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Abstract

:

Mountain lakes are highly sensitive to global change, requiring sustainable management strategies that support crucial ecosystem services (ES). However, small mountain lakes are rarely in the focus of ES assessments, and indicators are potentially lacking. Therefore, this study aimed at comprehensively assessing key ES of 15 study lakes located in two regions in the European Alps. We involved local stakeholders and experts to identify important ES. We quantified eight ES in non-monetary terms, using 29 indicators based on limnological, spatial and socio-economic data. Finally, we evaluated ES in relation to the socio-ecological context of the study lakes. The most important ES included surface water for non-drinking purposes, maintaining populations and habitats, outdoor recreation, aesthetic value, entertainment and representation, scientific research, education as well as existence, option, or bequest value. Quantitative results indicate varying levels of ES across the study lakes. Based on 12 different socio-ecological variables, we identified four groups of lakes differing also in five ES. Maintaining populations and habitats, aesthetic value as well as existence, option or bequest value were rather independent from the socio-ecological context. Our findings contribute to a deeper understanding of ES of mountain lakes, also supporting the development of sustainable management strategies in mountain regions.
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1. Introduction


Freshwater lakes and ponds greatly contribute to human well-being by providing crucial ecosystem services (ES), such as water supply for domestic, agricultural, and industrial use, hydropower production, flood control, climate regulation, and outdoor recreation [1,2,3,4]. ES can be broadly defined as the contributions of ecosystems to human well-being [5,6,7]. Based on ecological functions and processes that represent the capacity of ecosystems to provide goods and services (natural capital), ES are generated by human interactions (human-derived capital) with nature to satisfy human needs [7,8,9,10]. Lake ecosystems, however, are highly susceptible to anthropogenic stressors [11,12,13]. Climate change, land-use intensification, water abstraction or water-level regulation, shoreline modification, and invasive species may lead to alterations of physical, chemical, and biological characteristics of lakes [12,14]. Since ES provision strongly depends on ecological functions and processes, such stressors may severely affect individual or multiple ES [13,15]. Despite the growing number of studies on ES of freshwater ecosystems, mostly focusing on large lowland lakes [3,16], knowledge on human–nature interactions related to small high mountain lakes is still scarce, but urgently required to develop sustainable management strategies in the light of global change [17].



High mountain lakes are considered particularly vulnerable to rising temperatures due to the amplification of global warming in high-elevated regions [11]. Higher temperatures reduce ice-cover duration and the volume of inflowing snow melt, which greatly affects hydrological patterns, as well as ecosystem processes, such as primary production due to increased lake water temperatures [18,19]. Moreover, high mountain lakes are more exposed to atmospheric nutrient inputs compared to those at low elevations with consequences on lake functions and species composition [11,12]. While such ecological changes influence ES provision, socio-economic changes alter the demand for ES. Since mountain regions are important water suppliers for downstream populations, the demand for water is expected to increase due to changes in precipitation patterns and population growth [20,21]. Increasing transformation of natural ecosystems in and outside mountain regions to intensively used land, a shifting socio-economic focus from agriculture towards tourism and changes in leisure behaviour increase the pressure on natural environments in mountain regions [22,23]. Spatio-temporal expansion of recreational activities may affect lake ecosystems as well as local socio-economic conditions in various ways. For example, the introduction of fish in naturally fishless lakes for recreational angling affects native amphibian species [24] as well as on nitrate concentrations due to fish feeding, resulting in eutrophication [19]. Moreover, hiking activities in proximity to lakes contribute to the growth of aquatic vegetation in high-mountain lakes, increasing the level of eutrophication [25]. Moreover, an increase in accessibility, which is often fostered to attract more tourists, may provoke conflicts among different recreational user groups or stakeholders [26].



In light of the above-mentioned changes and increasing pressures on ES and human society, a comprehensive assessment of ES is needed to support management and decision-making [27]. In the first step, relevant ES need to be identified and selected for further analysis. This is mostly performed based on data/model availability or literature reviews, but the involvement of local stakeholders allows for prioritizing context-specific ES [28]. Commonly, three categories of ES are distinguished, provisioning ES, regulating, and cultural ES [8,29,30]. ES have also been categorised, for example, in the Common International Classification of Ecosystem Services (CICES) [29] to improve consistency in ES assessments. The second step is the biophysical assessment of the selected ES. Many provisioning ES can be directly measured, but the quantification of regulating and cultural ES is more complex and needs different indicators or proxy data [5,9,31,32,33]. To quantify such indicators, different methods have been developed. These include biophysical methods that rely on direct or indirect measurements of data or ecological models [5,34,35]. Socio-cultural methods are mainly used to assess human preferences [32], while economic methods aim at assigning monetary values to ES. Finally, expert-based approaches based on lookup tables [9,36,37] are often applied if other data are lacking. Further steps may include the valuation of ES using monetary, qualitative, or socio-cultural metrics to raise awareness, compare ES across regions, implement payments for ES, among others [7]. Such valuation is not addressed in this study. Despite great advances in mapping and quantifying ES, the quantification of multiple ES of mountain lakes has rarely been in the focus of ES assessments and remains challenging due to their small spatial scale, which makes it difficult to obtain quantitative and spatially explicit data and to define indicators that can reveal differences in ES provision across different lakes [38].



In many ES assessments, people’s perceptions on the importance of ES are neglected, but this information is crucial for decision-making, as conservation measures are usually more effective if supported by local stakeholders [13]. This is of particular importance when it comes to trade-offs among multiple ES [39]. In addition, decision-making and management strategies are more effective if accounting for the specific socio-ecological context, which can influence people’s perceptions of ES [40]. For example, stakeholders valued recreational, cultural, and aesthetic ES in regions with high tourism intensity, while regulating ES were considered as more important in regions with recent impacts on productivity from pests [41]. Moreover, increasing tourism, land-use changes, and climate change can have huge impacts, for example, on the water availability in particular in water-scarce regions [42]. Decisions depend on future developments desired by the local communities [43], and a profound understanding of interactions between human and natural systems can support the achievement of sustainable management solutions [44].



This study aimed to address the above-mentioned knowledge gaps related to ES provided by small high mountain lakes by identifying and quantifying ES. Our specific objectives were:




	
Identifying the most important ES of small high mountain lakes;



	
Selecting suitable indicators for the biophysical quantification of the selected ES;



	
Evaluating ES in relationship to socio-ecological characteristics of the study lakes.








We addressed the first objective by involving local stakeholders and experts to prioritise ES in two study regions in the European Alps. After selecting multiple indicators for each selected ES, we quantified ES in non-monetary terms of 15 study lakes located in the two regions using mixed methods (objective 2). Finally, by grouping the lakes based on their socio-ecological context, we examined differences in ES provision between groups of lakes. Related findings aim to support the development of group-specific management strategies, which could be also applied in other regions with similar socio-ecological characteristics.




2. Materials and Methods


2.1. Study Sites


To account for local variability and distinct socio-ecological characteristics, we selected 15 small high mountain lakes located in two regions in the European Alps: (1) South Tyrol (Italy) with 4 lakes and (2) Niedere Tauern (Austria) comprising 11 lakes (Figure 1). Elevation of lakes varies from 1493 to 2758 m a.s.l. and lake size ranges between 0.54 and 43.24 ha (Table 1). Most lakes are located along the timber-treeline ecotone (alpine climatic zone) and bare rocks and meadows are the dominating land cover types in the catchment area, while trees (<6%) or shrubs (<24%) are less present [45]. Two lakes in South Tyrol (Antholzer See and Pragser Wildsee) are larger and located at lower altitude (montane climatic zone) and the catchment includes a higher share in forest (~30%). In general, the lakes become ice free during May/June and freeze during October/November [19]. Primary productivity in the water column is limited by the length of the vegetation period as well as the nutrient conditions. Water transparency is high and chlorophyll a concentrations indicating primary productivity are within the ultra-oligotrophic to oligo-mesotrophic range [46].



