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A B S T R A C T

High-mountain lakes in the Alps are unique but highly sensitive ecosystems, characterized by nutrient scarcity, 
short ice-free periods, and simple food webs. Their remoteness and low local disturbance make them well- 
recognized sentinels of global environmental change, yet they are increasingly affected by climate warming, 
long-range atmospheric deposition, invasive species, and local anthropogenic pressures. Bioindicators represent 
key tools to assess these dynamics, but their application in Alpine lakes remains fragmented. To evaluate the 
current state of knowledge, we conducted a Scopus-based literature survey that retrieved 45 eligible studies 
published between 1997 and 2025. The analysis shows that research has primarily focused on macro
invertebrates, diatoms, and zooplankton, with fewer studies addressing fish, phytoplankton, and amphibians. 
Most investigations adopted single-taxon approaches, limiting the ability to capture ecosystem complexity and 
multi-stressor interactions. Moreover, geographic representation was uneven, with Italy and Austria dominating 
research efforts and other Alpine countries remaining underrepresented. A future shift toward multimetric 
indices integrating structural and functional indicators across trophic levels is required to achieve more 
comprehensive ecological assessments. These frameworks should be coupled with chemical monitoring, eco
toxicological bioassays, and emerging tools such as environmental DNA, paleoecological reconstructions, and 
remote sensing. Standardized protocols, shared databases, and collaborative networks will be essential to 
overcome current limitations. Advancing toward integrative and harmonized monitoring approaches will ensure 
that high-mountain lakes continue to function as critical benchmarks of ecological resilience and as early- 
warning systems under accelerating global change.

1. Introduction and scope of the perspective

High-mountain lakes in the Alps are unique but fragile ecosystems 
(Pastorino et al., 2024a). They are situated at high elevations, typically 
above the tree line (over 1500 m a.s.l.), often remote from roads and 
human settlements, and shaped by extreme environmental conditions 
(Catalan et al., 2006). These lakes are usually cold, low in nutrients, and 
covered by ice for much of the year (Battarbee et al., 2009). As a result, 
they have short growing seasons and support only a limited number of 
highly adapted species (Catalan et al., 2006). Their simple food webs 
and low levels of disturbance make them ideal places to study natural 
ecological processes and detect changes in the environment (Sánchez- 

Hernández et al., 2015).
In the Alpine region, there are several thousand high-mountain lakes, 

with Switzerland alone hosting nearly 1000 lakes at high elevations, 
most of them formed after the Little Ice Age (Mölg et al., 2021). The vast 
majority are very small, often less than 10 ha in surface area and only a 
few meters deep, while lakes exceeding 1 km2 are extremely rare (Ma 
et al., 2021). This small size, combined with their reduced water vol
ume, makes them particularly sensitive to changes in temperature, 
precipitation, and contaminant inputs (Pastorino et al., 2024a). Even 
minor alterations in climate or chemistry can rapidly influence their 
structure, nutrient dynamics, and resident biota (Rogora et al., 2003). 
Their limited buffering capacity also means that stress signals tend to 
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manifest more quickly and with greater intensity than in larger, more 
complex lake systems (Schreder et al., 2023).

Compared to lowland lakes or other aquatic systems, Alpine high- 
mountain lakes are generally less directly impacted by local human 
activities such as agriculture, urbanization, or industrial discharges 
(Machate et al., 2023). This relative isolation allows them in many sit
uations to have baseline condition closer to natural reference states, 
making them especially valuable for detecting subtle, long-term trends 
linked to global-scale drivers (Pastorino and Prearo, 2020). While lakes 
at lower elevations often experience rapid and visible degradation due to 
local pressures, the changes in high-mountain lakes can be slower but 
more tightly linked to large-scale atmospheric, climatic, and biogeo
chemical processes (Catalan et al., 2006).

Although they may seem untouched, these lakes are not protected 
from the effects of global change (Pastorino and Prearo, 2020). In recent 
years, alpine ecosystems have become increasingly affected by large- 
scale environmental pressures. Climate warming is altering tempera
ture regimes, snow cover, and the timing of ice melt, thereby modifying 
the physical and chemical characteristics of high-mountain lakes (Smits 
et al., 2021). It is also driving a progressive contraction of alpine eco
systems, reducing the area available for cold-adapted biota (Frei et al., 
2023). Upward treeline shifts and habitat loss are leading to range 
contractions, with cold specialists being replaced by thermophilous taxa 
(Rogora et al., 2018). Consequently, alpine lakes and ponds are expe
riencing increased disappearance linked to warming and glacier retreat 
(Lamouille-Hébert et al., 2024), disrupting biological communities and 
altering ecosystem functioning (Dainese et al., 2024).

In addition, many high-mountain lakes receive pollution from 
distant sources through the atmosphere (Machate et al., 2024). Pollut
ants such as nitrogen, sulfur, heavy metals, and persistent organic pol
lutants are carried by wind and rain and accumulate in lake water, 
sediments, and organisms (Camarero et al., 2009; Queral-Beltran et al., 
2025). More recently, studies have found traces of personal care prod
ucts, and microplastics even in these remote areas, showing that no 
place is completely free from human influence (Schmid et al., 2007; 
Pastorino et al., 2022a).

Another major concern is the introduction of non-native species, 
especially fish stocked for recreational fishing (Ventura et al., 2017). 
These species can disrupt native communities, reduce biodiversity, and 
impact sensitive groups such as amphibians (Tiberti and von Harden
berg, 2012). At the same time, tourism, land-use change, and shifting 
vegetation patterns due to warming all add new pressures to these 
already vulnerable systems (Schirpke et al., 2021).

