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General introduction 

Alpine regions above the natural climatic treeline (Körner 2012) provide multifold ecosystem ser-

vices that are highly beneficial for the mountainous regions, but also for the adjacent lowlands. 

These ecosystem services include an exceptional biodiversity, erosion control of soils, the regula-

tion of the water balance, and fodder production for livestock. Because of their remoteness and 

their scenic views, mountain regions are also highly attractive for recreational purposes and as 

tourist destinations. Moreover, the energy production, especially through hydropower can be of 

outstanding importance in these regions (e.g., Schaefli 2015; Eurac Research 2018). While 40% 

of the world’s population depend on the provided ecosystem services, only 10% effectively live in 

mountainous regions (Messerli 1983; Hock et al. 2019). 

In alpine regions, the anthropogenic climate change is advancing particularly fast. The warming 

rate of air temperature in the European Alps has been the 1.5-fold of the global average during the 

last decades (IPCC 2018; Hock et al. 2019). Since 1864, the yearly mean air temperature of Swit-

zerland has already increased by 2.1 K (MeteoSchweiz 2020) and for the future, temperatures are 

expected to rise more rapidly at higher elevations and higher latitudes (NCCS 2018a; Hock et al. 

2019). Therefore, massive implications for the snowpack have been observed, as snowmelt ad-

vanced by 5.8 days per decade between 1970 and 2015 (Klein et al. 2016). However, such results 

often do not refer to the alpine zone, but to regions below the upper natural treeline.  

The ongoing climate change is also associated with regionally altered precipitation patterns (IPCC 

2018), even though the range of uncertainty for precipitation is considerably larger (Trenberth et 

al. 2013; IPCC 2018). In Europe, a shift towards increased winter precipitation is expected, but 

going along with more frequent drought events in spring and summer (Spinoni et al. 2018). In 

the western Alps of Switzerland, the winter precipitation is predicted to increase by roughly 12%. 

But in summer, there will be ca. 20% less rain by the end of the 21st century (NCCS 2018a). For 

the future, it is likely that longer growing seasons will coincide with more frequent and more se-

vere droughts (Gobiet et al. 2014). The newly developing precipitation patterns in combination 

with shifting snowmelt dates may have severe implications in the Alps. For instance, a retreating 

snow cover obviously affects winter tourism (e.g., Steiger 2010; Scott et al. 2012; Steiger and 

Abegg 2013; Steiger et al. 2019). Moreover, earlier snowmelt will also substantially prolong the 

short growing season of alpine plants. It is currently unclear whether alpine plants will profit from 

longer growing seasons, especially as summer drought may offset any potential benefits. Thus, 

the anticipated climatic changes in the Alps could have severe ecological consequences for the al-

pine flora, including plant phenology, plant development and nutrient cycles. Moreover, it may 

cause major economic burdens for winter tourism.  

 

Already in the first IPCC report on climate change, snow cover was asserted as one of the major 

concerns for the future because of its obvious dependency on temperature (IPCC 1992). Because 

of the decreasing albedo, the warming at the snowline is even enhanced (Ceppi et al. 2012), re-

sulting in a strong negative feedback. Because winter tourism is one of the main income sources 

in mountain regions, and because of avalanches as a major natural hazard, there has been a large 

interest in snow cover changes. For high-elevation regions (> 2000-3000 m asl), it has been con-

troversial whether increases in the winter precipitation, and thus a higher snowpack, could com-

pensate for the higher temperatures (e.g., Stewart 2009; Schmucki et al. 2015). In addition, 

Musselman et al. (2017) have recently formulated the hypothesis of «a slower melt in a warmer 

world». They emphasize that earlier snowmelt will evidently occur when the days are shorter and 
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less solar energy is available. Thus, the melting process in the future may be slower than what we 

observe today. 

For alpine plants above the upper natural treeline, the timing of snowmelt determines the start of 

the growing season. For projections of future snowmelt dates and thereby of the length of the al-

pine growing season, it is essential to distinguish between the effects of temperature and snow-

pack height on the snowmelt date.  

Switzerland has one of the highest spatial densities of snow measurement series, but most of 

these series stem from elevations below the climatic treeline. After the winter 1999/2000 with nu-

merous avalanches, a new network with automatic snow depth measurements was initiated for 

the high alpine region above 2000 m asl (IMIS network). Many of these stations now feature time 

series of 20 years and may provide new insights into the high-elevation snowmelt dates and their 

correlations with temperature, precipitation, and snowmelt at lower elevations. This offers a 

unique opportunity to assess the trends (by time series analysis) in snowmelt dates for alpine re-

gions in detail.  