Due to their different geographic location in the southern and northern part of the main Alpine ridge, climate differs in the two study regions, being warmer and dryer in South Tyrol and cooler and wetter in Niedere Tauern [47]. Land cover composition in both regions is similar and comprises mainly forest, grassland and unused land, such as natural grassland, rocks, and glaciers, but Niedere Tauern has a higher share of forest, while South Tyrol comprises more agriculturally used land, with meadows and pastures at higher elevations and permanent cultures in the valley bottom [48]. South Tyrol has a mean population density of 72 inhabitants per km2 and about 33 million overnight stays yearly [49]. Niedere Tauern is less populated (24 inhabitants per km2 in the region of Liezen in Styria and 32 inhabitants per km2 in Upper Styria West) and tourism is less developed (Styria about 13 million overnight stays yearly) [50]. More specific, in proximity to the study lakes, i.e., within 30 min driving from the nearest access point to the lake, there are on average 15 overnights per inhabitant in Niedere Tauern during the summer season compared to 46 overnights per inhabitant in South Tyrol. The lakes are generally visited by hiking during the ice-free period and hiking times range from a few minutes to 5 h.




2.2. Identification of Key ES


To select ES that are considered as most relevant for the specific study region by local stakeholders and experts, we carried out a workshop in each region. First, stakeholders being familiar with mountain lakes were identified using a purposeful sampling approach [51] by analysing policy and media documents, interviewing local key informants and enlarging the group of relevant stakeholders through snowball sampling. During the workshop, participants were asked to indicate ES, which they associated with small natural mountain lakes. Since not all participants were familiar with the concept of ES, we used broader terminology referring to ES as “services, goods or contributions to human well-being” [40]. To foster a collaborative process and to reduce group-related bias, we relied on the established focus group and participatory methods for identifying ES [28]. Hence, participants first collected and discussed potential ES in small heterogeneous groups of four people. Each group then presented their results to all workshop participants on a flipchart. To identify key ES, we carried out a rating exercise where each participant could individually assign six points to the mentioned contributions. Subsequently, all participants discussed together the outcomes of the rating exercise. After carefully addressing diverging opinions, all participants agreed on priority contributions in an open plenary discussion. The entire workshop was moderated by two researchers to guide participants and to focus the discussion on the workshop objective without influencing participants’ opinions and choices. Finally, we aligned the workshop results to common ES terminology. After the workshop, two researchers attributed the key contributions of lakes that were identified by the participants based on collected key words as well as descriptions from the audio registration to ES classes defined in CICES [29]. Workshop participants were informed about the results after the workshop and asked for feedback, but they were not further involved into the selection of related ES indicators.



The workshop in South Tyrol was carried out in Bozen/Bolzano (Italy) in January 2020 with 12 stakeholders representing all relevant sectors, including nature conservation, water management, local authorities, tourism, economy, research and education, and NGOs. In Niedere Tauern, the workshop took place in Radstadt (Austria) in August 2020, involving 10 stakeholders from the sectors water management, economy, tourism, research and education, as well as NGOs.




2.3. Selection of ES Indicators


To quantify ES of small high mountain lakes that were prioritised by stakeholders (see Section 2.2), we first collected indicators from literature. As most studies focused on greater spatial scales or compared ES of different ecosystems, not allowing to identify variations in ES across different small mountain lakes, we also developed new indicators. Using a combination of indicators related to ecosystem conditions as well as potential and actual benefits can capture multiple facets of ES [9,31,52]. We therefore included multiple indicators (Table 2), describing various aspects of each ES at fine spatial scale enabling to detect differences between individual lakes. Moreover, indicators were selected considering the possibility for monitoring changes in ES over time, i.e., the impacts of global change on ES. We focused on the potential ES supply (stock of natural capital), which characterises the capacity of ecosystems to provide ES independently from their actual use (flows of benefits) [5,10]. The proposed indicators therefore mostly refer to the structure and function of the ecosystems, partly also accounting for human-derived capital or human preferences [53]. Indicators related to ‘entertainment and representation’ represent people’s interest in a specific lake and refer rather to the flow of benefits than to potential ES supply [5,10]. To assess the individual indicators in non-monetary terms, we used mixed methods, focusing on biophysical methods including direct measurements and modelling based on primary data (e.g., limnological and climate data) and socio-cultural methods (e.g., preference surveys). In the following, we provide details on each ES and related indicators.



2.3.1. Surface Water for Non-Drinking Purposes (Water)


This ES refers to surface water that can be used for non-drinking purposes such as industry, irrigation or energy production [29]. To quantify the contribution of each lake, we used two indicators describing the potential supply, as data on water abstraction were not available. The storage capacity refers to the amount of water that can be stored by the lake, i.e., the lake volume. Water availability corresponds to the amount of water that is available within the lake watershed derived from the water balance during the summer period (May–August) accounting for seepage, surface runoff and interception [55,56].




2.3.2. Maintaining Populations and Habitats (Habitat)


This ES focuses on the maintenance of nursery populations and provision of suitable habitats (food, protection) for plant and animal species to sustain lifecycle and to protect habitats and gene pools [29]. We selected three indicators that describe characteristics of the littoral lake zone, as complex littoral areas provide important habitat and shelter for different species, e.g., as nursery and spawning areas or suitable structures for aquatic invertebrates [60,61,62,63]. Littoral substrate complexity was calculated based on the mapping of three major substrate classes (silt/clay/muck, gravel, and boulder/bedrock), which were ranked by size (silt to bedrock). We then calculated mean values weighted with the percentage coverage. Shoreline development was calculated as the ratio of the length of the shoreline to the length of the circumference of a circle of area equal to that of the lake [64]. Riparian vegetation complexity included vegetation coverage of shore habitat types as well as land cover types along the lake (~up to 20 m). We used four cover classes (absent (0), sparse (0–10%), moderate (10–40%), heavy (40–70%, and very heavy (>70%) [65]). To each cover class, we assigned the respective arithmetic midpoint values (0%, 5%, 25%, 57.5%, and 87.5%) and calculated mean values weighted by percentage coverage of each type along the shoreline. Both indices were standardised and then aggregated into a single index.



High water quality supports ecosystem health and functioning [13,39]. Therefore, the trophic state of the lake water was described using the three variables chlorophyll-a, the concentration of total phosphorus and Secchi depth [46,66]. Each variable was assigned to a trophic state based on class ranges (Table A1). Subsequently, the three variables were combined into a single index (1 = eutrophic, 2 = mesotrophic, 3 = oligo-mesotrophic, 4 = oligotrophic, 5 = ultra-oligotrophic). Moreover, nitrate expressed by the concentration of reactive nitrogen was included as an indicator for water quality [67].



To describe the habitat for plant species, including vascular plants and mosses, we derived the total number of different species from regional databases [57]. Red list species were weighted double.




2.3.3. Outdoor Recreation (Recreation)


Outdoor recreation was defined as physical interactions with the natural environment (abiotic and biotic) [29], including recreational activities that can be carried out at lakes, such as swimming, bathing, recreational fishing, boating, hiking, and birdwatching. Due to the remoteness and low water temperatures of mountain lakes, we focused on indicators describing different aspects related to accessibility and recreational opportunities, indicating the potential supply.