Due to these combined stressors, Alpine high-mountain lakes are 
now widely recognized as early-warning systems or “sentinels” for 
environmental change (Birck et al., 2013; Moser et al., 2019; Medina- 
Sánchez et al., 2022; Lone and Balakrishna, 2023).

In this context, ecological indicators serve as essential tools for 
assessing ecosystem status and dynamics. Broadly defined, an ecological 
indicator can be considered a component, or a measure of environ
mentally relevant phenomena used to depict or evaluate environmental 
conditions or changes or to set environmental goals (Heink and Kowarik, 
2010). This includes both descriptive indicators (e.g., biological mea
sures used to reflect environmental states) and normative indicators 
(used to evaluate the condition of ecosystems against desired targets or 
policy goals) (Heink and Kowarik, 2010). Indicators may derive from 
specific taxa, processes (e.g., decomposition), or environmental mea
sures (e.g., temperature, pollutant concentrations), and they operate 
across various levels of ecological complexity (Dale and Beyeler, 2001). 
In a more restrictive sense, ecological indicators are sometimes consid
ered solely in terms of biological components, such as individual species, 
populations, or communities, which can serve as sensitive measures of 
environmental change (Spellerberg, 2005). In this context, the concept 
of bioindicators is often employed, referring to organisms or biological 
responses that provide information on the quality of the environment 
and the intensity of anthropogenic pressures (Carignan and Villard, 

2002; Markert et al., 2003). Bioindicators can range from microorgan
isms and plants to invertebrates and vertebrates, and are widely used in 
ecological monitoring because they integrate the effects of multiple 
stressors over space and time, often offering more ecologically relevant 
insights than purely physicochemical measurements (Parmar et al., 
2016). In a broad sense, water physicochemical parameters such as 
temperature, dissolved oxygen, pH, conductivity, and nutrient concen
trations can also be considered ecological indicators, as they provide 
critical information on habitat quality, ecological processes, and po
tential stressors, and are widely used alongside biological metrics in 
environmental assessment frameworks (US EPA, 2002; OECD, 2008). 
However, within the European Water Framework Directive (WFD), 
these variables are formally classified as supporting elements rather 
than biological quality elements, and are used to complement, rather 
than define, the assessment of ecological status (European Parliament 
and Council, 2000). It is important to note that the WFD ecological 
quality indicator framework itself is robust; challenges in capturing 
ecological status for certain waterbody types are often linked to how the 
framework is implemented at the national level, rather than to in
adequacies in the Directive itself (Heiskanen et al., 2004). Member 
States may also integrate complementary indicators where needed to 
improve the ecological status classification (Hering et al., 2010).

The WFD largely excludes high-mountain lakes from its official 
monitoring network, as it prioritizes larger and more accessible lake 
systems; for example, monitoring efforts often focus on lakes with a 
surface area greater than 0.5 km2, overlooking many smaller lakes 
(Boggero et al., 2023). Moreorver, despite the existence of the WFD as a 
common policy framework and the considerable intercalibration efforts 
carried out at the European level, a truly harmonized and comprehen
sive assessment framework specifically tailored for high-mountain lakes 
of the Alps is still lacking. In practice, the available literature remains 
fragmented: studies often focus on single taxa, are not standardized 
across regions, and rarely integrate multiple sources of ecological in
formation. This fragmented approach makes it more challenging to 
obtain a holistic picture of environmental change in these sensitive 
habitats. This article does not aim to provide a systematic review; rather, 
it offers a literature-grounded perspective intended to stimulate reflec
tion on how indicators could be better conceptualized and applied in 
high-mountain lake ecosystems in the Alps.

2. Methodology

To assess the state of the art about the use of ecological indicators in 
high-mountain lakes in the Alps, a literature search was conducted using 
the Scopus (https://www.scopus.com) database to identify studies 
focused on ecological assessment of high-mountain lakes in the Alpine 
region (Fig. 1). The search query included the following keywords: 
(high-mountain lakes OR high-altitude lakes) AND (ecological in
dicators OR environmental monitoring OR environmental indicators OR 
bioindicators OR biotic components) AND Alps. The search was carried 
out up to September 30, 2025. This strategy aimed to retrieve studies 
addressing ecological indicators, monitoring methodologies, and 
ecosystem assessments in Alpine lake environments. The initial search 
returned 579 records. To ensure scientific rigor and relevance, only 
original research articles written in English were considered; reviews, 
conference abstracts, and non-research formats (i.e., editorials) were 
excluded. Furthermore, studies were retained only if they were explic
itly conducted in countries that encompass portions of the Alps. Only 
studies employing bioindicators were considered, while those based 
solely on physicochemical or hydro-morphological parameters were 
excluded. The final selection comprised 45 studies, which are presented 
in Table 1. Bar charts and the geographical map were created using the 
Python programming language within the Google Colab environment.
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3. Status of bioindicators in alpine high-mountain lakes

Historically, assessments of high-mountain lakes focused almost 
exclusively on water chemistry, with particular emphasis on water 
physicochemical parameters (e.g., temperature, pH, alkalinity, con
ductivity, major ions) (Psenner, 1989; Wögrath and Psenner, 1995; 
Kamenik et al., 2001; Rogora et al., 2003; Steingruber et al., 2021) and 
trace element concentrations in water (Tornimbeni and Rogora, 2012) 
and sediment samples (Camarero et al., 2009; Pastorino et al., 2020a). 
Such studies provided crucial baselines for detecting acidification 
trends, evaluating the influence of bedrock geology and weathering 
processes, and quantifying atmospheric pollutant inputs (Rogora, 2004). 
For instance, long-term monitoring across the Alps revealed clear links 
between changes in atmospheric sulphate and nitrate deposition and the 
recovery or persistence of acidification, while also documenting the role 
of lithology and climate warming in modulating solute export to lake 
waters (Rogora et al., 2013). However, these approaches were not 
considered in the present context because they do not account for biotic 
components, which are essential to understanding the ecological status 
and functioning of these ecosystems. This gap in integrating biotic in
formation into monitoring frameworks guided the focus of the present 
perspective article toward studies that explicitly incorporate biotic 
components. Following the literature selection process, 45 studies 
published between 1997 and 2025 were identified (Table 1), each 
providing relevant insights into the application of bioindicators and 
environmental monitoring strategies in high-mountain lake ecosystems.