 

Ecological consequences of climate change 

The snow cover is a major feature of the temperate alpine region above the upper natural treeline. 

On 2500 m asl, the snow cover persists for roughly nine months of the year (Keller and Körner 

2003, my own observations), leaving a short snow-free growing season of two to three months 

for alpine plants. A well-developed snow cover acts as an effective insulation against freezing tem-

peratures (Körner 2003). The date of snowmelt determines the potential time available for growth 

and plant development. As an adaptation to the short growing seasons, many alpine plants have 

preformed buds in order to accelerate the plant development and reproduction cycle at the start of 

the growing season (Diggle 1997; Meloche and Diggle 2001; Körner 2003; Larl and Wagner 

2006). 

Under missing snow, alpine plants need a protection mechanism that inhibits them from break-

ing the winter dormancy too early. Keller and Körner (2003) exposed 23 alpine and nival species 

in growth chambers to daylengths (photoperiods) between 12 and 16 hours and for half of these 

species, flowering depended on the photoperiod. Similarly, Heide (1985, 1990, 2005; Heide et al. 

1990) clearly demonstrated the importance of photoperiod for the development of arctic plant 

species. Thus, photoperiodism is a frequent adaptation to alpine and arctic environments, pre-

venting plant development during unfavourable times of the year. In the aspect of climate change, 

this raises the question whether alpine plants will be capable to profit from earlier snowmelt. At 

the same time, field observation have revealed a high correlation of plant phenology with snow-

melt dates (Canaday and Fonda 1974; Ram et al. 1988; Inouye 2008; Wipf and Rixen 2010) and 

with post-snowmelt temperatures (Kudernatsch et al. 2008; Hülber et al. 2010; Livensperger et 

al. 2016), suggesting that there may be an interaction of post-snowmelt temperatures and photo-

period. To predict future responses of alpine plant species to shifting snowmelt dates, it is crucial 

to explore the role of photoperiod and its interaction with post-snowmelt temperatures. 

When considering post-snowmelt temperatures as well as any temperature measure for alpine 

plants, it is essential to account for the appropriate temperature and the plant’s microclimate 

(Körner and Hiltbrunner 2018). The small-scale topography does not only affect snowmelt dates 

(e.g., Johnson and Billings 1962), but also the climate that the low-stature alpine plants experi-

ence during the growing season. Moreover, alpine plants directly affect the climate through their 

growth form. Owing to their small stature and dense canopies, most alpine plants operate within 

an aerodynamic boundary layer that thermally decouples them from free atmospheric circulation. 

Consequently, foliage temperatures in alpine plants are not much different from those in low 
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elevation grassland during bright daylight hours, which is reflected in their photosynthetic tem-

perature response (Körner and Diemer 1987). For instance, the curled, brown leaf ends of the 

sedge Carex curvula reduce the wind speed in the canopy and create a favourable microclimate 

within the sedge canopy (Körner 2003, 2007). Also, flower heads of many alpine species accumu-

late heat (Dietrich and Körner 2014), most likely with positive effects on plant reproduction, in-

cluding pollination and seed ripening. Hence, the actual climate alpine plants experience during 

the growing season is not well represented by air temperature measured at weather stations 

(Körner and Larcher 1988; Scherrer and Körner 2011; Körner and Hiltbrunner 2018).  

The above-mentioned Carex curvula is the dominant species of late-successional, alpine grassland 

on siliceous bedrock, which represents one of the most abundant alpine grassland types across 

the European Alps (Oberdorfer 2001; Leuschner and Ellenberg 2017). Like most alpine plant 

species, Carex curvula is perennial and it mostly propagates through clonal growth by means of 

below-ground rhizomes (e.g., Erschbamer et al. 1994), with typical expansion rates of less than 1 

mm per year (Steinger et al. 1996). Late successional grassland is highly persistent, with clone 

ages of Carex curvula of up to 4200 years (De Witte et al. 2012). Estimates for the monthly net 

primary production of alpine grasslands are similar as in temperate grasslands form the lowland 

(Körner 2003). This suggests that the short growing season limits the yearly biomass production 

of these ecosystems. On first glance, one might assume that the biomass production increases 

with earlier snowmelt and longer growing seasons. Later snowmelt in the range of one to four 

weeks reduced the above-ground biomass by 13% on average (compiled from 18 data sets by 

Wipf and Rixen 2010). Thus, time was considered as the limiting factor for growth in that study. 