Accessibility is crucial to reach mountain lakes and steep terrain or long distances may prevent people to reach the lake [26]. We identified access difficulty of the main hiking trail for reaching the lake according to the scale of the Swiss Alpine Club (T1 (easy)–T6 (very difficult). The access level instead describes the type of recreational activities and was determined based in qualitative assessment and expert knowledge, distinguishing three classes [68]: (1) primary contact (i.e., immersive aquatic activities, such as swimming or kayaking); (2) secondary contact (i.e., activities that can be carried out at the lake without direct contact to the water such as fishing or boating); (3) visual contact only (i.e., activities that are carried out at the lake shore or in proximity to the lake such as hiking or cycling). Warm or hot days support more water-related activities than cold weather [69]. The number of warm days (≥20°C) per year was derived from local climate stations. If no station was located in proximity to the lake, data from the nearest station was used after correcting the measured temperatures with elevation (−0.6 °C per 100 m increase in elevation). In mountain areas, hiking is one of the most appreciated recreational activities in the summer [70]. We therefore calculated the length of hiking trails (hiking at lake) around the lake (distance from lakeshore ≤ 50 m) in relation to the lake perimeter to evaluate the opportunities for walking or hiking close to the lake. Human-made infrastructures and facilities are important for providing or improving recreational opportunities [9,71]. The number of tourist facilities (picnic area, benches, playground, etc.) was standardised in relation to the length of the shoreline.




2.3.4. Aesthetic Value (Aesthetic)


The aesthetic value is related to the characteristics of the natural environment (abiotic and biotic) that enable aesthetic experiences in direct interaction with nature [29]. Here, we focused on the visual characteristics of the lake and the surrounding landscape. Water clarity is important for aesthetic appreciation, often associated with water quality, and was measured by Secchi depth [72,73,74]. Littoral preference was calculated based on the mapping of littoral habitat types, to which we assigned preference scores obtained from a photo-based questionnaire [58] weighted by the length of each habitat type. Similarly, land cover preference included land cover types near the lake (~ up to 50 m), to which we assigned preference scores from the photo-based questionnaire [58] weighted by the length of each land cover type. Landscape beauty comprises the landscape within 500 m buffer around the lake and was derived through a spatially explicit modelling approach [75]. Viewpoints were randomly distributed (ca. 70 points km−2) in the 500 m buffer zone. For each viewpoint, a 360° viewshed was calculated based on a digital surface model (DSM) to identify the visible area up to 1500 m. After overlaying the visible area with a land cover map, 11 landscape metrics were calculated and related to people’s preferences from surveys via a regression model, estimating aesthetic landscape preferences. To viewpoints without a vista, i.e., located within forest, the preference score from the survey was assigned. Finally, we calculated mean preference scores of all viewpoints located in the buffer area for each lake. For further details on the methodology, see [75].




2.3.5. Entertainment and Representation (Representation)


Natural characteristics can be used for entertainment or representation, e.g., films, tourism brochures [29]. We used three indicators (Google Videos, Google Trends, and Instagram) measuring the people’s interest in the specific lake [76,77]. We determined the number of videos, the search interest relative to the benchmark term ‘mountain lake’, and the number of posts by searching for German or Italian lake names in the different databases.




2.3.6. Scientific Research (Research)


This ES is generally understood as characteristics of the natural environment (abiotic and biotic) that support scientific research [29]. Here, we focused on the relevance of mountain lakes for research on climate change impacts [11,13,18,19]. High mountain lakes are considered highly suitable as field sites or model systems to detect environmental changes due to their remoteness and extreme environmental conditions [14]. Such lakes are less affected by direct impacts from human use, while they are more exposed to atmospheric inputs than lowland lakes [11,13,19]. Important criteria for supporting such research activities include a high degree of naturalness and the absence of human use such as livestock farming and intensive tourism, which increase nutrient inputs and affects the ecological state of lakes [12,13,19,25,78]. As our study lakes are mostly used for recreational purposes, we used two indicators related to remoteness in terms of accessibility, as longer walking time and higher path difficulty can prevent people to reach the lake [26] and, thus, limit impacts from recreational use [25,78]. Access time refers to the walking time of the ascent to the lake from the nearest access point (parking, cable car, etc.). For access difficulty, see Section 2.3.3. Moreover, livestock farming in the lake watershed can alter water quality through increased nutrient inputs [79,80]. Since data on livestock units were not available, we used the percentage coverage of land cover types within the watershed that can be used for grazing, i.e., natural grassland and heathland, as proxy for potential presence of livestock farming.




2.3.7. Educational Value (Education)


Characteristics of the natural environment (abiotic and biotic) enable educational activities [29]. We included indicators that assess the lake’s suitability for educational activities at the lake by assessing the potential presence of visible/observable species [81], indicated by littoral structure complexity (see Section 2.3.2). To benefit from educational values of mountain lakes, we considered the access time (see Section 2.3.6), as closer lakes can be visited also by school classes or people that are not used to long hikes. Moreover, we included the number of potential beneficiaries in proximity to the lake, representing the level of interest in environmental education. Beneficiaries included residents and tourists (number of overnights), who can reach the nearest access point to the lake (parking, cable car, etc.) within 30 min driving by car. The number of overnights were first converted into a ‘permanent resident equivalent’ by dividing the total number of nights by 365 [82], and then added to the number of residents to indicate the total number of beneficiaries.




2.3.8. Existence, Option, or Bequest Value (Existence)


To measure existence, option or bequest value [29] related to mountain lakes, we used three indicators related to different aspects. As the designation of a location as protected area recognises the conservation value of ecosystems [83], we used protected area and identified the IUCN category to indicate the level of protection. Uniqueness and rareness are also important criteria for conservation, as the loss of specific habitats or sites could diminish the number of known species [83]. We therefore measured lake abundance by identifying the number of lakes with an area greater than 0.1 ha and up to a distance of 5 km from the study lake. Moreover, ecosystem integrity, referring to the natural state of ecosystems and processes, may be expressed by the level of anthropogenic influence [84]. To indicate the agricultural intensity linked to livestock farming, we used the percentage coverage of land cover types within the watershed that can be used for grazing, since livestock farming for our study lakes are the most important human activities [79,80].




2.3.9. Total ES Index


To obtain a total ES index in non-monetary terms that is comparable across study lakes, we first rescaled all individual indicators to values between 0 and 1 (min–max normalisation), as indicators had different units. We then calculated a mean index for each ES based on the related indicators. In this way, all indicators attributed to a specific ES were given the same weight, with individual ES indices ranging between 0 and 1. Finally, a total ES index was calculated by summing all eight ES. ES were not weighted based on their prioritisation in the different regions due to lacking information on their relative importance. The total ES index has a potential maximum of eight and can be used to compare different lakes in terms of ES provision.





2.4. Evaluation of ES within the Local Socio-Ecological Context


To examine whether differences in ES occur in different study lakes, we collected various socio-ecological context variables (Table 3). These variables describe lake characteristics, environmental conditions, land cover, accessibility and beneficiaries. Variable values were derived by own calculations overlaying different spatial datasets using ArcGIS (version 10.4, ESRI, Redlands, CA, USA).



We applied cluster analysis to derive groups of lakes with similar socio-ecological characteristics. First, we tested correlations among all variables applying Pearson correlation and excluded those that highly correlated (Table 3). Based on 12 remaining variables, we applied hierarchical cluster analysis in SPSS Statistics (version 26, IBM, Armonk, NY, USA) using the squared Euclidean distance to measure the dissimilarity of the variables and applying Ward’s linkage method to aggregate the clusters. Based on the agglomeration coefficient, measuring heterogeneity as the distance at which clusters are formed, we decided to use the four-cluster solution. To examine whether differences in ES of the study lakes in one of the four groups can be explained by socio-ecological differences, we applied one-way ANOVA based on the standardised ES indices (see previous section).





3. Results


3.1. Key ES of High Mountain Lakes


Stakeholders prioritised eight different ES across both study regions, of which six were cultural ES (Table A2). In both study regions, three equal ES were selected by stakeholders, namely habitat, as well as recreation and aesthetic. While stakeholders in South Tyrol additionally indicated water and entertainment as important, stakeholders in Niedere Tauern named research, education, and existence.



We quantified all eight ES in non-monetary terms in both study regions using various indicators (Table 2). Mean ES indices varied across the 15 study lakes (Figure 2 and Table A3). Compared to the higher elevated lakes, the two larger and lower elevated lakes in South Tyrol had generally higher ES indices, in particular, for water, recreation, and representation. Lakes generally differed also in research, education, and existence, while less differences occurred for habitat and aesthetic.