3.1. Taxonomic overview of bioindicators

The organisms most commonly investigated (i.e., phyto- 
zooplankton, diatoms, macroinvertebrates, fish and amphibians) are 
well-established bioindicators in freshwater because they respond 
sensitively to multiple stressors (e.g., nutrient enrichment, acidification, 
metal contamination, climate-driven hydrological shifts) and integrate 
environmental conditions over different temporal and spatial scales (De 
Carvalho et al., 2025). Other groups, such as microbial communities are 
increasingly acknowledged as complementary components for a more 
holistic assessment of lake ecosystem status (Stanić et al., 2025), but 
have not been assessed in high-mountain lakes located in the Alps.

Phytoplankton were considered in 17.8% of studies (n = 8) (Fig. 2a). 
As primary producers, phytoplankton are key drivers of high-mountain 

Fig. 1. Workflow for literature selection on ecological indicators in high- 
mountain lakes in the Alps. The process involved: (1) Scopus database search 
using a predefined query, (2) screening for relevant document type, language, 
and source, (3) applying eligibility criteria focused on high-mountain lakes in 
the Alps and studies using biotic components, and (4) final inclusion of articles.

Table 1 
List of 45 selected studies employing bioindicators in Alpine and high-mountain 
lake research, organized chronologically, with corresponding biotic components 
and study locations.

Reference Biotic component(s) Country

Lotter et al., 1997
Diatoms, macroinverebrates, 
phytoplankton, zooplankton Switzerland

Lotter et al., 1998
Diatoms, macroinverebrates, 
phytoplankton, zooplankton

Switzerland

Hofer et al., 2001 Fish Austria, Italy
Winder and Spaak, 

2001
Zooplankton Switzerland

Tolotti, 2001 Phytoplankton, diatoms Italy

Boggero et al., 2006 Macroinvertebrates
Italy, Austria, 
Switzerland, 

Slovenia

Füreder et al., 2006 Macroinvertebrates Italy, Austria, 
Switzerland

Bigler et al., 2006 Diatoms, macroinverebrates, 
zooplankton

Switzerland

Denoël et al., 2007 Amphibian France

Kernan et al., 2009
Diatoms, macroinverebrates, 

zooplankton Switzerland

Marchetto et al., 
2009

Phytoplankton, diatoms, 
macroinvertebrates zooplankton

Italy, Austria, 
Switzerland

Schabetsberger et al., 
2009

Zooplankton Austria

Filippi et al., 2011 Diatoms, macroinverebrates Italy
Marusczak et al., 

2011 Fish France

Tiberti and von 
Hardenberg, 2012

Amphibian, Fish Italy

Lods-Crozet et al., 
2012

Macroinvertebrates Switzerland

Trevisan et al., 2012 Phytoplankton Italy
Khamis et al., 2014 Macroinvertebrates, zooplankton Italy

Dumnicka et al., 2015 Macroinvertebrates Italy
Ravnikar et al., 2016 Fish Slovenia

Feret et al., 2017 Diatoms France
Tiberti et al., 2019 Fish Italy
Jacquemin et al., 

2019
Phytoplankton France

Rimet et al., 2019 Diatoms France
Cantonati et al., 2019 Diatoms Italy

Pastorino et al., 
2020a Fish, macroinvertebrates Italy

Pastorino et al., 
2020b

Macroinvertebrates Italy

Tiberti et al., 2020
Phytoplankton, zooplankton, 

macroinvertebrates, fish, 
amphibian

Italy

Cantonati et al., 2021 Diatoms Italy
Rott and Kofler, 2021 Diatoms Austria

Bartels et al., 2021 Macroinvertebrates Austria
Pastorino et al., 

2022b
Amphibian Italy

Tartarotti et al., 2022 Zooplankton Austria
Sommer et al., 2022 Zooplankton Austria

Salvi et al., 2022
Macroinvertebrates, testate 

amoeba Italy

Pritsch et al., 2023 Phytoplankton, zooplankton Austria, Italy
Bertoli et al., 2023 Macroinvertebrates Italy

Boggero et al., 2023 Macroinvertebrates Italy
Rimet et al., 2023 Diatoms France
Pastorino et al., 

2023a
Fish, macroinvertebrates, 
amphibian, zooplankton

Italy

Gabetti et al., 2024 Macroinvertebrates Italy
Pastorino et al., 2025 Fish Italy

Ciutti et al., 2025 Diatoms Italy
Tartarotti et al., 2025 Zooplankton Austria
Queral-Beltran et al., 

2025
Fish Italy
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lake productivity, and their community composition responds rapidly to 
fluctuations in nutrient availability, light regime, and water temperature 
(Pugnetti and Bettinetti, 1999). Shifts toward mixotrophic flagellates or 
filamentous cyanobacteria may indicate warming or nutrient enrich
ment, and sedimentary pigments provide important information for 
reconstructing long-term changes in primary production (Zhang et al., 
2019; Salmaso and Tolotti, 2021).

