyanobacteria one of the key components of the autotrophic benthos, were further explored. 

The ASVs attributed to cyanobacteria were 142, belonging to 28 coded genera. The diversity of 

epilithic cyanobacteria was generally higher in MA than in the Cevedale proglacial lakes (Figure 5. 

9). The observed number of cyanobacterial genera identified from the analysis of the 16S rRNA gene 

increased going from 2 in L1, 2 – 11 in L2, 5 – 6 in LC and 9 – 15 in L3, to 17 – 19 genera in MA. 

 

 
Figure 5. 9. α-diversity metrics of ASVs belonging to the phylum Cyanobacteriota in the epilithic samples. 

 

Epilithic cyanobacteria formed distinct assemblages in the lakes (Figure 5. 10), as confirmed by the 

ANOSIM (R = 0.52, p < 0.01). In L1, the cyanobacteria community was composed solely of 
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Pseudanabaena and Apatinema. Pseudanabaena, which was also observed in living samples 

collected in the proglacial lakes (Figure 5. 11), is a cosmopolitan cyanobacterium (Komárek & 

Anagnostidis, 2005) characteristic of epipelic algal assemblages (Poulíčková et al., 2008), which has 

been previously found in cryospheric environments, including glacial soil (e.g., Yang et al., 2016). 

Pseudanabaena was detected in all the epilithic samples, with a median relative abundance 1.94%. 

The highest relative abundance was observed in LC in September 2023 (24%), while in L1 and MA 

the genus was less abundant. The soil cyanobacterium Apatinema was detected in all the epilithic 

samples. The genus showed highest relative abundances in L2 and L3, where it accounted for 0.14 

– 28.71% and 0.56 – 17.56% of the communities, respectively.  The high relative abundance of 

Apatinema and Pseudanabaena in the samples from the proglacial lakes suggests that proglacial 

soils represent a relevant source of microbial diversity for the Cevedale proglacial lakes. 

In L2, while being still mainly composed of Pseudanabaena and Apatinema, the community was 

more diversified. Anagnostidinema and Phormidesmis appeared in L2 and became increasingly 

more represented in L3. The cyanobacterium Anagnostidinema was particularly abundant in the 

samples collected from L3, where it represented on average the 17.85% (0.63 – 38.28%) of the 

community and was not detected in only one sample, in June 2022. Anagnostidinema was detected 

with lower relative abundances also in L2 (0 – 3.61%), LC (0 – 4.04%) and MA (0.20 – 0.47%), while 

in samples from L1 it was never detected. Phormidesmis is a widespread genus of cyanobacteria 

that can colonise soils, rocks and lake littoral areas, although some species appear to be restricted 

to specific niches (Raabova et al., 2019). The genus Crinalium, which was detected uniquely in L2, is 

a cosmopolitan but rare member of the family Gomontiellaceae (Mikhailyuk et al., 2019), that 

includes also one cryosphere-related species, Crinalium glaciale, isolated from cryoconitic ponds of 

Antarctica (Broady & Kibblewhite, 1991).  Altericista, a recently described genus (Averina et al., 

2021) detected in L2, L3 and MA, is capable to synthesise accessory chlorophylls and to rearrange 

the phycobilisome apparatus, thus acquiring the ability to photo acclimate. This trait may explain its 

ability to colonise habitats with different light conditions such as proglacial and clear lakes. The 

epilithic samples from L3 were also characterised by the presence of Wilmottia, a cosmopolitan 

genus that is found in many environments, including Antarctica (Radzi et al., 2021). Gloeobacter was 

detected only in samples from L3 and MA.  
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Figure 5. 10. Taxonomic composition at the family and genus level of the phylum Cyanobacteriota in the epilithic 

samples, grouped by lake. 
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Figure 5. 11. Left: Pseudanabaena sp. in L1, 1 October 2021; Right: Pseudanabaena sp. and another filamentous 

cyanobacterium in L3, 12 July 2022. 

 

Eukaryotes 

The metabarcoding of the V4 region of the 18S ribosomal RNA gene resulted in the identification of 

2387 ASVs, assigned to 473 genera belonging to 18 eukaryotic divisions. The ASV richness did not 

show significant differences among sample types (Kruskal-Wallis test, p > 0.05). The highest number 

of unique (i.e., not shared with other sample types) ASVs was detected in epilithic samples (690), 

followed by planktonic and sediment samples (supplementary material S5.5). A high fraction of ASVs 

(1250) was shared between plankton and epilithic sample types, and a core group of 120 ASVs was 

detected in all the lakes studies (Figure 5. 12). Lake Marmotte was the lake with the highest number 

of unique ASVs and the highest ASV richness (523-742 ASVs in epilithic samples). In the proglacial 

lakes, the highest number of unique ASVs was detected in L3 (362), followed by L1 (79), L2 (65), and 

LC (20). This taxa distribution confirms the homogeneity of the samples from the proglacial lakes in 

comparison with the only clear lake in the dataset. 

 

Figure 5. 12. Venn diagram showing the number of shared and unique ASVs detected in the analysed samples (18S 
dataset), grouped by lake. 
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The taxonomic composition at the division level (Figure 5. 13) displayed a relatively uniform 

distribution across the dataset. The most diverse division, in terms of ASV richness, was 

Opisthokonta, followed by Stramenopiles, Chlorophyta, Rhizaria, and Alveolata (supplementary 

material S5.7a). All other divisions included less than 50 ASVs. It is important to note that 

Opisthokonta includes multicellular organisms such as metazoans and fungi (supplementary 

material S5.6), for which the number of reads does not correspond to the number of individuals. At 

the class level (supplementary material, S5.7b), the highest proportion of ASVs was attributed to 

the Filosa-Sarcomonadea class (14%), followed by Chytridiomycota (11%), Chrysophyceae (7%), 

Chlorophyceae (6%), Nematoda (6%), Bacillariophyceae (4%), Basidiomycota (4%), 

Trebouxiophyceae (3%), Oligohymenophorea (3%), and Litostomatea (2%). The remaining 40% of 

ASVs were distributed among classes containing less than 2% of the total ASVs, indicating a highly 

diverse but uneven distribution of taxa within the sampled environments. 