3.2. Socio-Ecological Differences


The lakes were grouped based on 12 socio-ecological context variables by hierarchical cluster analysis into four groups (see also Figure 1 and Figure A1), differing in socio-ecological characteristics (Figure 3 and Table A4):




	
Group 1 (Antholzer See and Pragser Wildsee) is characterised by large lake size, low elevation, good accessibility, a high number of beneficiaries (in particular, tourists) and high visitation rates.



	
Group 2 (Langsee) is located at high elevation in a landscape with predominantly bare rocks. Although it has a very high number of beneficiaries (in particular, residents), visitation rates are lower than for Group 1 due to a high access time.



	
Group 3 (Fischersee, Unterer Klaffersee, Rauhenbergsee, Oberer Klaffersee, Kapuzinersee, Pfannsee) comprises small, high-elevated, and remote lakes that are difficult to reach. Compared to Groups 1 and 2, this group has less beneficiaries and lower visitation rates.



	
Group 4 (Obersee, Hüttensee, Twenger Almsee, Schönalmsee, Unterer Wirpitschsee, Tiefenbachsee) includes lakes that are on average lower elevated and easier accessible than Groups 2 and 3, but the number of beneficiaries and visitation rates are similar to Group 3.








Most ES indices (water, recreation, representation, research, and education) differed significantly across the four groups (Table 4). In contrast, habitat, aesthetic, and existence were not strongly related to the socio-ecological context. Above-average indices occurred mainly for Group 1 and 2, while Group 3 and 4 had mostly below-average indices (Figure 2). In specific, Group 1 had greatest above-average indices for all ES with the exception of research. Group 2 had above-average indices for research and education. While research was also above-average for Group 3, recreation was below average. Group 4 had below-average indices for all ES, in particular research.





4. Discussion


In comparison to large lowland lakes, which are highly important for provisioning or regulating services [3,4,17], our results indicate that key ES of natural high mountain lakes include mostly cultural ES, which is probably due to several factors. One reason may be the small size of most natural lakes, which makes them less suitable for water provision, energy production or fish production compared to large lakes [3,86]. Another reason is their remoteness and often limited accessibility, contributing to maintain high level of naturalness of the lake ecosystem as well as the surrounding landscape. Accordingly, natural mountain environments were found being highly appreciated for various cultural ES in previous studies [75,87,88,89]. Several lakes are recognised as natural monuments in South Tyrol [90] and 14 of the study lakes are located in protected areas (e.g., natural parks, Natura 2000, UNCESCO biosphere reserves), which underlines their high importance for biodiversity conservation [83] and cultural ES [88]. Consequently, such lakes are better protected from intensive human use or the construction of new infrastructure through regulations, e.g., [91], assuring the sustainable use of natural resources.



Stakeholders in both study regions agreed on several ES, which can be considered as generally relevant for high mountain lakes in the European Alps, as confirmed by other studies [75,92,93]. Differences in identified ES between the two study regions can be explained by differences in the socio-ecologic context influencing the stakeholders’ perceptions. In South Tyrol, water scarcity is an issue [55] and the runoff from Langsee is already used for irrigation, whereas land-use and climate are different in Niedere Tauern with less pressure on water resources. The selection of representation in South Tyrol can be mainly related to the Pragser Wildsee, which has become famous by the Italian television series ‘Un passo dal cielo’ (One Step from Heaven) and which is highly disseminated by social media such as Instagram [94] or Flickr [92]. Although existence and education were also discussed in context with other ES, such as habitat and aesthetic in South Tyrol, it was not prioritised but considered as own ES in Niedere Tauern.



The selection of specific ES in each study region by the stakeholders was also broadly reflected and refined the ES indices of the four groups by accounting for the size and location of the lake (e.g., climate, accessibility), tourism development (e.g., infrastructure, touristic facilities), as well as socio-economic variables (e.g., potential beneficiaries, visitation rates). Such differentiation is very important with regard to decision-making, suggesting that lakes belonging to different types of groups require different management strategies. For Group 1, including lakes that are easily accessible and have elevated levels of beneficiaries and visitation rates, a focus needs to be set on visitor guidance, awareness raising, and regulating accessibility due to increasing pressure on the environment [25,95,96,97]. In the case of the Pragser Wildsee, local authorities have already taken measures to restrict the accessibility by car for limiting the number of visitors in order to reduce negative effects on the environment and the socio-economic context [98]. Despite high numbers of potential visitors in proximity to the lake, the lake of Group 2 is less visited due to its remoteness, but tourism management is still more important compared to lakes belonging to Group 4 with similar levels of accessibility but lower pressure from recreational use. Lakes of Group 3, which have intermediate levels of accessibility, seem not yet subject to high pressure, but this depends on future tourism development in the greater region or uncontrollable dynamics of social media that can cause overtourism [94].



Further issues may require the attention of policymaking, but are not reflected by the groups; for example, issues related to uses such as fishing or livestock farming, which can lead to great alterations of the lake ecosystem [13,19]. In addition, the legal framework may be important for governance of ES of mountain lakes in our study regions and can be a source for potential conflicts [26]. While lakes in South Tyrol are public goods and public institutions are responsible for the lake management, mountain lakes in Niedere Tauern may be private property and lake owners can prevent the access and use of the lake. Moreover, lake owners are currently not obliged to implement specific management measures or participate at monitoring programs, as lakes that are smaller than 0.5 km2 are not included in the Water Framework Directive of the European Union [99].



Another issue of increasing urgency is that climate-induced changes may severely threat ES provision in the future. For example, regional differences in precipitation pattern may further increase water scarcity in the southern part of the Alps [20,42] and lead to changes in ES, as well as to shifting priorities in the use of mountain lakes, i.e., water provision may become more important than other types of uses. Other ES, such as habitat or aesthetic, may be affected by increasing level of eutrophication originating from higher lake water temperature, atmospheric nutrients inputs, and anthropogenic use, which reduces water clarity and alters water quality [13,18,19,74]. Future research focusing on relationships between ecological processes and ES provision, as well as scenario analysis, may provide deeper insights supported by quantitative data and reveal changes over time.



In this study, we set high effort in identifying and calculating suitable indicators for evaluating the eight key ES, which allow detecting differences among small lakes and monitoring changes in ES over time. We used mixed methods (i.e., ranging from biophysical to socio-cultural methods) to assess multiple indicators of each ES. In this way, the multifaceted characteristics of ES could be captured in a more holistic way [31,52]. Due to data restrictions, it was not possible for all ES to combine ecological indicators with socio-cultural indicators. Results could be improved, for example, for water by including the amount of water abstractions [34] or the area of irrigated land [100]. Further indicators could also be useful, for example, related to fish and amphibian species, which could be relevant for ES such as habitat or education [81]. Moreover, our results mostly reflect the potential ES supply without quantifying the demand for ES. Such information, however, is useful for decision-making, as it can reveal, for example, supply-demand mismatches and incongruities with sustainable development [101]. Finally, we weighted all ES equally across the study regions due to lacking information on the relative importance of ES, although ES prioritisation differed in South Tyrol from Niedere Tauern for some ES, suggesting that, for example, water and representation are more important in South Tyrol, while research and education have greater weight in Niedere Tauern. However, differences in importance of individual ES within the same regions or across groups of lakes remain unclear and future research should collect such information. This is especially important in the light of expected climate change impacts [11,13], which can also shift priorities and the demand for ES depending on the socio-ecological context [41,42].



In terms of transferability, the findings of this study can be useful to researchers and practitioners in other mountain regions. First, as high mountain lakes worldwide are characterised by similar environmental conditions [11,13], a better understanding and characterization of ES was achieved in this study that may also apply to other small mountain lakes. Second, the proposed indicators can be applied to other lakes, given the availability of data, and are not limited to high mountain lakes. Nevertheless, it may be necessary to adapt some indicators that were based on specific survey results (e.g., preferences for littoral habitat types or adjacent land cover types). Finally, by grouping the lakes based on their socio-ecological characteristics, our findings can be useful to define and implement group-specific management strategies without the necessity to quantify all ES.