Nevertheless it remains unclear whether the reverse - that is an earlier snowmelt - will foster the 

above-ground biomass production. Sørensen (1941) showed that some alpine species might have 

a genetically fixed length of the growing period, with cessation of growth even under favourable 

conditions. Thus, longer growing seasons do not necessarily stimulate above-ground biomass 

production. 

In comparison to plants in the lowland, alpine and arctic plants generally invest more in below-

ground organs (roots and storage organs; Iversen et al. 2015). They have a higher proportion of 

fine roots, and their specific root length is 1.5 times higher (shown for forbs; Körner and 

Renhardt 1987). Synchronous growth is frequently assumed for the below- and above-ground 

biomass (Iversen et al. 2015), but Blume-Werry et al. (2017) showed that a 8-day earlier snow-

melt advanced the above-ground growth, but not that of fine roots. Also for high-latitude systems 

dominated by sedges, Sloan et al. (2016) observed that the growth of fine roots continued for 

more than a month after leaf extension had stopped. To assess whether alpine plants can profit 

from earlier snowmelt in terms of root growth has implications for the nutrient uptake at snow-

melt and during the growing season. Thus, the below-ground biomass production should be ac-

counted for when assessing the consequences of climatic changes on plant biomass production.  

 

Many alpine plant species are regarded as highly resilient to drought, as revealed by the example 

of the alpine sedge Carex curvula and the forb Primula minima. Both showed clear signals of wilt-

ing and desiccation when they were left in a growth chamber for 44 days without watering, but 

fully recovered within a week after rewatering (Körner 2003). However, differences between spe-

cies are large, most likely owing to their biomass allocation pattern and rooting depth. So far, the 

majority of drought experiments in temperate grasslands have been carried out in the lowland 

(e.g., Beierkuhnlein et al. 2011; Weißhuhn et al. 2011; de Vries et al. 2016), with declines in the 

above-ground biomass in the range of 10 to 60%. These reductions were often compensated for in 

the following months until winter (e.g., Hartmann and Niklaus 2012; Deléglise et al. 2015; Hofer 
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et al. 2016). Due to the short growing period, such a compensation may not be possible in alpine 

grasslands. When below-ground biomass was measured, the results between studies were incon-

clusive (for instance, Kahmen et al. 2005 - increase; Fiala et al. 2009 - decrease; Gilgen and 

Buchmann 2009 - unchanged). Thus, to increase the comparability of drought experiments 

worldwide, DroughtNet insists on a protocol (DroughtNet 2017). Besides a site-specific percent-

age of the annual precipitation that should be excluded, reports on soil texture and soil bulk den-

sity are required. Because at a given soil moisture the plant available water strongly depends on 

soil texture, Weng and Luo (2008) suggested that differences in the soil texture may be the major 

cause for inconsistent results of drought experiments. 

In a truly alpine setting above the upper natural treeline, drought experiments are still rare. De 

Boeck et al. (2016) investigated the combined effect of heat waves and of summer drought on 

swards dominated by Carex curvula and Nardus stricta using monoliths with a limited rooting 

volume. After 17 days of rain exclusion, they observed reductions in above-ground biomass of 40 

to 76% (34-49% less phytomass), along with higher amounts of necromass. Schmid (2017) ex-

perimentally induced an in situ summer drought (six and twelve weeks) in grassland slopes of the 

Swiss Alps. During two growing seasons, the author compared two regions with naturally high 

and low summer precipitation, respectively, and compared grasslands on siliceous and calcareous 

bedrock. Reductions in the above-ground biomass (12-35%) were overcompensated by an in-

crease in below-ground production (40-80%), leading to an increase of the total biomass by 28-

41%. The higher proportions of fine roots and storage organs in the top 5 cm of the soil only indi-

cated that there was no investment into deep roots for tapping water sources deeper in the soil. In 

late successional alpine grasslands, around 80% of the roots are found in the uppermost 10 cm 

(Körner 2003). 

In alpine ecosystems with nutrient-poor soils, a large proportion of the nitrogen is recycled from 

year to year. During plant senescence, nutrients are resorbed from the leaves (Prock and Körner 

1996). For Carex curvula, Schäppi and Körner (1997) assessed that 68% of the nitrogen was re-

sorbed during leaf senescence. During roots senescence 27% of the nitrogen and 57% of the phos-

phorus are recovered from the roots (Freschet et al. 2010). Despite this high degree of nutrient 

recycling, these alpine ecosystems rely on additional nutrient inputs. Additional plant available 

nutrients come from decomposition and mineralisation of senescing plant material (litter), from 

dinitrogen (N2) fixation and atmospheric nitrogen deposition (Körner 2003; Hiltbrunner et al. 