 

Figure 5. 13. Taxonomic composition (relative abundance of reads in the sample) at the division level of the analysed 
samples, grouped by type (E = epilithic, P = plankton, S = sediment) and lake. 

 

Eukaryotic ASV richness of epilithic and planktonic samples from the proglacial lakes showed 

different spatial patterns (Figure 5. 14). Among planktonic samples, richness did not differ 

significantly between lakes (Kruskal-Wallis test, p > 0.05), while it significantly differed in the 

epilithic samples (Kruskal-Wallis test, p < 0.05). Particularly, the epilithic richness in L2 was 

significantly lower than in L3 (Wilcoxon test, p < 0.05). Planktonic ASV richness was not significantly 

correlated with any of the environmental variables, while epilithic richness showed a positive 

correlation with silica concentrations and water temperature, and a negative correlation with water 

turbidity (Spearman correlations, p < 0.05).  

The highest epilithic richness was found in MA, followed by L3 and L1. L2 and LC had overall lower 

epilithic diversity than the other lakes. On the other hand, planktonic samples showed high diversity 

in L1, which dropped in L2 and increased again in LC and L3, where the numbers of detected ASVs 

were comparable to those found in L1. Finally, MA exhibited the lowest planktonic richness. The 

high diversity in the plankton samples from L1 resembles the pattern observed in the prokaryotic 

dataset, and can be explained by the contributions from glacier meltwater (Peter & Sommaruga, 
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2016), which can collect and transport organisms from the diverse microbial communities of 

cryoconite holes (Edwards et al., 2013b; Cook et al., 2016), snow (Hoham & Remias, 2020), and the 

glacier ice microbiome (Anesio et al., 2017). In contrast, the high diversity in LC and L3 may reflect 

a condition of “intermediate disturbance” (Fox & Connell, 1979), where the thermally more stable 

water column ensures mild conditions in shallow layers during warm and dry periods (Chapter 3). In 

contrast, in the ice-contact lakes the unstable physical environment exerts a constant selective 

pressure on the lake biota. Especially the communities of L2 may be related to a “high disturbance” 

condition, where only pioneer species are likely to survive (as seen in benthic diatoms in Chapter 4), 

and where the partial loss of connection with the glacier significantly reduces the contribution from 

the upstream metacommunity. In contrast, physical disturbance is reduced in MA, which is a mature 

lake, by the complete absence of glaciers in the catchment (Chapter 2), so that interactions among 

organisms, such as competitive exclusion, likely play a more important role in shaping communities 

(Reynolds, 2006). Furthermore, planktonic communities of clear mountain lakes are particularly 

subject to UVR stress, which may further reduce the biodiversity of plankton communities in the 

shallow layers of the water column (Sommaruga, 2001). In turbid lakes, the UVR stress is significantly 

reduced by the suspended glacial flour (Kammerlander et al., 2016). However, this effect is likely 

counterbalanced by the physical disturbance of glacial flour on cells (Sommaruga & Kandolf, 2014).  

 

 

Figure 5. 14. Eukaryotic ASV richness in the analysed epilithic and plankton samples, grouped by lake. 

 

The ASV richness (number of ASV) of the most diverse classes within the dataset is shown in Figure 

5. 15. In the epilithic communities, both Nematoda and Bacillariophyceae displayed an increasing 

trend in ASV richness from the ice-contact lake toward the ice-distal lakes. Nematodes were not 

detected in the epilithic samples from L1 but were present in all epilithic samples from L2, LC, and 

L3, reflecting an increase in taxonomic diversity with decreasing glacial influence. In L1, epilithic 

communities were dominated by rotifers, with a significant increase in diversity in L2 and LC, where 

nematodes, Platyhelminthes, Nemertea, Rotifera, and even insects (Baetis sp.) were also detected. 

L3 exhibited the highest diversity of metazoans, including Nematoda, Rotifera, and Tardigrada (data 

not shown). Two epilithic samples from L3 contained the arachnid genus Tectocepheus, a pioneer 

and parthenogenetic oribatid mite that is one of the first colonisers of young soils after glacier 

retreat (Hågvar et al., 2009) and can be found in lichen tundra habitats (Leonov, 2020). Fungal ASV 

richness, especially of the two most diverse classes, Chytridiomycota and Basidiomycota, showed a 
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similar pattern to metazoans. The highest fungal diversity was observed in planktonic samples from 

L1. An exceptionally high number of basidiomycetes ASVs was detected in L1, largely attributed to 

the family Microbotryomycetes, which was extensively detected in both planktonic and epilithic 

samples from this lake. In contrast, Microbotryomycetes were only sparsely represented in the 

samples from the Marmotte. This family includes the genus Leucosporidium, a psychrophilic 

basidiomycete (de García et al., 2015), which was exclusively found in proglacial lake samples. These 

findings suggest that glaciers serve as reservoirs of cold-adapted fungal biodiversity, a source that 

becomes progressively less abundant in the absence of ice cover (Tsuji et al., 2022).  

The taxonomic richness of protozoa and algae in planktonic samples also varied with glacial 

influence. Notably, amoebae of the class Filosa-Sarcomonadea, ciliates of the classes 

Oligohymenophorea and Litostomatea, as well as chlorophytes of the classes Chlorophyceae and 

Trebouxiophyceae, exhibited higher ASV richness in L1 than in L2 and, in some cases, with values 

comparable to those found in L3 (e.g., planktonic Litostomatea). Among Sarcomonadea, many      

ASVs were detected exclusively in the proglacial lakes, with 19 ASVs found only in L1 and 27 ASVs 

restricted to L3. 