5. Conclusions


This study contributes to research and decision-making in several ways. We advance knowledge on ES by identifying eight key ES of mountain lakes involving local stakeholders. We also propose a comprehensive set of indicators for their quantitative assessment in non-monetary terms. By placing the lakes in the local socio-ecological context, our findings contribute to a deeper understanding of the underlying mechanisms for ES provision, as ES, such as water, representation, research, and education generally differed across groups of lakes. However, our results also suggest that habitat, aesthetic, and existence are important ES provided by all lakes, independently from the socio-ecological context. Socio-ecological differences seem to have also influenced stakeholders’ perceptions, and hence, the prioritization of specific ES, greatly matching differences in ES across groups of lakes.



Our findings provide valuable insights for decision-making and for developing sustainable management strategies, which can be tailored to the specific local context, accounting for environmental conditions and socio-economic requirements and values. Hence, management strategies should be defined based on natural characteristics of the lake, the level of accessibility, and tourism development and intensity, which differ across the four identified groups. To manage future impacts of global change on ES of mountain lakes, further research should deepen the understanding of ecological processes in relation to ES provision, as well as widen the focus on human–nature interactions by accounting for trends in ES demand.
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Table A1. Value ranges of three parameters (total phosphorus, chlorophyll a, and Secchi depth) used to identify the trophic class of lakes [46,66].
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	Parameter
	Ultra-Oligotrophic
	Oligotrophic
	Mesotrophic
	Eutrophic





	Total phosphorus [µg/L]
	<4.85
	4.85–13.3
	14.5–49.0
	38.0–189.0



	Chlorophyll a [µg/L]
	<0.8
	0.8–3.4
	3.0–7.4
	6.7–31.0



	Secchi depth [m]
	>10
	5.3–16.5
	2.4–7.4
	1.5–4.0
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Table A2. Prioritised ES in the two study regions.
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	ES
	South Tyrol
	Niedere Tauern





	Water
	x
	



	Habitat
	x
	x



	Recreation
	x
	x



	Aesthetic
	x
	x



	Representation
	x
	



	Research
	
	x



	Education
	
	x



	Existence
	
	x
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Figure A1. Dendrogram of the cluster analysis for grouping the study lakes based on their socio-ecological context. 
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Table A3. Indicator values of the 15 study lakes. All indicators were subsequently standardised and aggregated to quantify each ES.
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ES

	
Indicator

	
Unit

	
Antholzer See—Lago di Anterselva

	
Pragser Wildsee—Lago di Braies

	
Langsee—Lago Lungo

	
Fischersee (Saldurseen)