Diatoms occurred in 31.1% of the studies (n = 14) (Fig. 2a). Diatoms 
possess high species diversity, well-defined ecological tolerances, and 
rapid responses to variations in nutrient levels, water chemistry, tem
perature, and light, making them robust indicators in oligotrophic, 
climate-sensitive lakes (Kuefner et al., 2020; Ossyssek et al., 2022). 
Their siliceous frustules preserve well in sediments, enabling the 
reconstruction of past ecological trajectories, including responses to 
acidification and changes in water column stratification (Rott and 
Kofler, 2021; Cantonati et al., 2023).

Zooplankton were considered in 31.1% of the studies (n = 14) 
(Fig. 2a). Composed of rotifers and crustaceans (e.g., cladocerans, co
pepods), zooplankton have short generation times and high sensitivity to 
environmental variability, making them effective early-warning in
dicators of temperature changes, nutrient enrichment, and shifts in food- 
web structure (Cammarano and Manca, 1997; Brittain and Strecker, 
2018). In alpine lakes, community composition is closely linked to ice- 
melt timing, stratification patterns, and primary productivity, while 
sedimentary remains such as resting eggs allow insights into past 
ecological states (Tiberti et al., 2025; Brancelj, 2021).

Macroinvertebrates were the most frequently employed bio
indicators, appearing in 44.4% of studies (n = 20) (Fig. 2a). This group, 
which includes insect larvae (e.g., Chironomidae, Ephemeroptera, Ple
coptera, Trichoptera), crustaceans, and mollusks, integrates multiple 
environmental signals, including hydrological regime, habitat structure, 
oxygen availability, and ice-cover duration, making them sensitive and 
reliable indicators of ecosystem status (Boggero, 2018; Bertoli et al., 
2023). Their relatively long life cycles and low dispersal capacity allow 

them to capture changes over longer timescales, and chironomid head 
capsules preserved in sediments provide a powerful tool for paleo
limnological reconstructions (Cantonati et al., 2021).

Fish were reported in 22.2% of studies (n = 10) (Fig. 2a). Because 
most high-mountain Alpine lakes were originally fishless, current pop
ulations largely result from historical stocking or recent introductions 
(Ventura et al., 2017). Their presence can serve both as an indicator of 
anthropogenic influence and as a reflection of environmental change 
(Pastorino et al., 2024a). Long-term records of fish abundance, age 
structure, and body condition can highlight climate-driven hydrological 
alterations and pollutant bioaccumulation, but introduced fish also exert 
strong top-down effects, altering food webs and nutrient cycling (Tiberti 
et al., 2014).

Amphibians were included in only 11.1% of studies (n = 5) (Fig. 2a). 
Species such as Rana temporaria are highly sensitive to physical and 
climatic drivers, including hydrological regime, ice-cover duration, and 
breeding season temperature (Corn, 2003; Bison et al., 2021). Their 
biphasic life cycle exposes them to both aquatic and terrestrial stressors, 
including habitat modification, chemical pollution, introduced fish 
predators, and emerging infectious diseases such as chytridiomycosis 
and ranaviruses (Pastorino et al., 2023b). Amphibians integrate infor
mation from both lake and catchment environments, functioning as 
effective sentinels of ecosystem integrity (Hopkins, 2007; Luedtke et al., 
2023). Despite this potential, they remain underrepresented in bio
monitoring programs, indicating an opportunity to expand future 
monitoring frameworks.

Testate amoebae were reported as bioindicators in only 2.2% (n = 1) 
of studies (Fig. 2a). Generally, they are considered highly sensitive 
bioindicators because their assemblages respond rapidly to variations in 
environmental conditions (Salvi et al., 2022). They show strong re
lationships with factors such as nutrient availability, pH, dissolved ox
ygen, salinity, and trace element contamination. In alpine lake 
sediments, shifts in their composition have been linked to both natural 
climate fluctuations (e.g., pluvial and drought phases, Little Ice Age 

Fig. 2. Components used as bioindicators in studies on high-mountain lakes of the European Alps. Panel (a) shows the percentage of studies including each 
component, while (b) illustrates their geographic distribution across Alpine countries. Panel (c) summarizes the percentage of studies assessing one or multiple 
biological components, and (d) displays the relative contribution of each taxonomic group by country.
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events) and anthropogenic pressures like pollutant deposition (Wall 
et al., 2010). Their test morphology and species distribution reflect 
subtle ecological changes, making them valuable for detecting early 
signals of environmental stress in fragile high-mountain systems.

3.2. Geographic distribution of bioindicator research

Geographically, Italy was the most represented nation, accounting 
for 57.8% of the articles (n = 26), followed by Austria with 24.4% (n =
11) (Fig. 2b). Switzerland contributed 20% (n = 9), France 13.3% (n =
6), while Slovenia 4.4% (n = 2) (Fig. 2b). Italy’s predominance in high- 
mountain lake research likely reflects not only its larger share of Alpine 
territory and greater number of high-mountain lakes, but also the 
presence of well-established national and regional research networks in 
limnology, ecotoxicology, and biodiversity monitoring. This tradition 
can be traced back to the pioneering work of Rina Monti (1871–1937), 
who is considered one of the founders of Italian limnology and whose 
early 20th-century investigations of Alpine lake ecology provided the 
conceptual basis for many subsequent studies (Cofano and De Ceglie, 
2025). This geographic imbalance should be taken into account when 
interpreting trends across the Alpine region, as research hotspots may 
disproportionately shape our understanding of high-mountain lake 
ecology and may not fully represent conditions across the entire 
mountain range. Expanding coordinated monitoring and research ini
tiatives in underrepresented areas such as France and Slovenia would 
provide a more comprehensive and balanced picture of Alpine lake 
biodiversity, ecosystem processes, and responses to multiple stressors.