Chlorophyta, one of the most diverse algal groups in the samples analysed in this study, similarly 

showed a high richness in planktonic samples from L1, in both classes Chlorophyceae and 

Trebouxiophyceae. Epilithic Chlorophyceae exhibited the highest richness in the samples from MA. 

The species Planophila bipyrenoidosa was detected in all epilithic samples, with particularly high 

number of reads in the samples from L2, LC, and L3. This species may be a key player in the 

colonization processes of these young, glacier-fed environments by algal communities. Epilithic 

Trebouxiophyceae exhibited the highest richness in L3. Interestingly, Koliella sp. was found mainly 

in the proglacial lakes (max. 5 reads in MA), where it was among the most abundant chlorophytes 

in the plankton of L1. The presence of Koliella sp. was previously observed in the plankton of a highly 

turbid proglacial lake in Austria (Kammerlander et al., 2016). Algae of the genus Koliella (such as K. 

antarctica) are adapted to low temperature and light conditions and can promptly modulate the 

composition of their photosynthetic apparatus to acclimate to changing irradiance (La Rocca et al., 

2015).  

Another well represented algal group was the class Chrysophyceae. Epilithic samples from MA 

exhibited a higher richness of chrysophytes compared to the proglacial lakes. All planktonic samples 

from the proglacial lakes were characterised by the presence of Hydrurus foetidus, a cold 

stenotherm species (Klaveness, 2019). Since H. foetidus is typically a benthic rheophilic alga (Traaen 

& Lindstrøm, 1983; Rott et al., 2006), its presence in the plankton of proglacial lakes may be due to 

drift from inlet streams. Only a few reads of chrysophytes, including H. foetidus, were detected in 

the samples from MA, thus confirming field observations (Tolotti, pers. comm.) indicating an overall 

scarcity of chrysophytes. 

Other algal groups detected in the analysed samples were Dinophyceae, found mainly in MA, while 

sparsely detected in the proglacial lakes, Bangiophyceae, almost exclusively detected in L3, 

Zygnemophyceae, mainly found in L3 with Cosmarium sp. and in MA with Mougeotia sp., and 

Xanthophyceae, detected mainly in the proglacial lakes. The relevance of dinoflagellates in MA 

agrees with their important role in the phytoplankton of this lake, as observed in previous 

morphological surveys in 2017 and 2021 (Tolotti, unpublished data).  
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Figure 5. 15. ASV richness of the most diversified (n ASV > 50) classes detected in the analysed samples, divided into 
epilithic and plankton samples. 
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Diatoms – comparison of two methods for assessing diversity 

Diatoms (division Stramenopiles, subdivision Gyrista, class Bacillariophyceae) were detected mainly 

in epilithic samples of L2, LC, L3 and MA, with number of ASVs gradually increasing from contact to 

distal proglacial lakes (Figure 5. 15). Planktonic ASV richness increased in the distal proglacial lakes. 

The samples from the clear lake, MA, displayed the highest diatom richness among epilithic samples. 

In contrast, planktonic diatom richness was extremely low in MA, where only the genera Fragilaria 

and Gomphonema were identified, and comparable with L1.  

Diatom ASVs were attributed to a total of 19 diatom genera, 14 of which were detected in the 

proglacial lakes. This result was compared with the taxonomic composition at the genus level 

obtained from the morphological analysis (Chapter 4), which identified an analogous (17) number 

of diatom genera. However, the richness estimates (number of genera) differed significantly when 

measured using the two approaches (Wilcoxon signed-rank test, p < 0.05), as richness estimated 

with the morphological method was higher than that estimated from 18S analysis (mean number of 

genera equal to 6 and 4.2, respectively). The community composition of benthic diatoms obtained 

with the 18S analysis was significantly different among lakes (ANOSIM, R = 0.42, p = 0.001), thus 

confirming that the four proglacial lakes are characterised by distinct diatom assemblages (Figure 5. 

16), as found with the morphological analysis in Chapter 4. However, some differences in taxonomic 

composition obtained with the two methods were observed. Three genera that were not detected 

by the microscopy observation, i.e., Craticula, Cymbopleura, and Reimeria, were instead detected 

with the 18S analysis. On the other hand, the morphological observations identified 7 genera that 

were not detected with the 18S method: Caloneis, Psammothidium, and 5 quite rare genera, i.e., 

Adlafia, Amphora, Denticula, Eucocconeis, Hantzschia, that were observed in < 2 samples, and with 

few valvae. In LC, the taxonomic compositions obtained with the two methods differed consistently. 

In the NMDS ordination plot, samples from LC analysed with the morphologic approach were close 

to samples from L2 and L1, while the community compositions obtained with the 18S analysis were 

closer to the L3 cluster (Figure 5. 16).   

 

Figure 5. 16. Ordination plot of epilithic diatom samples grouped by lake, based on the method used for the 
determination of the taxonomic composition at the genus level: 18S = metabarcoding of the 18S rRNA gene; LM = light 

microscopy. NMDS stress = 0.13. 
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Concluding remarks 

This study provides a preliminary analysis of the taxonomic composition and distribution of 

prokaryotes and eukaryotes in the Cevedale proglacial lakes. The metabarcoding approach provided 

insight into biodiversity patterns and allowed to identify the most diverse and common taxonomic 

groups which compose the biological communities of the studied lakes. However, the methodology 

presents an important limitation. The analysis of DNA sequences instead of individual cells or 

organisms does not allow the direct quantification of the abundance of individuals, thus hindering 

the evaluation of ecological weight of each group within the whole community.   