2005). During drought, the decomposition and mineralisation may be slowed down by lacking 

water availability in the topsoil, limiting the nutrient availability in alpine grasslands (Körner 

2003).  

 

The potential consequences of shifting snowmelt dates and of summer drought have mostly been 

studied individually. At snowmelt, the soils are usually at field capacity (Isard 1986) and may be-

come increasingly dry over the growing season. Thus, earlier snowmelt and longer growing sea-

sons may amplify the effects of summer drought. To my knowledge, the only study addressing the 

combined effects of shifting snowmelt dates and summer drought experimentally, is a phenology 

study by Cornelius et al. (2013). They investigated the flowering phenology of grasslands along 

an elevational gradient between 600 and 2000 m asl, predominantly in the montane and subal-

pine vegetation zone, leaving out alpine grasslands above the upper natural treeline. Using a dif-

ferent approach, Iler et al. (2019) utilized long-term observations of the subalpine forb Heli-

anthella quinquenervis (1999-2012). Years with early snowmelt and higher rates of flower abor-

tion due to frost were compensated by increased flowering (more flowers) in the subsequent year. 

But in naturally dry years the survival rates of individual plants were reduced, letting the authors 
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conclude that climate change will lead to a population decline because of longer growing seasons 

with increased drought risk, and not due to the higher frost risk. To delineate the impact of future 

climatic conditions on alpine grasslands, it is thus essential that we experimentally assess the in-

teraction of shifting snowmelt dates and summer drought on alpine ecosystems.  

 

Economic consequences of climate change 

Climatic changes in alpine regions affect winter tourism, including the skiing industry. 

In the mountain regions of Switzerland, every fourth person’s income depends on tourism, which 

generates one fifth of the total income (SBS 2019). Thus, many alpine villages depend on a con-

tinuous snow cover for winter tourism. In 2007, the OECD stated that 91% of the 666 skiing re-

sorts in the Alps were considered as naturally snow reliable. With 2 K of warming, this number 

would drop to 61%, or even to 30% with a warming of 4 K. As mentioned above, air temperature 

in Switzerland has already increased by more than 2 K during the last 150 yrs. 

In ski resorts, snowmaking is the main adaptation to higher temperatures and less snow cover 

(Abegg et al. 2007; Gonseth and Vielle 2019; Steiger et al. 2019). Currently, almost half of the 

slopes in Switzerland are equipped for snowmaking (SBS 2019). However, to maintain a high 

snow reliability, ski resorts will require more snowmaking, resulting in a considerable rise of wa-

ter consumption. In the future, the income of some resorts may not cover these increasing costs 

for water and energy (Scott et al. 2008; Steiger 2010; Rixen et al. 2011). The future shift in pre-

cipitation patterns will lead to debates and conflicts on how the water resources should be shared 

among various stakeholders such as skiing operators, hydropower producers, hoteliers, farmers 

and communities. Any investments of ski resorts in snowmaking facilities should therefore esti-

mate (at least) the future snow reliability of the region and the resort, including the potential wa-

ter consumption linked to maintaining the resort as well as other economic sectors operative. 

 

Content of this PhD thesis 

This thesis was part of the transdisciplinary fellowship program «bridging plant science and soci-

ety» offered by the Zürich Basel Plant Science Center (PSC) and funded by the Mercator Founda-

tion Switzerland. Besides a strong focus on alpine plant ecology (experimental approach), the 

work for my thesis therefore comprised collaborations with the SLF Davos (snow cover analysis) 

as well as with the University of Innsbruck and the ski resort Andermatt-Sedrun-Disentis (in-

depth analysis of the snow reliability of this resort by means of the model Skisim 2.0). I address 

the retracting snow cover in the Alps, its interacting effect with summer drought on alpine plants 

and biogeochemical cycles, as well as economic consequences for a skiing resort. Following the 

introduction chapter, the thesis is structured into four chapters and a concluding discussion (Fig-

ure 1).  