3.3. Number and patterns of components in bioindicator use

Most studies (68.9%, n = 31) focused on a single biotic component, 
15.6% (n = 7) investigated two components, 4.4% (n = 2) examined 
three components, and only 11.1% (n = 5) considered more than three 
(Fig. 2c).

The predominance of single-component approaches reflects not only 
the legacy of taxonomically focused monitoring traditions, but also 
several structural drivers that are particularly evident in Alpine high- 
mountain lakes. To date, many monitoring programs remain taxonom
ically narrow, despite increasing calls for multi-tiered, multi-component 
designs to better apprehend stressor interactions in these fragile eco
systems (Machate et al., 2023). Empirical multi-taxon studies (e.g., those 
including five taxonomic groups) have demonstrated that integrating 
multiple components can substantially improve explanatory power 
regarding hydrology and water quality drivers (Li et al., 2024). In line 
with this, multi-metric, multi-component frameworks are now widely 
promoted in the literature as more diagnostic and reliable (Biney et al., 
2025). On the one hand, it could be argued that in Alpine high-mountain 
lakes, where food webs are less structured due to harsh environmental 
conditions, single or less complex indicators may be sufficient to 
describe ecosystem dynamics. However, the literature search from this 
study demonstrated that, in practice, multi-bioindicator approaches are 
increasingly applied even in these remote systems. However, the tran
sition from single- to multi-component designs is not solely a conceptual 
challenge but also a structural one, shaped by the distribution of 
expertise within research communities. Many groups have historically 
specialized in one or two taxa, creating high-level expertise but also 
reinforcing narrow study designs. This pattern of specialization, while 
scientifically productive, has also limited incentives and capacities to 
adopt broader, multi-taxon approaches, thereby explaining the current 
predominance of single-component studies in Alpine high-mountain 
lake research. Indeed, clear differences emerge in the taxonomic focus 
of research.

Fig. 2d illustrates the relative contribution of each biotic component 
considered in studies conducted in high-mountain lakes across different 
Alpine countries. In Austria, most studies concentrated on zooplankton, 
followed by macroinvertebrates, phytoplankton, and, to a lesser extent, 

diatoms and fish. In France, studies were dominated by phytoplankton 
and amphibians, with fish accounting for the remaining share. Italy 
exhibited a more balanced approach, with macroinvertebrates and fish 
representing the largest proportions, followed by zooplankton and 
phytoplankton, and only a few studies on diatoms and testate amoebae. 
Slovenian studies showed a strong dominance of macroinvertebrates 
and fish, with other groups largely absent. In Switzerland, macro
invertebrates were again the most studied group, followed by phyto
plankton and zooplankton, with fish and diatoms making up the 
remaining share. Funding priorities often reward continuity and main
tenance of long-term datasets rather than support for integrative, high- 
risk designs. This creates a structural bias: novel multi-taxon proposals 
may be seen as riskier or less comparable to established baselines, thus 
less likely to receive funding. Meanwhile, regulatory traditions, espe
cially those tied to implementation of the European WFD, typically 
prescribe a limited set of biological quality elements for ecological 
assessment, which can implicitly discourage the inclusion of additional 
taxa or novel sampling strategies (e.g. Poikane et al., 2020; Santos et al., 
2021). Indeed, the WFD’s “one-out, all-out” rule and the weighting of 
biological elements may penalize deviations from standard protocols, 
thereby constraining methodological innovation and cross-taxon moni
toring (Cunningham, 2012; Weisner et al., 2022) In addition, Alpine 
high-mountain lakes pose severe logistical challenges that further rein
force narrow, repeatable monitoring protocols. Their remoteness and 
inaccessibility mean that transport of personnel and equipment is costly, 
risky or seasonal (e.g. only accessible by foot or helicopter) (Odetti et al., 
2024). The ice-free season is extremely short, constraining field cam
paigns to narrow windows during summer, and unpredictable weather 
(storms, snow, wind) further limits sampling flexibility (Sommaruga, 
2025). These constraints favor simpler protocols that can be deployed 
reliably under tight time budgets, rather than more complex, multi- 
taxon schemes that require extra time, different gear, or taxonomic 
specialists in the field, often accompanied by substantially higher 
financial costs for sampling, laboratory analysis, and expert 
identification.

3.4. Successes and limitations of existing bioindicators

The 45 studies considered here highlight that existing bioindicators 
have been reasonably successful at detecting major pressure gradients in 
Alpine high-mountain lakes, but their diagnostic power and trans
ferability remain uneven. Benthic diatom assemblages from >60 high- 
mountain lakes in the French Alps and down-core records from 23 
Bavarian-Tyrolean mountain lakes reveal coherent community shifts 
along depth, conductivity and geology gradients and over ~150–200 
years of climate warming, confirming their value as long-term sentinels 
of both natural and anthropogenic change (Feret et al., 2017; Kuefner 
et al., 2020). Benthic macroinvertebrates likewise show promise: for 
example, in 28 lakes (2083–2727 m a.s.l.) in the Hohe Tauern National 
Park (Austria), habitat structure had strong effects, model deviance 
explained values (D2) reached ~0.72 and ~ 0.54 for total abundance 
and family richness respectively (Bartels et al., 2021). In addition, a 
recovery-study in a mountain lake (~2087 m) found that macro
invertebrate community metrics improved substantially following fish 
eradication, underscoring their high sensitivity to trophic alteration 
(Tiberti and Brighenti, 2019).