Higher diversity was observed in the epilithic than in the planktonic prokaryotic communities, thus 

confirming the relevant role played by epilithic biofilms in shaping proglacial lake ecosystems. 

The microbial communities of the studied proglacial lakes exhibited pronounced individuality in 

their taxonomic profiles, both in comparison to each other and to the clear Marmotte Lake. This 

suggests the presence of a specialised biodiversity in the proglacial lakes, such as cold-adapted 

bacteria.  

The microbial response of diversity to decreasing glacial influence appeared more pronounced in 

benthic communities, that showed significant correlations with glacier-related environmental 

factors, than in planktonic ones. Planktonic communities in L1 were notably enriched with 

cryosphere-related taxa, such as the bacterium Polaromonas and the basidiomycetes 

Leucosporidium, which are characteristic of glacial environments. However, although glacial runoff 

is an important contributor to planktonic biodiversity (Peter & Sommaruga, 2016), it remains 

unclear whether these organisms are integrated into resident communities within the water column 

or if they simply drift through the system. Furthermore, the role of ecological interactions, such as 

the scarcity of bacterial predators, in shaping bacterial diversity requires further investigation.  

These findings support the hypothesis that stochastic processes, such as dispersion, are the primary 

drivers of the planktonic assemblages of the studied lakes (Peter & Sommaruga, 2016; Liu et al., 

2021; Liu et al., 2024). On the other hand, key groups of the photosynthetic littoral benthos, such 

as diatoms and cyanobacteria, appeared more strictly constrained by the harsh physical conditions, 

and the diversity of these groups progressively increased with decreasing glacial influence.  
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Chapter 6 

Conclusions 
This thesis provides new insights into the ecological features and evolution of Alpine proglacial lakes, 

focusing on the Cevedale proglacial lake system in the Ortles-Cevedale Massif. This system, formed 

due to the progressive retreat of the Zufallferner/Vedretta del Cevedale glacier, serves as a natural 

laboratory to study how deglaciation influences lake ecosystems. By analysing a cluster of four lakes, 

which include both ice-contact (L1) and distal lakes (L2, LC, and L3), this study enhances our 

understanding of the physical, chemical, and biological factors that shape these dynamic 

environments over time. The adoption of the integrated approach combining field data (physical, 

chemical, biological) and hydrodynamic modelling was particularly useful in a context where data 

collection is logistically challenging. The integration of different disciplines was of utmost 

importance to disentangle the environmental controls on biological communities, especially in 

these ecosystems, where physical factors play a dominant role over chemical characteristics. 

Hydrochemistry was relatively uniform across the proglacial lakes, also due to the hydrological 

connection between the lakes. Concentrations of bioavailable nutrients phosphorus and nitrogen      

were consistently low throughout the system. In contrast, notable gradients were observed in key 

physical factors such as turbidity and water temperature. 

The investigation of physical dynamics revealed that, among the Cevedale proglacial lakes, L1 is a 

typical ice-contact lake, characterised by cold water temperatures (around 4°C) and high turbidity. 

The other lakes, L2, LC, and L3, are distal lakes, where temperatures above 4°C allow thermal 

stratification to form during warm and dry summer periods, as observed in the field data from L2 

and L3. Notably, L2 exhibits characteristics typical of an ice-distal lake, such as thermal stratification, 

despite its relatively recent formation and its proximity to the glacier terminus. The detailed analysis 

of stratification dynamics in L2, conducted by integrating field data and hydrodynamic modelling, 

revealed that thermal stratification is triggered during warm and dry periods, and results in a more 

stable water column. This condition promotes the warming of the surface water layer and the 

sedimentation of glacial flour, which mitigates the light-limiting effect of fine suspended solids. 

Therefore, light limitation decreases in the surface layers of the lake, including the littoral area, even 

when glacier ablation is sustained. These physical changes appear to control the seasonal 

development of the littoral periphyton by influencing the timing of windows of opportunity (WOs) 

for periphyton growth, and allowing additional WOs during summer months besides the typical 

autumn WO observed in glacier-fed streams. The key role of physical conditions in influencing 

littoral periphyton was confirmed by the results of analyses conducted on biofilm samples, which 

addressed different communities with different methodologies (diatoms with the morphological 

approach, prokaryotes and eukaryotes with HTS). Quantitative data about biofilm development in 

L2 (organic content, chlorophyll a, and diatom density) supported this thesis, as littoral periphyton 

growth peaked in August 2022, after a period of warm and dry meteorological conditions, while, in 

August 2023, the unstable lake environment resulted in reduced periphyton biomass.  
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As warm and dry periods are predicted to increase with the progressing climate change, longer 

periods of stratification and the establishment of longer WOs are expected in distal lakes, thus 

resulting in the acceleration of colonisation processes. However, seasonal measurements of littoral 

biofilm biomass at more frequent intervals are necessary to validate this thesis.   

The study also highlights that stochastic processes, such as dispersion, likely play an important role 

in shaping the planktonic assemblages of proglacial lakes, which are enriched with microorganisms 

sourcing from ice and snow. On the other hand, benthic assemblages, and in particular diatoms and 

cyanobacteria, are more constrained by the habitat conditions found in proglacial lakes, and are 

likely more influenced by deterministic ecological processes, such as resource availability and 

environmental stability.  