	
Unterer Klaffersee

	
Rauhenbergsee

	
Oberer Klaffersee

	
Kapuzinersee

	
Pfannsee

	
Obersee

	
Hüttensee

	
Twenger Almsee

	
Schönalmsee

	
Unterer Wirpitschsee

	
Tiefenbachsee






	
WATER

	
Storage capacity

	
106 m3

	
11.04

	
5.30

	
2.58

	
0.03

	
0.5

	
0.2

	
0.6

	
0.1

	
0.0

	
0.8

	
0.2

	
0.4

	
0.2

	
0.1

	
0.1




	
Water availability

	
106 m3 y−1

	
8453

	
10,888

	
1182

	
13

	
836

	
463

	
627

	
957

	
972

	
2429

	
4528

	
118

	
273

	
1142

	
1228




	
HABITAT

	
Littoral substrate complexity

	
index

	
0.40

	
0.66

	
0.56

	
0.79

	
0.59

	
0.73

	
0.97

	
0.63

	
0.58

	
0.48

	
0.49

	
0.36

	
0.41

	
0.52

	
0.42




	
Shoreline development

	
index

	
2.11

	
2.76

	
3.22

	
2.31

	
2.12

	
2.42

	
2.44

	
2.26

	
3.33

	
2.53

	
2.44

	
2.01

	
2.33

	
2.00

	
2.47




	
Riparian vegetation complexity

	
index

	
0.89

	
0.70

	
0.45

	
0.13

	
0.36

	
0.11

	
0.00

	
0.28

	
0.33

	
0.68

	
0.81

	
0.65

	
0.70

	
0.70

	
0.75




	
Trophic state

	
index

	
4.00

	
4.00

	
3.00

	
3.00

	
nd

	
4.00

	
4.00

	
5.00

	
5.00

	
4.00

	
4.00

	
4.00

	
4.00

	
5.00

	
4.00




	
Nitrate

	
NO3-N mg l−1

	
0.22

	
0.30

	
0.13

	
0.06

	
0.11

	
0.13

	
0.09

	
0.11

	
0.08

	
0.23

	
0.20

	
0.00

	
0.00

	
0.11

	
0.08




	
Plant species

	
n

	
13.0

	
7.0

	
2.0

	
1.0

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd




	
RECREATION

	
Access difficulty

	
index

	
0

	
0

	
3

	
3

	
4

	
4

	
4

	
4

	
3

	
1

	
1

	
2

	
2

	
2

	
2




	
Access level

	
index

	
1

	
1

	
2

	
2

	
3

	
3

	
2

	
2

	
3

	
2

	
2

	
2

	
2

	
2

	
2




	
Warm days

	
days y−1

	
56.50

	
58.71

	
14.65

	
0.90

	
21.10

	
0.24

	
0.10

	
0.57

	
1.62

	
6.24

	
9.43

	
0.71

	
0.71

	
5.62

	
3.19




	
Hiking at lake

	
m

	
0.71

	
1.23

	
0.25

	
0.30

	
0.00

	
0.00

	
0.36

	
0.43

	
0.00

	
0.31

	
0.42

	
0.59

	
0.12

	
0.29

	
0.06




	
Tourist facilities

	
n km−1

	
2.89

	
3.63

	
0.35

	
0.00

	
0.00

	
0.00

	
0.89

	
0.00

	
0.00

	
0.00

	
0.00

	
2.87

	
0.94

	
0.00

	
0.00




	
AESTHETIC

	
Water clarity

	
m

	
7.6

	
7.6

	
6.4

	
4.5

	
nd

	
8.8

	
8.2

	
10.8

	
7.4

	
8.2

	
6.0

	
8.5

	
8.8

	
6.0

	
4.5




	
Littoral preference

	
index

	
0.10

	
0.18

	
0.20

	
0.33

	
0.13

	
0.17

	
0.62

	
0.11

	
0.12

	
0.17

	
0.19

	
0.12

	
0.12

	
0.15

	
0.15




	
Land cover preference

	
index

	
0.40

	
0.45

	
0.10

	
0.18

	
0.13

	
0.20

	
0.20

	
0.15

	
0.15

	
0.22

	
0.35

	
0.10

	
0.17

	
0.26

	
0.21




	
Landscape beauty

	
index

	
7.53

	
7.54

	
10.45

	
8.88

	
11.08

	
11.07

	
12.02

	
10.50

	
11.53

	
10.52

	
9.13

	
11.10

	
11.04

	
9.78

	
9.61




	
REPRESENTATION

	
Videos

	
n

	
860

	
102,000

	
1200

	
121

	
881

	
881

	
881

	
881

	
8

	
456

	
113

	
124

	
42

	
209

	
31




	
Google Trends

	
n

	
0.16

	
2.05

	
0.12

	
0.02

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd




	
Instagram

	
n

	
16,224

	
426,829

	
2272

	
230

	
904

	
904

	
904

	
904

	
23

	
295

	
300

	
425

	
48

	
211

	
25




	
RESEARCH

	
Access time

	
min

	
5

	
5

	
210

	
150

	
300

	
300

	
315

	
240

	
210

	
130

	
90

	
135

	
210

	
90

	
110




	
Access difficulty

	
index

	
0

	
0

	
3

	
3

	
4

	
4

	
4

	
4

	
3

	
1

	
1

	
2

	
2

	
2

	
2




	
Livestock farming

	
%

	
9.52

	
14.05

	
0.00

	
0.00

	
8.22

	
0.00

	
0.00

	
6.20

	
11.50

	
37.69

	
41.59

	
85.35

	
95.61

	
50.72

	
37.07




	
EDUCATION

	
Littoral structure complexity

	
index

	
0.40

	
0.66

	
0.56

	
0.79

	
0.59

	
0.73

	
0.97

	
0.63

	
0.58

	
0.48

	
0.49

	
0.36

	
0.41

	
0.52

	
0.42




	
Access time

	
min

	
5

	
5

	
210

	
150

	
300

	
300

	
315

	
240

	
210

	
130

	
90

	
135

	
210

	
90

	
110




	
Beneficiaries

	
n

	
63,274

	
71,847

	
257,252

	
25,496

	
16,786

	
16,786

	
16,786

	
16,786

	
34,761

	
34,761

	
34,761

	
41,060

	
18,971

	
18,971

	
18,971




	
EXISTENCE

	
Protected area

	
category

	
2

	
2

	
2

	
0

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
1

	
1

	
1

	
1




	
Lake abundance

	
n

	
8

	
5

	
21

	
10

	
31

	
27

	
29

	
28

	
17

	
17

	
16

	
30

	
30

	
35

	
37




	
Agricultural intensity

	
%

	
9.52

	
14.05

	
0.00

	
0.00

	
8.22

	
0.00

	
0.00

	
6.20

	
11.50

	
37.69

	
41.59

	
85.35

	
95.61

	
50.72

	
37.07
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Table A4. Values of socio-ecological context variables of the 15 study lakes.
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Type

	
Variable

	
Unit

	
Antholzer See—Lago di Anterselva

	
Pragser Wildsee—Lago di Braies

	
Langsee—Lago Lungo

	
Fischersee (Saldurseen)

	
Unterer Klaffersee

	
Rauhenbergsee

	
Oberer Klaffersee

	
Kapuzinersee

	
Pfannsee

	
Obersee

	
Hüttensee

	
Twenger Almsee

	
Schönalmsee

	
Unterer Wirpitschsee

	
Tiefenbachsee






	
Lake

	
Lake area

	
103 m2

	
432.42

	
358.23

	
195.89

	
5.35

	
38.36

	
27.60

	
53.23

	
22.73

	
14.46

	
72.51

	
46.69

	
29.91

	
52.47

	
27.41

	
34.66




	
Lake perimeter

	
m

	
2771

	
3309

	
2846

	
338

	
831

	
804

	
1127

	
682

	
800

	
1360

	
1055

	
696

	
1068

	
662

	
918




	
Watershed area

	
103 m2

	
18,871

	
29,306

	
1994

	
31

	
801

	
444

	
605

	
922

	
1215

	
3020

	
5672

	
132

	
306

	
1281

	
1378




	
Environment

	
Elevation

	
m a.s.l.

	
1642

	
1493

	
2381

	
2758

	
2103

	
2264

	
2310

	
2146

	
1968

	
1673

	
1502

	
2118

	
2112

	
1701

	
1844




	
Terrain ruggedness

	
index

	
576

	
598

	
713

	
955

	
734

	
788

	
728

	
827

	
708

	
749

	
743

	
663

	
678

	
609

	
624




	
Precipitation

	
mm y−1

	
955

	
859

	
1113

	
1285

	
1550

	
1543

	
1535

	
1544

	
1554

	
1541

	
1524

	
1472

	
1472

	
1466

	
1466




	
Land cover

	
Forest/shrub

	
%

	
28.96

	
32.88

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.40

	
0.00




	
Grasslands/heathland

	
%

	
10.34

	
14.05

	
0.00

	
0.00

	
8.22

	
0.00

	
0.00

	
6.20

	
11.50

	
37.79

	
44.99

	
85.35

	
95.61

	
62.08

	
37.07




	
Sparsely vegetated areas

	
%

	
24.25

	
24.57

	
73.39

	
96.97

	
91.78

	
100.00

	
100.00

	
93.80

	
66.91

	
40.31

	
38.73

	
14.65

	
4.39

	
37.52

	
62.93




	
Bare rocks/glaciers/water

	
%

	
36.45

	
28.50

	
26.61

	
3.03

	
0.00

	
0.00

	
0.00

	
0.00

	
21.58

	
21.90

	
16.28

	
0.00

	
0.00

	
0.00

	
0.00




	
Accessibility

	
Access time

	
min

	
5

	
5

	
210

	
150

	
300

	
300

	
315

	
240

	
210

	
130

	
90

	
135

	
210

	
90

	
110




	
Distance to path

	
m

	
0

	
0

	
4

	
22

	
154

	
511

	
9

	
12

	
298

	
3

	
2

	
2

	
5

	
4

	
0




	
Distance to road

	
m

	
304

	
642

	
4811

	
4993

	
8114

	
7971

	
8859

	
9323

	
7145

	
7102

	
6281

	
1399

	
1491

	
2383

	
2268




	
Beneficiaries

	
Residents

	
n

	
48,713

	
54,533

	
221,542

	
20,319

	
14,880

	
14,880

	
14,880

	
14,880

	
32,330

	
32,330

	
32,330

	
38,290

	
18,363

	
18,363

	
18,363




	
Overnights

	
103 n y−1

	
2621

	
3117

	
6428

	
932

	
343

	
343

	
343

	
343

	
438

	
438

	
438

	
499

	
109

	
109

	
109




	
Visitation rates

	
n

	
87

	
348

	
7

	
1

	
3

	
1

	
2

	
1

	
1

	
1

	
6

	
2

	
2

	
2

	
2
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Figure 1. Location of the 15 study lakes in the two regions South Tyrol (Italy) and Niedere Tauern (Austria). Study lakes were grouped into four groups based on socio-ecological context variables (see Section 2.4). For lake names, see Table 1. 






Figure 1. Location of the 15 study lakes in the two regions South Tyrol (Italy) and Niedere Tauern (Austria). Study lakes were grouped into four groups based on socio-ecological context variables (see Section 2.4). For lake names, see Table 1.



[image: Sustainability 13 06051 g001]







[image: Sustainability 13 06051 g002 550] 





Figure 2. ES indices of eight ES for 15 lakes in two study regions (ST = South Tyrol, NT = Niedere Tauern), grouped by socio-ecological context (Groups 1–4). 
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Figure 3. Z-scores depicting the deviation of socio-ecological context variables of each group from the average of all lakes. Positive z-scores refer to above-average values and negative z-scores to below-average values. 
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Table 1. Characteristics of 15 study lakes located in two study regions.
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Study Region

	
Lake

	
ID

	
Area (ha)

	
Elevation (m a.s.l.)