In systems with fish introductions, bioindicators such as amphibians, 
macroinvertebrates and zooplankton show very strong effect sizes, with 
near-complete loss of large-bodied invertebrates and breeding amphib
ians where fish are present and partial recovery after fish removal, 
demonstrating high sensitivity to this specific stressor (Knapp et al., 
2001).

However, quantitative performance is rarely evaluated across mul
tiple stressors simultaneously, and even for well-developed groups the 
variance in community structure explained by measured environmental 
predictors is often modest (e.g., first canonical correspondence analysis 
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axes in benthic diatom studies accounting for only ~10–20% of inertia), 
reflecting high natural heterogeneity and constraining predictive ca
pacity for management (Feret et al., 2017). At the same time, several 
consistent shortcomings emerge when existing bioindicators are evalu
ated critically. First, many assessment tools were originally designed for 
lowland or sub-alpine lakes and then extrapolated upward; this risks 
misclassifying naturally ultra-oligotrophic, cold-adapted communities 
as “impaired” and hampers comparability among countries that use 
different typologies, reference criteria or metrics for similar high- 
mountain lake types (Solimini et al., 2014). For example, european 
intercalibration exercises show that macroinvertebrates methods for 
lakes are among the most difficult to standardise, with multiple national 
indices (including some used in Alpine regions) exhibiting weak or non- 
linear relationships to pressure gradients and high classification uncer
tainty near status boundaries (Poikane et al., 2016). Second, promising 
but emerging indicators, such as testate amoebae, have demonstrated 
high sensitivity to past climatic and pollution signals in individual 
Alpine or mountain lakes (Salvi et al., 2022), yet lack region-specific 
transfer functions and standardized indices, so their use remains 
largely exploratory rather than operational. Third, across all organism 
groups, most studies rely on compositional or richness metrics and 
rarely integrate functional traits, trophic interactions or ecosystem 
processes (e.g., metabolism, nutrient cycling); as a result, current bio
indicator frameworks often detect that “something is changing” but still 
struggle to attribute causality, to distinguish among multiple stressors, 
or to provide quantitatively robust, comparable ecological status classes 
for Alpine high-mountain lakes. Finally, in many current studies, only 
one or a few biological components are examined, which limits the 
interpretation of results and risks overlooking changes that occur 
outside the sensitivity range of the selected bioindicators. Relying on 
only a few biological components as bioindicators can limit the inter
pretation of environmental assessments, as no single organism or 
parameter can detect the full range of potential stressors (Markert et al., 
2003). Each bioindicator has a specific sensitivity range, meaning that 
changes occurring outside this range may remain undetected (Holt and 
Miller, 2010). Moreover, biological responses are often influenced by 
multiple factors, such as seasonality, habitat conditions, or natural 
population fluctuations, which can mask or mimic the effects of the 
stressor of interest (Holt and Miller, 2010; Gerhardt, 2002; Siddig et al., 
2016). Consequently, assessments based on a narrow set of indicators 
risk overlooking important ecological changes, underscoring the need 
for a multi-indicator approach that integrates biological, chemical, and 
physical data for a more comprehensive evaluation of ecosystem health 
(Gerhardt, 2002; Markert et al., 2003).

4. Future perspectives and possible solutions

A comprehensive assessment of ecosystem condition in Alpine high- 
mountain lakes requires integrating multiple biological components 
(Fig. 3a) and functions through robust multimetric indices (MMIs) 
(Fig. 3b). These indices combine structural metrics, such as species 
composition, diversity, and functional guilds, with functional measures 
including reproductive success and trophic interactions, linking com
munity organization to ecological performance (Karr and Chu, 1997; 
Culhane et al., 2014; Ndatimana et al., 2023). The development of MMIs 
in these systems should reflect their distinctive features: naturally low 
biodiversity, dominance of cold-adapted sepcies (e.g., Chironomidae, 
Oligochaeta), and high sensitivity to temperature shifts (Boggero et al., 
2006). Structural metrics may include macroinvertebrate composition, 
diatoms and plankton diversity, and amphibian counts, while functional 
metrics could encompass primary production, decomposition rates, 
reproductive output of sentinel species (e.g., Rana temporaria), and 
trophic transfer efficiency. Among candidate bioindicators, a framework 
combining plankton, diatoms, macroinvertebrates, and amphibians of
fers broad diagnostic coverage: diatoms indicate nutrient and chemical 
conditions (Cantonati et al., 2021), macroinvertebrates reflect habitat 

and fish introduction effects (Tiberti et al., 2019; Bartels et al., 2021), 
plankton respond rapidly to thermal and hydrological shifts (Pritsch 
et al., 2023), and amphibians integrate aquatic-terrestrial stressors 
(Pastorino et al., 2023b). Where present, fish, although non-native, 
should be considered not only as a monitored biological component 
(e.g., age structure, abundance, condition factor) but also as a potential 
source of pressure on native biodiversity, amphibian recruitment, and 
trophic dynamics. Alien species more broadly (e.g., invasive macro
phytes, invertebrates) should be included both as structural indicators 
and as management-relevant stressors.

The bioindicators should be coupled with systematic monitoring of 
both traditional pollutants (trace elements and persistent organic con
taminants) and emerging contaminants (e.g., pharmaceuticals, PFAS, 
micro-nanoplastics), as well as with ecotoxicological bioassays capable 
of revealing sublethal effects that may otherwise go undetected 
(Pastorino et al., 2022c). Indeed, integrating bioindicators with chemi
cal measurements is a critical step. High-mountain lakes are particularly 
vulnerable to chemical contamination (Pastorino et al., 2024b), and 
linking biological observations with chemical data, while incorporating 
ecotoxicological endpoints such as oxidative stress biomarkers, allows 
early detection of sublethal effects before community-level changes 
become evident (Lemos, 2021; Lomartire et al., 2021).