Benthic communities, and especially primary producers, such as diatoms and cyanobacteria, 

responded to glacial influence in terms of taxonomic composition, diversity and biomass. Early 

stages of colonisation, represented by L1 and L2, were characterised by soil cyanobacteria, 

amoebae, fungi, chlorophytes and chrysophytes. Diatom communities were dominated by 

aerophilic, pioneer and low-profile species that can cope with the exposure to intense physical 

disturbances induced by daily pulses of glacial meltwater, water level fluctuations, wind stress on 

lake surface, and water column instability. The strong physical constraints explain the extremely low 

biomass and diversity observed in L1.  In contrast, despite the very recent formation of L2, benthic 

diatom communities in this lake were more diverse and abundant than those in L1, especially during 

periods of more favourable environmental conditions. These periods were characterised by reduced 

(intermediate) physical disturbance, depending on the stability of the thermal stratification 

established in the lake. In the distal lake L3, both benthic α-diversity and biomass increased, and 

diatom community composition shifted toward more lake-typical and high-profile species.  

Finally, benthic communities found in the proglacial lakes varied along the deglaciation 

chronosequence and were clearly distinct from those observed in the studied clear lake. In 

agreement with recent findings from glacial and non-glacial Alpine streams, this study confirmed 

that the decrease of glacial influence induces an increase in lake α-diversity, paralleled by a net β-

diversity loss at the landscape level. Further research is required to investigate γ-diversity of benthic 

communities of proglacial lakes at the regional scale. 

These findings underscore the pronounced vulnerability of proglacial lake habitats in the present 

context of global warming and deglaciation. The vulnerability of these habitats and of their unique 

biological assemblages opens a conservation issue. Glacial ecosystems are protected by the EU 

legislation as the Habitat 8340 in the Habitat Directive, even if none of the species inhabiting this 

habitat type are included in the Natura 2000 Annexes, due to scarce knowledge (Gobbi et al., 2021). 

However, specific protection measures for glacial aquatic ecosystems are extremely rare even in 

natural parks and other protected areas of the Alps. Including proglacial habitats into conservation 

strategies would represent a far-sighted action to protect them at least from local anthropogenic 

pressures, and to contribute to the preservation of Alpine biodiversity at a broader scale.   
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S4.1. Diatom micrographs 

Diatoms species representative for the samples investigated Cevedale proglacial lakes summer 2022 
and 2023. A = Achnanthidium minutissimum; B = Encyonopsis falaisensis; C = Encyonopsis 
microcephala; D = Encyonopsis microcephala var. robusta; E = Encyonema silesiacum; F = Encyonema 
minutum; G = Caloneis aerophila; H = Caloneis vasileyevae; I = Gomphonema varioreduncum; J = 
Adlafia minuscula; K = Psammothidium helveticum; L = Denticula tenuis; M = Surirella terricola; N = 
Nitzschia aff. pura; O = Nitzschia perminuta; P = Nitzschia palea var. debilis; Q = Pinnularia 
bullacostae; R = Pinnularia obscuriformis; S = Pinnularia obscura. 
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Introduction 

Pinnularia bullacostae Krammer & Lange-Bertalot 1999 was first described as living between river 

mosses of a small arctic island close to the Yugorsky peninsula, Siberia (Lange-Bertalot & Genkal 

1999). At the best of our knowledge, the known distribution of this species (Guiry 2024: 

www.algaebase.org, last access on 16th October 2024) encompasses the Kotelny Island (Genkal & 

Gabyshev 2020), the Arctic and Subarctic tundra (Genkal & Yarushina 2016; Kopyrina et al. 2021; 

Barinova et al. 2023; Barinova & Gabyshev 2024), the Subpolar Urals (Patova & Novakovskaya 2018 

and citations therein; Patova et al. 2023), the Bureya River catchment (Medvedeva & Nikulina 2019), 

and the Attert River catchment in Luxembourg (Barragán et al. 2018; Foets et al. 2020). One 

observation is also reported in a sediment core of the Nettilling Lake, a glacial lake in the Canadian 

Arctic Archipelago (Beaudoin 2014). The species is frequently associated with soil habitats (Patova 

& Novakovskaya 2018; Foets et al. 2020; Foets et al. 2021; Patova et al. 2023), lentic water bodies 

and pools (Beaudoin 2014; Genkal & Yarushina 2016; Genkal & Gabyshev 2020; Kopyrina et al. 2021; 

Barinova & Gabyshev 2024). 

Here, we report the first record of Pinnularia bullacostae for the European Alps, in a cluster of 

proglacial lakes almost exclusively fed by glacial meltwater, aiming at updating and complementing 

the current distribution and ecological knowledge of the species. 

Materials and methods 

The study area (Figure 1) is located in the upper Martell Valley, in the Ortles-Cevedale Mountain 

group (Central Alps, South Tyrol, Italy). The proglacial lake cluster is located above the tree line, 

between 2700 and 2900 m a.s.l., and the surrounding landscape is composed of glaciers, permafrost, 

bedrock and moraines, where primary vegetational succession is occurring (Ramskogler et al. 2023). 

According to the Köppen-Geiger classification map (Kottek et al 2006), the climate in the area is 

classified as alpine tundra (ET). The lakes formed in the few past decades due to the retreat of the 

Cevedale Glacier and are mainly fed by turbid glacier runoff. The uppermost lake is located 

approximately 150 m downstream from the visible glacier ice and part of the lake bottom is in direct 

contact with debris-covered ice. The three lakes are connected to each other by small streams and 

represent different stages of evolution in the deglaciation process, i.e., ice contact (CL), 
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intermediate (IL) and ice distal (DL) conditions. No previous data on physical and chemical settings, 

as well as on biodiversity, are available for these lakes.  

 

Figure 1. (a) Known distribution of P. bullacostae (white dots) and the study site in the European Alps (red dot); (b) The 
study site in Martell Valley (orthophoto: Province of Bolzano 2023, available at: http://geokatalog.buergernetz.bz.it); 
(c) the three studied proglacial lakes and the substrates where diatom samples were collected. CL = ice-contact lake 
with stones and pebbles along the shore (epilithon), IL = intermediate lake with pebbles covered by sediment (epipelon), 
DL = distal lake with a shore covered with fine sediment (epipelon). 