	
Volume (106 m3)

	
Area Watershed (ha)






	
South Tyrol

	
Antholzer See/Lago di Anterselva

	
1

	
43.24

	
1642

	
11.04

	
1887.15




	
Pragser Wildsee/Lago di Braies

	
2

	
35.82

	
1493

	
5.30

	
2930.55




	
Langsee/Lago Lungo (Spronser Seen/Laghi di Sopranes)

	
3

	
19.59

	
2381

	
2.58

	
199.45




	
Fischersee (Saldurseen/Laghi di Saldura)

	
4

	
0.54

	
2758

	
0.03

	
3.08




	
Niedere Tauern

	
Unterer Klaffersee

	
5

	
3.84

	
2103

	
0.50

	
80.07




	
Rauhenbergsee

	
6

	
2.76

	
2264

	
0.25

	
44.38




	
Oberer Klaffersee

	
7

	
5.32

	
2310

	
0.57

	
60.53




	
Kapuzinersee

	
8

	
2.27

	
2146

	
0.09

	
92.24




	
Pfannsee

	
9

	
1.45

	
1968

	
0.02

	
121.51




	
Obersee

	
10

	
7.25

	
1673

	
0.80

	
302.04




	
Hüttensee

	
11

	
4.67

	
1502

	
0.17

	
567.19




	
Twenger Almsee

	
12

	
2.99

	
2118

	
0.40

	
13.21




	
Schönalmsee

	
13

	
5.25

	
2112

	
0.19

	
30.62




	
Unterer Wirpitschsee

	
14

	
2.74

	
1701

	
0.12

	
128.14




	
Tiefenbachsee

	
15

	
3.47

	
1844

	
0.13

	
137.82
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Table 2. Indicators used for quantifying selected ES with reference to the Common International Classification of Ecosystem Services (CICES) [29]. ‘+’ or ‘–’ indicate if a high indicator value positively or negatively influences the ES. Indicator types distinguish between natural capital (NCS—stock, NCF—flow) and human-derived capital (HCS—stock, HCF—flow), with ‘stocks’ as being assets of natural or human-derived capital and ‘flow’ as transformations or movement of those stocks [10]. Assessment methods include biophysical methods (D—direct measurement/mapping, M—model) and socio-cultural methods (S—preference survey).
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ES

	
CICES

	
Indicator

	
Type

	
Method

	
Unit

	
Data Sources






	
Surface water for non-drinking purposes

(water)

	
4.2.1.2, 4.2.1.3

	
Storage capacity (+)

	
NCS

	
D

	
106 m3

	
[54]




	
Water availability (+)

	
NCF

	
M

	
106 m3 y−1

	
[55,56]




	
Maintaining populations and habitats

(habitat)

	
2.2.2.3

	
Littoral substrate complexity (+)

	
NCS

	
D

	
index

	
Orthophotos 1




	
Shoreline development (+)

	
NCS

	
D

	
index

	
Orthophotos 1




	
Riparian vegetation complexity (+)

	
NCS

	
D

	
index

	
Orthophotos 1




	
Trophic state (+)

	
NCS

	
D

	
index

	
[45], Autonomous Province of South Tyrol (1990–2019), own measurements (2019/2020)




	
Nitrate (−)

	
NCS

	
D

	
NO3-N mg L−1

	
[45], Autonomous Province of South Tyrol (1990–2019), own measurements (2019–2020)




	
Plant species (+)

	
NCS

	
D

	
n

	
[57]




	
Outdoor recreation

(recreation)

	
3.1.1.1, 6.1.1.1, 3.1.1.2

	
Access difficulty (−)

	
NCS, HCS

	
D

	
index

	
Hiking websites 8




	
Access level (−)

	
NCS, HCS

	
D

	
index

	
Own mapping




	
Warm days (+)

	
NCF

	
D

	
days y−1

	
Climate stations 2




	
Hiking at lake (+)

	
HCS

	
D

	
m

	
OSM 3




	
Tourist facilities (+)

	
HCS

	
D

	
n km−1

	
OSM 3




	
Aesthetic value (aesthetic)

	
3.1.2.4, 6.1.2.1.

	
Water clarity (+)

	
NCS

	
D, S

	
m

	
Own measurements (2019/2020)




	
Littoral preference (+)

	
NCS

	
D, S

	
index

	
Orthophotos 1, [58]




	
Land cover preference (+)

	
NCS

	
D, S

	
index

	
Orthophotos 1, [58]




	
Landscape beauty (+)

	
NCS, HCS

	
M, S

	
index

	
DEM 1, CLC 4




	
Entertainment and representation (representation)

	
3.2.1.3, 6.2.1.1

	
Videos (+)

	
NCS, HCF

	
D

	
n

	
Google Videos 5




	
Google Trends (+)

	
NCS, HCF

	
D

	
n

	
Google Trends 6




	
Instagram (+)

	
NCS, HCF

	
D

	
n

	
Instagram 7




	
Scientific research (research)

	
3.1.2.1

	
Access time (+)

	
NCS, HCS

	
D

	
min

	
Hiking websites 8




	
Access difficulty (+)

	
NCS, HCS

	
D

	
index

	
Hiking websites 8




	
Livestock farming (−)

	
NCS, HCS

	
D

	
%

	
CLC 4




	
Educational value (education)

	
3.1.2.2

	
Littoral structure complexity (+)

	
NCS

	
D

	
index

	
Orthophotos 1




	
Access time (−)

	
NCS, HCS

	
D

	
min

	
Hiking websites 8




	
Beneficiaries (+)

	
HCS

	
D

	
n

	
OSM 3, residents and overnights 9




	
Existence, option or bequest value (existence)

	
3.2.2.1, 3.2.2.2, 6.2.2.1

	
Protected area (+)

	
NCS, HCS

	
D

	
category

	
CDDA 10




	
Lake abundance (−)

	
NCS

	
D

	
n

	
OSM 3




	
Agricultural intensity (−)

	
NCS, HCS

	
D

	
%

	
CLC 4








1 Orthophotos and DEM (digital elevation model) provided by Autonomous Province of South Tyrol (2011), Land Salzburg (2018), Land Steiermark (2018). 2 Precipitation and temperatures measured at climate stations: Autonomous Province of South Tyrol (1999–2018), Niedere Tauern (1989–2009) [59]. 3 OSM: OpenStreetMap (https://www.openstreetmap.org/, accessed on 9 November, 2016). 4 CLC: Corine Land Cover 2018 (https://land.copernicus.eu/pan-european/corine-land-cover/clc2018, accessed on 2 March 2021). 5 Google Videos (https://www.google.com/videohp; accessed on 17 August, 2020). 6 Google Trends (reference period January 2004–August 2020; https://trends.google.com/trends/; accessed on 24 August, 2020). 7 Instagram (https://www.instagram.com/; accessed on 15 October, 2020). 8 Hiking websites (https://www.outdooractive.com/, https://www.sentres.com/, https://www.gps-tour.info/, http://www.preintaler.at/, https://www.bergwelten.com/, https://www.lungau.at/, https://www.alpenvereinaktiv.com/, https://www.eggerwirt.at/, https://www.bergfex.at/; accessed on 25 August 2020). 9 Demographic data and overnights (2019): http://www.statistik.at, http://www.astat.it, accessed on 26 August 2020. 10 CDDA v18 (2020): Common Database on Designated Areas (https://www.eea.europa.eu/data-and-maps/data/nationally-designated-areas-national-cdda-15, accessed on 3 September 2020).
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Table 3. Socio-ecological context variables used for grouping the study lakes. Variables marked with * were not used for cluster analysis due to strong correlations (Pearson correlation coefficient > 0.8).
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Type

	
Variable

	
Unit

	
Description

	
Data Sources






	
Lake

	
Lake area

	
m2

	
Area of the lake

	
Orthophotos 1




	
Lake perimeter *

	
m

	
Perimeter of the lake

	
Orthophotos 1




	
Watershed area *

	
m2

	
Area of the watershed contributing to the lake

	
DEM 2




	
Environment

	
Elevation

	
m a.s.l.

	
Elevation of the lake

	
DEM 2




	
Terrain ruggedness

	
Index

	
Mean terrain ruggedness in 500 m buffer around the lake

	
DEM 2




	
Precipitation *

	
mm y−1

	
Annual precipitation sum

	
Bioclim 3




	
Land cover

	
Forest/shrub *

	
%

	
Distribution within the lake’s watershed

	
CLC 4




	
Grasslands/heathland

	
%

	
Distribution within the lake’s watershed

	
CLC 4




	
Sparsely vegetated areas

	
%

	
Distribution within the lake’s watershed

	
CLC 4




	
Bare rocks/glaciers/water

	
%

	
Distribution within the lake’s watershed

	
CLC 4




	
Accessibility

	
Access time

	
min

	
Walking time of ascent to lake from the nearest access point (parking, cable car, etc.)