Emerging technological innovations, including environmental DNA 
(eDNA), ancient DNA, and remote sensing, are poised to transform 
biodiversity monitoring and ecological assessment (Fig. 3c). These ap
proaches were not represented in the 45 studies included in our review 
and should therefore be considered as forward-looking perspectives 
rather than current findings. eDNA methods, particularly when com
bined with metabarcoding, enable the detection of rare, elusive, or 
early-arriving species that are often missed by conventional surveys, 
while providing high taxonomic resolution and broad spatial coverage 
(Ruppert et al., 2019; Çevik and Çevik, 2025). Ancient DNA recovered 
from environmental samples, such as sediments, adds a valuable tem
poral dimension by reconstructing historical ecosystems and long-term 
biodiversity shifts (Oberreiter et al., 2024). Remote sensing technolo
gies, ranging from satellites to drones, complement these molecular 
approaches by providing large-scale, fine-resolution data on environ
mental conditions and habitat dynamics (Pettorelli et al., 2018). 
Together, these emerging tools create spatially extensive and temporally 
rich datasets that can greatly enhance the resolution, accuracy, and ef
ficiency of ecological assessments, representing a powerful complement 

Fig. 3. Future direction in high-mountain lakes research. The diagram high
lights key research and management priorities, including a) the integration of 
multiple biological components, b) the implementation of multi-metric indices, 
c) the adoption of emerging technological innovations, d) the use of paleoeco 
(toxi)logical proxies, e) the establishment of standardized protocols and data
bases, and f) the strengthening of education and training programs.
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to traditional field-based and taxonomic surveys (Dyson et al., 2024).
Understanding the dynamics of high-mountain lakes also requires 

extending the temporal perspective (Fig. 3d). Many studies rely on short- 
term or single-season surveys due to the logistical challenges of reaching 
remote sites. While these are valuable, they may miss seasonal or 
interannual patterns linked to climate variability, hydrological shifts, or 
episodic contaminant input. Establishing multi-year datasets, with syn
chronized collection of chemical and biological data, will help distin
guish natural variability from long-term trends (Reuman et al., 2025). 
On this path, paleoecological indicators such as chironomids, diatoms, 
and testate amoebae preserved in lake sediment cores provide powerful 
tools for reconstructing past environmental conditions and documenting 
long-term ecological change. Chironomid head capsules can reveal 
historical patterns in temperature, oxygen levels, and productivity 
(Svitok et al., 2021), while diatom frustules offer insights into past pH 
values and nutrient status (Chen et al., 2025). Testate amoebae, often 
used to infer past hydrological and trophic conditions, add further res
olution to environmental reconstructions (Salvi et al., 2022). Together, 
these proxies enable multi-century to millennial-scale assessments, 
helping distinguish natural variability from anthropogenic impacts in 
aquatic ecosystems (Hofmann et al., 2021). Paleoecotoxicology adds a 
further dimension, enabling the reconstruction of historical contaminant 
deposition and associated ecological responses (Korosi et al., 2017; 
Cheney et al., 2022).

Such progress will depend on the creation of open, standardized 
databases that store biological, chemical, and ecotoxicological data from 
high-mountain lakes (Fig. 3e). Shared repositories will facilitate 
collaboration between research institutions, enable meta-analyses 
across regions, and align monitoring programs with broader European 
biodiversity and contaminant surveillance frameworks. To ensure data 
comparability and reproducibility, it is essential to develop standardized 
protocols for the sampling of biotic components in high-mountain lakes, 
covering all relevant taxa. While detailed operational guidelines already 
exist, such as the United States Geological Survey’s Techniques and 
Methods 2-A2 (USGS TM 2-A2) for alpine lakes, developed within 
USGS’s national lake monitoring programs (Hoffman et al., 2005), and 
the Pond Life in Open and Closed Habitats method (PLOCH) for biodi
versity assessment in small waterbodies (Oertli et al., 2005), created in 
the framework of European pond biodiversity studies, national protocols 
are available in certain countries as Italy. These include the standardized 
procedures for fish sampling (using electrofishing and multi-mesh gill
nets according to ISO-CEN standards) developed by the Italian National 
Institute for Environmental Protection and Research (ISPRA) under the 
national implementation of the WFD (Volta et al., 2014), and for benthic 
macroinvertebrate assessment (ISPRA, 2014). At a broader national 
scale, although not specifically designed for alpine environments, the 
United States Environmental Protection Agency’s National Lakes 
Assessment (NLA) provides an example of a scalable and multimetric 
monitoring framework that integrates biological, chemical, and physical 
indicators across a statistically representative network of lakes, offering 
methodological principles that could be adapted to high-mountain lake 
assessment programs (EPA, 2025). Regional frameworks are also 
available, such as the “Mountain lakes protocols” produced as part of the 
INTERREG PITEM Biodiv’ALP (Pastorino, 2021). Innovative tools, such 
as the portable Mountain Autonomous Robotic Monitoring Tool 
(MARMOT), developed by the Italian National Research Council (CNR) 
within the MARMOT research project (https://sites.google.com/vi 
ew/marmotproject/home?authuser=0) for bathymetric mapping and 
environmental sampling in high-mountain lakes, also offer promising 
perspectives for harmonized monitoring. However, it is important to 
point out that significant logistical constraints must be acknowledged: 
the remote location of high-mountain lakes often implies long ap
proaches on foot, limited transport capacity for heavy or power- 
demanding devices, short sampling windows due to snow cover and 
weather variability, and limited opportunities for repeated measure
ments within a season. These constraints highlight the need for robust, 