 

Benthic diatom samples were collected in 2022 and 2023 during the ice-free seasons, in July, August 

and September, which represent the major hydrological stages of the Alpine glacial summer 

(characterised by prevalent snowmelt, ice melt, and baseflow, respectively). We collected pooled 

periphyton samples by brushing a known area of pebbles (epilithic samples) and cohesive sediment 

(epipelic samples) along the lake littoral area (Figure 1c). In 2022, one sample was assembled for 

each lake for each month, while in 2023 samples from the ice contact and the ice distal lakes were 

collected both in the upstream (U) and the downstream (D) part of the lakes. The collected material 

was preserved in ethanol at a final concentration of 50%. Samples were treated according to the 

European guidelines for the analysis of benthic diatom communities (European Committee for 

Standardisation 2014). Organic matter was removed by oxidation with 30% H2O2 at 90 °C. After 

dissolution of carbonates with HCl, the samples were centrifuged and rinsed with distilled water. 

Permanent slides were mounted in Naphrax®, with 1.7 refraction index. We counted at least 400 

diatom valves and identified diatom valves at the species level whenever possible. We counted the 

whole slide in the case of samples with very low diatom density. Counts were made using a Leica 

DM2500 optical microscope (LM) equipped with differential interference contrast optics at 1000x 

magnification. We took micrographs of the specimens at LM using the Leica LAS X Software (version 

3.7.6.25977) for image acquisition and processing, and with a Jeol JSM-IT300LV scanning electron 

microscope (SEM).  

Results 

Morphology of the observed P. bullacostae specimens  

Valve. Length 34.3 – 39.2 µm. Width 5.8 – 7.0 µm.  Linear outline, with central portion of the sides 

slightly concave, and flat surface in the SEM (Figure 2g). Ends rounded, not protracted.  
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Raphe. Narrow, linear, lateral in its central parts. Central pores drop-shaped and turned to one side. 

Terminal fissures ?-shaped. 

Axial area. Narrow, broadening towards the central area. 

Central area. An asymmetric fascia reaching the valve margins.   

Striae. Weakly radiate at the centre of the valves, weakly convergent towards the ends, 15 – 16 / 10 

µm, alveoli composed of 3 - 5 rows of offset areolae, sometimes with irregular arrangement (Figure 

2i, visible only at SEM).  

At SEM, the internal part of the valve is provided with characteristic siliceous papillae-like structures 

on the virgae (as described in Krammer 2000), also known in literature as “knopfartige Höcker” 

(Krammer & Lange-Bertalot 1999 in Lange-Bertalot & Genkal) or “elevated siliceous outgrowth” 

(Zidarova 2016). These structures are clearly visible only at SEM (Figure 2h) and can appear at the 

LM as a translucent line (Figure 2b, e, f) on the valve face. 

 

Figure 2. Micrographs of Pinnularia bullacostae in the specimens of the Cevedale proglacial lakes, at LM (a-f) and SEM 

(g-i). (a) living specimens connected to each other after the cell division, with condensed chloroplasts (interferential 

contrast); (b-f) oxidised specimens at LM; (g) entire valve view; (h) inner structure of the virgae with the typical papillae-

like structures; (i) external view showing the alveoli as composed by 3 - 5 rows of offset areolae. 

 

Distribution and ecology 
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Pinnularia bullacostae was found in the ice-contact (CL) and the ice-distal (DL) lakes (Figure 3a). In 

CL, the species was observed only in two samples, i.e., in August 2022 and August 2023, with relative 

abundance 0.2 and 4.8%, respectively. In DL, we found a stable population established on one shore 

covered with fine sediment (epipelic substrate) in the downstream part of the lake. Here, the species 

accounted for 16.6 to 30.1% of the total number of counted diatoms. In the upstream epilithic 

samples (U in Figure 3a), the species relative abundance was always lower than 3% (0.2 – 2.8%). In 

the intermediate lake, IL, the species has been never detected during the study period. In general, 

P. bullacostae was present (> 2 valves in the count) mainly in the epipelic samples (Figure 3b). The 

main habitat characteristics of the sites where P. bullacostae was observed are shown in Table 1. 

 

Figure 3. (a) Relative abundance of Pinnularia bullacostae in the analysed diatom samples. CL, IL, DL=ice-contact, 

intermediate, distal lake. U=upstream sample; D=downstream sample; j=July, a=August, s=September; (b) Relative 

abundance of P. bullacostae in all the analysed epilithic and epipelic samples. 
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Table 1. Habitat characteristics of the sites where Pinnularia bullacostae was observed. Subs. = substrate: E = epilithic, 

EP = epipelic; Tw = average littoral water temperature in the sampling day (°C); EC = Electrical Conductivity in the littoral 

area in the sampling day (µS/cm); TSS = Total Suspended Solids in the water column in the sampling day (mg/L). N P.b. 

= number of valves attributed to Pinnularia bullacostae in the sample. Name abbreviations: A = Achnanthidium; C = 

Caloneis; E = Ec = Encyonema; Ep = Encyonopsis; G = Gomphonema; P = Pinnularia; S = Surirella.  