	
Hiking websites 8




	
Distance to path

	
m

	
Euclidean distance to the nearest hiking trail

	
OSM 5




	
Distance to road

	
m

	
Euclidean distance to the nearest asphalted road

	
OSM 5




	
Beneficiaries

	
Residents

	
n

	
Number of residents in proximity to the lake (within 30 min driving from the nearest access point to the lake)

	
OSM 5, residents 6




	
Overnights

	
n y−1

	
Number of overnights in summer (May–October) in proximity to the lake (within 30 min driving from the nearest access point to the lake)

	
OSM 5, overnights 6




	
Visitation rates

	
n

	
Visitation rates derived from social media data (photo-user days)

	
Flickr 7








1,2 Orthophotos and DEM (digital elevation model) provided by Autonomous Province of South Tyrol (2011), Land Salzburg (2018), Land Steiermark (2018). 3 Bioclim [85]. 4 CLC: Corine Land Cover 2018 (https://land.copernicus.eu/pan-european/corine-land-cover/clc2018, accessed on 2 March 2021). 5 OSM: OpenStreetMap (https://www.openstreetmap.org/, accessed on 9 November 2016). 6 Demographic data and overnights (2019): http://www.statistik.at, http://www.astat.it, accessed on 26 August 2020. 7 Photo-sharing website Flickr (https://www.flickr.com/, accessed on 24 April 2020). 8 Hiking websites (https://www.outdooractive.com/, https://www.sentres.com/, https://www.gps-tour.info/, http://www.preintaler.at/, https://www.bergwelten.com/, https://www.lungau.at/, https://www.alpenvereinaktiv.com/, https://www.eggerwirt.at/, https://www.bergfex.at/; accessed on 25 August 2020).
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Table 4. Mean ES indices for the four groups of lakes and results of one-way ANOVA. Statistically significant differences of ES among the four groups are indicated by a significance level of p < 0.05.
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ES

	
Group 1

	
Group 2

	
Group 3

	
Group 4

	
ANOVA




	
Mean

	
S.D.

	
Mean

	
S.D.

	
Mean

	
S.D.

	
Mean

	
S.D.

	
SS

	
df

	
MS

	
F

	
Sig.






	
Water

	
0.814

	
0.105

	
0.171

	
-

	
0.041

	
0.021

	
0.088

	
0.078

	
0.970

	
3

	
0.323

	
82.174

	
<0.000




	
Habitat

	
0.645

	
0.056

	
0.563

	
-

	
0.622

	
0.076

	
0.688

	
0.047

	
0.021

	
3

	
0.007

	
1.753

	
0.214




	
Recreation

	
0.933

	
0.094

	
0.260

	
-

	
0.118

	
0.087

	
0.315

	
0.083

	
1.000

	
3

	
0.333

	
45.335

	
<0.000




	
Aesthetic

	
0.625

	
0.045

	
0.504

	
-

	
0.591

	
0.114

	
0.556

	
0.046

	
0.014

	
3

	
0.005

	
0.657

	
0.595




	
Representation

	
0.521

	
0.677

	
0.025

	
-

	
0.004

	
0.002

	
0.001

	
0.001

	
0.463

	
3

	
0.154

	
3.701

	
0.046




	
Research

	
0.298

	
0.011

	
0.806

	
-

	
0.891

	
0.112

	
0.405

	
0.050

	
0.960

	
3

	
0.320

	
46.691

	
<0.000




	
Education

	
0.603

	
0.071

	
0.640

	
-

	
0.341

	
0.083

	
0.392

	
0.064

	
0.157

	
3

	
0.052

	
9.685

	
0.002




	
Existence

	
0.943

	
0.011

	
0.833

	
-

	
0.735

	
0.074

	
0.452

	
0.229

	
0.483

	
3

	
0.161

	
6.103

	
0.011

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  sustainability-13-06051


  
    		
      sustainability-13-06051
    


  




  





media/file8.jpg
Zacore. Zseone Zseore

B T P I e NP
Lakearea ] - L] i
| = -

e g | Bt | -
Grassand/heathiand (1 R I

S s -

g s — == a
=S 5 -

P | u m
onametrons 1 T
et T — W

oo 53 —— W

v 1 0
o w— —

i

%l..lll-.l-lln





media/file6.jpg
6.2[6roup 1|

Group3.

Groupd.

Aaholiersee (57)
pragser Widsee (51

Fachersee (57)
Unierer Katersee (1)
Rauhenbergsee ()
Obser atfersee (V1)
Kapuzinersee (NT)
Plannsee (1)
Obersee ()
Hottenseo ()

Twerger Amsee (NT)
Schamalmsee (NT)
Unterer Weptischsee ()
Tiofenbachsee (VT)

Index.

“vter

bt

= Recreston

= Aesthetc

Representation

= Resaren
Educaton

et





media/file7.png
0 1 2 3 5
— i | i i
a Antholzer See (ST) T I I
3 ! i i i
g Pragser Wildsee (ST) T I e I
o Langsee (ST) | I SO s s [
Fischersee (ST) I N Iy S
Unterer Klaffersee (NT) | I Bl o
o Rauhenbergsee (NT) [N Iy S
5 i : !
s Oberer Klaffersee (NT) |y .
Kapuzinersee (NT) | N W o IS
Pfannsee (NT) |IEEEN Iy S Water
Obersee (NT) |["EEEEEET EEEEITET I " Habitat
: : i " Recreation
Hiittensee (NT) | I I I o Aesthetic
< : :
o Twenger Aimsee (NT) (NN~ = W Representation
s Schénalmsee (NT) | s “ Research
Unterer Wirpitschsee (NT) | N e Education
: : M Existence
Tiefenbachsee (NT) |y ;






media/file9.png
Lake area

Elevation

Terrain ruggedness
Grassland/heathland
Sparsely vegetated areas
Bare rock/water/glacier
Access time

Distance to path
Distance to road
Residents

Overnights

Visitation rates

Z-score Z-score Z-score Z-score

-2 0 2 4 -2 0 2 4 -2 0 4 -2 0 2
] ] i
= = = =
— ] a

C ] ] ]

— ] - C
- - : -:
— 0 - ]
- . - |
— - .
: [ a !
= — N :
S— i § i

O Group 1 O Group 2 [ Group 3 [1Group 4






media/file5.png
South Tyrol (Italy)

A (10 QOKI';h

Austria

Italy

0 250 km

>z

Nledere Tauern (Austrla)

@‘M’f **%

Study lake

) Group 1
© Group?2

© Group3
(O Group 4

Land cover

[ Settlement

1 Arable land

[ 1Permanent crops
[ |Fertilized meadows
[ Forest

[ Mountain grassland
[ ]Rocks/glacier

[ 1Water





media/file3.png
Obersee
Hlttensee
Twenger Almsee
Schdnalmsee
Unterer Wirpitschsee
Tiefenbachsee
Fauhenbergsee
= Pfannsee
Unterer Klaffersee
Oberer Klaffersee
Kapuzinersee
Fischersee
Antholzer See
Fragser Wildsee

Langsee

Dendrogram using Ward Linkage
Rescaled Distance Cluster Combine

10 13 20
! | I






media/file0.png





media/file4.jpg
Land cover
[ Settiement

[ Avable land

*| Permanent crops
[ Fertiized meadows
B Forest

" IMountain grassiand
[ IRockslglacier

[ Water






media/file2.jpg
Obersee
Hittensee
Twenger Aimsee
Schanaimses
Unterer Wirpitschsee
Tiefenbachsee
Rauhenbergsee

> Pfannsee
Unterer Kiaffersee
Oberer Kiaffersee
Kapuzinersee
Fischersee
Antholzer See
Pragser Widsee

Langsee

Dendrogram using Ward Linkage
Rescaled Distance Cluster Combine
0 s »