lightweight, and energy-efficient monitoring solutions that can function 
autonomously over extended periods with minimal maintenance. To 
address this gap, practical steps could include (i) developing WFD- 
compatible guidance specifically for high-mountain lakes, (ii) adopt
ing size-threshold exemptions for very small or fishless lakes to avoid 
methodological bias, (iii) aligning national and regional protocols (e.g., 
ISPRA, PLOCH) under a common European umbrella, and (iv) inte
grating innovative tools such as remote sensing and autonomous sam
plers to improve spatial and temporal coverage. These steps should be 
accompanied by feasibility assessments, including pilot studies in 
representative alpine regions to evaluate scalability, interoperability 
between protocols, and cost-effectiveness under real-world field condi
tions. This staged approach would help identify technical and logistical 
bottlenecks early, allowing protocols and tools to reach higher readiness 
levels before large-scale implementation. Collaborative networks should 
be strengthened to harmonize methodologies, share expertise, and 
jointly address emerging challenges under global change scenarios.

Finally, the sustainable monitoring and protection of these ecosys
tems will require investment in education and training (Fig. 3f). Incor
porating high-mountain lake research into university curricula, 
particularly in Bachelor of Science and Master of Science programs in 
environmental sciences, will prepare new generations of scientists to use 
both traditional and advanced techniques. Training in field sampling, 
molecular and biochemical analysis, remote sensing, and biostatistics 
will ensure the continuity of expertise needed for effective long-term 
monitoring.

The perspectives outlined above provide a forward-looking frame
work for strengthening ecological assessment and monitoring in Alpine 
high-mountain lakes; however, their implementation must realistically 
account for limited human and financial resources. For this reason, 
rather than attempting to apply all approaches simultaneously, moni
toring strategies should be guided by a streamlined and cost-effective set 
of priorities. In particular, the adoption of a core multibiotic indicator 
set, the targeted analysis of high-relevance contaminant classes (trace 
elements, PFAS, pharmaceuticals, and micro- and nanoplastics) sup
ported where feasible by ecotoxicological biomarkers, and the estab
lishment of standardized long-term datasets at sentinel lakes represent a 
pragmatic balance between scientific relevance and operational 
feasibility.

At the same time, the broader innovation-oriented perspectives 
outlined above should not be interpreted as operational prescriptions 
but as a strategic research agenda to keep high-mountain lake bio
monitoring moving forward. Even a single, well-designed sampling 
effort (e.g., a sediment core) can now yield multiple ecological, molec
ular, and chemical datasets, maximising information gain when field 
access is limited and analytical costs are declining. Accordingly, future 
progress will depend on balancing these pragmatic monitoring priorities 
with the gradual integration of emerging tools and approaches that 
enhance diagnostic power while respecting resource constraints.

5. Conclusions

The review of 45 studies conducted in Alpine high-mountain lakes 
reveals that current monitoring practices remain largely fragmented, 
with a predominant reliance on single-taxon approaches and limited 
integration of multiple biological components, physicochemical pa
rameters, and functional indicators. Although important insights have 
been gained, particularly from macroinvertebrates, diatoms, and 
zooplankton, such approaches risk missing ecological changes that occur 
beyond the sensitivity range of any single bioindicator. Ensuring the 
long-term ecological integrity of these vulnerable ecosystems requires a 
transition toward multi-component, multi-trophic, and multi-scale 
assessment frameworks. The conservation of Alpine high-mountain 
lakes ultimately depends on our capacity to detect, interpret, and 
respond effectively to the signals they provide. Adopting comprehen
sive, standardized, and collaborative monitoring strategies will allow 
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these ecosystems to continue functioning as critical sentinels of envi
ronmental change and as benchmarks for ecological resilience under 
accelerating global pressures.
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Svitok, M., Kubovčík, V., Kopáček, J., Bitušík, P., 2021. Temporal trends and spatial 
patterns of chironomid communities in alpine lakes recovering from acidification 
under accelerating climate change. Freshw. Biol. 66 (12), 2223–2239.

Tartarotti, B., Sommaruga, R., Saul, N., 2022. Phenotypic and molecular responses of 
copepods to UV radiation stress in a clear versus a glacially turbid lake. Freshw. Biol. 
67 (8), 1456–1467.

Tartarotti, B., Rastl, N., Sommer, F., 2025. Zooplankton Communities in Mountain 
Reservoirs of the Eastern Alps. Available at SSRN 4971841.

Tiberti, R., Brighenti, S., 2019. Do alpine macroinvertebrates recover differently in lakes 
and rivers after alien fish eradication? Knowl. Manag. Aquat. Ecosyst. 420, 37.

Tiberti, R., von Hardenberg, A., 2012. Impact of introduced fish on common frog (Rana 
temporaria) close to its altitudinal limit in alpine lakes. Amphibia-Reptilia 33 (2), 
303–307.

Tiberti, R., Von Hardenberg, A., Bogliani, G., 2014. Ecological impact of introduced fish 
in high altitude lakes: a case of study from the European Alps. Hydrobiologia 724 
(1), 1–19.

Tiberti, R., Bogliani, G., Brighenti, S., Iacobuzio, R., Liautaud, K., Rolla, M., Bassano, B., 
2019. Recovery of high mountain Alpine lakes after the eradication of introduced 
brook trout Salvelinus fontinalis using non-chemical methods. Biol. Invasions 21 (3), 
875–894.

Tiberti, R., Buscaglia, F., Armodi, M., Callieri, C., Ribelli, F., Rogora, M., Bocca, M., 2020. 
Mountain lakes of Mont Avic Natural Park: ecological features and conservation 
issues. J. Limnol. 79 (1).
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