Lake Sample Subs. pH Tw EC TSS N P.b. Most abundant taxon Other taxa 

CL 

CL- D-a22 E 7.2 11.0 71 33.6 1 A. minutissimum s.l. (37%) Ep. falaisensis (31%) 

CL-D-a23 E 6.2 9.0 54 61.2 2 A. minutissimum s.l. (69%) S. terricola (9%) 

DL 

DL-j22 E/EP 6.8 10.8 69 26.3 45 P. bullacostae (25%) P. obscura (21%) 

DL-a22 E 7.1 12.1 59 29.8 12 G. varioreduncum (37%) Ec. silesiacum (12%) 

DL-U-j23 E 6.6 11.2 83 17.4 1 G. varioreduncum (35%) Ec. silesiacum (30%) 

DL-D-j23 EP 6.6 11.0 83 17.4 43 P. obscura (28%) P. bullacostae (23%) 

DL-U-a23 E 6.3 12.7 83 30.8 2 Ec. silesiacum (41%) G. varioreduncum (15%) 

DL-D-a23 EP 6.3 12.5 83 30.8 127 P. bullacostae (30%) Ep. falaisensis (26%) 

DL-U-s23 E 6.6 5.9 100 8.8 1 Ec. silesiacum (39%) A. minutissimum s.l. (9%) 

DL-D-s23 EP 6.6 6.5 100 8.8 68 Ep. falaisensis (21%) P. bullacostae (17%) 

 

 

Discussion 

Morphology 

Compared to values reported for the type material (Krammer & Lange-Bertalot 1999 in Lange-

Bertalot & Genkal), the valves of the specimens of P. bullacostae identified in the Cevedale proglacial 

lakes are slightly longer (i.e., 34.3 – 39.2 µm versus 33 – 34 µm), and the largest specimens are 

slightly wider (5.8 – 7.0 µm versus 5.8 – 6.7 µm). The number of striae (15 – 16 in 10 µm) is perfectly 

coherent with the type material (around 15 in 10 µm). 

Similar species 

Pinnularia stricta Hustedt 1934 is considered to be possibly confused with P. bullacostae at the LM 

due to its size and general valve outline. However, P. stricta has a wider central area and is not 

provided with the siliceous papillae on the transapical virgae (Krammer 2000). Zidarova (2016) and 

Kulikovsky et al. (2023) described Pinnularia pinseelliana Zidarova, Kopalová & Van de Vijver 2016 

and Pinnularia microfrauenbergiana Glushenko, Kezlya & Maltsev 2023, both similar to P. 

bullacostae due to the presence of the siliceous papillae in the inner side of the virgae. However, 
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both species can be easily distinguished from P. bullacostae by their general outline and central area 

(see Kulikovsky et al. 2023): an outline with slightly concave sides is present only in P. bullacostae, 

while P. pinseelliana and P. microfrauenbergiana have elliptical to lanceolate convex outlines. The 

central area of P. microfrauenbergiana is wider than in P. bullacostae, while in P. pinseelliana it is 

wedge-shaped as delimited by strongly radiate striae. Furthermore, P. bullacostae is longer (33 – 34 

µm vs 20 – 25 µm and 24 – 30 µm, respectively) and wider (5.8 – 6.7 µm vs 4.5 – 5 µm and 4.5 – 5.5 

µm) than these two species.  

 

Distribution and ecology 

The population of Pinnularia bullacostae identified in the distal proglacial lake (DL) shares the 

habitat with Pinnularia obscura Krasske 1932, which made up to the 28.4% of the samples where it 

is present. Diatom species of the genus Pinnularia are frequently found in epipelic algal assemblages 

(Round et al. 2007; Poulíčková et al. 2008) and can be common, if not abundant, in littoral 

communities of high mountain lakes (Buczkó 2016; Şahin et al. 2019; Muñoz-López & Rivera-Rondón 

2021). However, previous investigations in high-altitude Alpine lakes, including proglacial turbid 

ones, did not report the presence of Pinnularia bullacostae (e.g., Tolotti 2001; Robinson & Kawecka 

2005; Feret et al. 2017; Rimet et al. 2019a; Lepori & Tolotti 2023). P. bullacostae was previously 

observed in lentic habitats, such as a shallow lake of the Tit-Ary island with a sandy-silty bottom 

(Kopyrina et al. 2021), a lake in the Yamal Peninsula (Genkal & Yarushina 2016), a pool of the 

Kuchchugui-Sulbut River (Genkal & Gabyshev 2020), and the Arctic Lake Nettilling, fed by glacial 

meltwater from the Penny Ice Cap (Beaudoin 2014). In the Cevedale proglacial lakes, the habitat 

where P. bullacostae was more frequent or dominant (epipelic samples in the distal lake) is subject 

to intermittently semi-dry conditions, due to the daily fluctuations of the lake level during the 

diurnal cycle of summer glacier melting. In this context, the ability of P. bullacostae to colonise wet 

soils (Barragan et al. 2018; Patova & Novakovskaya 2018; Foets et al. 2020; Foets et al. 2021; Patova 

et al. 2023) represents an advantageous trait to survive in an environment subject to periodic 

desiccation. 

Previous sites with records of P. bullacostae are included in the snow and tundra climates of the 

Köppen-Geiger climate classification (Kottek et al. 2006). The habitat characteristics of the Cevedale 

proglacial lakes are consistent with the known distribution of P. bullacostae, as the Ortles-Cevedale 

Massif is located in the alpine tundra (ET) cluster in the European Alps. Future climate projections 

(Rubel et al. 2017; Hock et al. 2019) predict a marked reduction in the extension of tundra and snow 

climate areas in the Alpine environment (Barredo et al. 2020). The related habitat alterations, e.g., 

shifts in hydrological regimes, higher water temperatures, increasing water transparency 

(Sommaruga 2015; Huss et al. 2017; Milner et al. 2017) are expected to strongly impact the 

biological communities in proglacial ecosystems (Tartarotti et al. 2014; Tiberti et al. 2020). The 

communities hosted by proglacial aquatic ecosystems, which are especially selected by the glacier 

derived turbidity (Sommaruga 2015; Sommaruga & Kandolf 2014), appear, therefore, as strongly 

threatened by the reduction of their habitat related to global warming and mountain deglaciation. 
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Our findings contribute to updating the known distribution of Pinnularia bullacostae by adding a 

first record in the European Alps, in the littoral area of turbid and shallow proglacial lakes in the 

Ortles-Cevedale Mountain group. These observations extend the area of distribution of the species 

to cold tundra habitats outside Arctic and Subarctic areas. 

In the context of the present deglaciation, new proglacial lake ecosystems deserve special attention 

due to their potential in hosting specialised biodiversity and the related risk of climate-driven 

habitat loss. A wider geographical range of study sites is needed to assess whether P. bullacostae is 

present in other proglacial lakes in the Alps and other mountain districts at global scale. 

Furthermore, paleolimnological studies could assess the temporal extension of the presence of P. 

bullacostae in the European Alps in relation to suitable glacial, cold conditions.  
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S5.1. Rarefaction curves 

Rarefaction curves of 16S and 18S samples before and after rarefaction at 10000 reads. 
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S5.2. List of eDNA samples 

List of samples collected in 2022 and 2023 from the Cevedale proglacial lakes and the Marmotte Lake. Yellow 

shading = removed from the dataset after rarefaction (sequencing depth < 10000 reads). 

 

 

 

 

 

 

  

Sample month year depth 16S depth 18S Sample month year depth 16S depth 18S

L1 J 2022 54745 107021 L1 J 2022 47202 92525

L1 A 2022 4406 3233 L1 S 2022 167101 96090

L1 S 2022 88828 107958 L2 S 2022 80564 70503

L2 J 2022 68641 95168 L3 J 2022 55635 60398

L2 A 2022 50091 17832 L3 S 2022 102224 89084

L2 S 2022 35169 28744 L2 J 2023 909 477

L3 J 2022 141982 130606 L2 A 2023 47609 11992

L3 A 2022 103950 79619 L2 S 2023 15041 15015

L3 S 2022 96655 100241 LC A 2023 74573 26417

L2M J 2023 1631 693 LC S 2023 65707 25254

L2M A 2023 33729 21823 L3 J 2023 51886 27808

L2M S 2023 43182 31718 L3 A 2023 66855 31509

L2V J 2023 17961 2118 L3 S 2023 55669 39446

L2V A 2023 83578 17381 MARM S 2023 56697 56629

L2V S 2023 21381 17858

LC J 2023 747 6968

LC A 2023 54974 5890 Sample month year depth 16S depth 18S

LC S 2023 12842 10864 L1 J 2022 3631 1336

L3M J 2023 65939 35533 L1 A 2022 529 4

L3M A 2023 74858 54512 L1 S 2022 1388 887

L3M S 2023 74719 73398 L2 J 2022 4432 671

L3V J 2023 68358 27147 L2 A 2022 10903 4351

L3V A 2023 77366 55828 L2 S 2022 14661 138239

L3V S 2023 76947 20570 L3 J 2022 71225 93925

MARMM S 2023 66330 48525 L3 A 2022 14201 6426

MARMV S 2023 58659 40908 L3 S 2022 20371 13007

Sediment

PlanktonEpilithic
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S5.3. NMDS prokaryotes 

Non-metric multidimensional scaling ordination plots of plankton (a) and epilithic (b) 16S samples, grouped 

according to lake of origin (point shapes).  Tables show the loadings of environmental vectors on NMDS axes 

1 and 2 and the correlation coefficient (r2, Spearman correlation). Significant correlations are indicated by 

stars (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).  

(a) Plankton 

stress value = 0.07, R2 = 0.99 in the Shepard plot 

 

 

 

 

(b) Epilithic 

stress value = 0.08, R2 = 0.99 in the Shepard plot 

 
 

 

 

 

 

 

 
NMDS1 NMDS2 r2 

pH 0.53 -0.85 0.04 

EC 0.28 0.96 0.68** 

N-NO3 0.57 -0.82 0.12 

N-NH3 -0.04 -1.00 0.03 

TN -0.65 -0.76 0.26 

P-PO4 0.28 0.96 0.02 

TP -0.51 -0.86 0.38 

SiO2 0.81 0.59 0.76** 

Tw 0.53 0.85 0.47 

TSS -0.69 -0.72 0.87*** 

 
NMDS1 NMDS2 r2 

pH 0.10 -1.00 0.03 

EC 0.27 0.96 0.56*** 

N-NO3 0.76 -0.65 0.02 

N-NH3 -0.80 0.60 0.02 

TN -0.39 -0.92 0.35 * 

P-PO4 0.07 1.00 0.23 

TP -0.81 -0.59 0.34 

SiO2 0.95 0.30 0.75 *** 

Tw 0.58 0.82 0.47 ** 

TSS -0.80 -0.60 0.60 *** 
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S5.4. Archaea 

Number of reads attributed to Archaea (genus Nitrosarchaeum) in plankton samples from the Cevedale 

proglacial lakes and the Marmotte Lake.  

 

 

 S5.5. Shared and unique eukaryotic ASVs in sample types 

Venn diagram of shared and unique eukaryotic ASVs detected in the analysed samples (18S dataset), 

grouped by sample type (E = epilithic, P = plankton, S = sediment).                                                          
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S5.6. Eukaryotic taxonomic composition  

Taxonomic composition of eukaryotes at the division (d) and subdivision (s) level in the analysed samples, 

grouped by sample type (E = epilithic, P = plankton, S = sediment) and lake. 
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S5.7. ASV richness in divisions and classes 

(a) Number of ASVs detected in each division, for the samples from the Cevedale proglacial lakes. (b) Number 

of ASV detected in each Class (only classes with >10 ASV). (c) Number of genera detected in each class (only 

classes with > 2 genera).  

(a) 

 

(b) 

 

(c) 
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