 

In chapter 1, I start with analysing the past snowmelt dates in the Swiss central Alps (1000-2500 

m asl) and projecting future trends (CH2018 scenarios), by extrapolating the effects of tempera-

ture and snowpack height. For Switzerland, increased winter precipitation is anticipated because 

of climatic changes. I test whether an increased snowpack height at high elevations will mitigate 

the effect of rising temperatures and decelerate the advancing snowmelt dates as already observed 

below the climatic treeline. Because snowmelt at high elevations occurs as soon as temperatures 

are high enough, I suspect that there is a measure for temperature that describes snowmelt dates 

despite large fluctuations between years and pronounced elevational shifts. Based on existing cli-

mate change scenarios, such a measure can then be applied for predicting future snowmelt dates 

throughout the 21st century.  

Chapter 1 is published in the journal Climatic Change.  
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To address the consequences of shifting snowmelt dates and summer drought on the alpine vege-

tation, we set up a unique snow manipulation and summer drought experiment in a late succes-

sional alpine grassland at 2500 m asl. Snowmelt dates are advanced by snow removal, whereas 

snowmelt dates are delayed by snow addition, and summer drought is implemented by means of 

rainout shelters.  

 

In chapter 2, I use the experimentally shifted snowmelt dates to identify the triggers of flowering 

phenology and I explore how summer drought interferes with those drivers. I adopt the experi-

mental data for assessing the in-situ role of photoperiod. As snowmelt at 2500 m asl often occurs 

around summer solstice, I expect that post-snowmelt temperatures play a bigger role for the flow-

ering phenology than photoperiod, except for years with exceptionally early snowmelt. Because 

the soil moisture after snowmelt is commonly high, I only expect later flowering species to be af-

fected by summer drought.  

Chapter 2 is published in the journal Alpine Botany. 

 

In the framework of the snow manipulation and summer drought experiment I also examine the 

effect shifting snowmelt dates and summer drought on the production of above- and below-

ground biomass and on litter decomposition (chapter 3). Earlier snowmelt may leave more time 

for biomass production and hence, snow removal may increase the overall biomass production. 

However, early snowmelt in combination with summer drought will most likely decrease the peak 

biomass and lead to an increased allocation of biomass below-ground. Because alpine plant spe-

cies are generally drought resistant, I expect that summer drought will primarily limit the nutrient 

availability through reduced litter decomposition and the nutrient accessibility, manifesting 

through decreased nutrient uptake.  

 

Finally, in chapter 4, I attend to the economic consequences of climate change for winter tourism. 

I conduct a case study for the ski resort Andermatt-Sedrun-Disentis and I explore its future snow 

reliability, specifically also addressing the future water consumption for snowmaking throughout 

the 21st century. It is likely that the natural snowpack will soon not suffice for skiing anymore. As 

the resort has recently invested into new snowmaking facilities, I suspect that they will mitigate 

the effect of increased temperatures in the short- and mid-term. However, snowmaking is not fea-

sible at high temperatures and thus, it is thinkable that the technology reaches its limits by the 

end of the century, particularly at the lower elevations of the resort. The water consumption for 

Figure 1 Ecological and economic consequences of climate change in the Alps – Structure of the 
thesis with the considered time horizons and spatial scales  
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snowmaking will rise immensely throughout the 21st century, which will increasingly challenge 

the profitability of the resort.   

Chapter 4 is published in the International Journal of Biometeorology. 
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Abstract  
The start of the growing season for alpine plants is primarily determined by the date of snowmelt. 

We analysed time series of snow depth at 23 manually operated and 15 automatic (IMIS) stations 

between 1,055 and 2,555 m asl in the Swiss central Alps. Between 1958 and 2019, snowmelt 

dates occurred 2.8 ± 1.3 days earlier in the year per decade, with a strong shift towards earlier 

snowmelt dates during the late 1980s and early 1990s, but non-significant trends thereafter. 

Snowmelt dates at high-elevation automatic stations strongly correlated with snowmelt dates at 

lower-elevation manual stations. At all elevations, snowmelt dates strongly depended on spring 

air temperatures. More specifically, 44% of the variance in snowmelt dates was explained by the 

first day when a three-week running mean of daily air temperatures passed a 5 °C threshold. The 

mean winter snow depth accounted for 30% of the variance. We adopted the effects of air temper-

ature and snowpack height to Swiss climate change scenarios to explore likely snowmelt trends 

throughout the 21st century. Under a high-emission scenario (RCP8.5), we simulated snowmelt 

dates to advance by 6 days per decade by the end of the century. By then, snowmelt dates could 

occur one month earlier than during the reference periods (1990-2019 and 2000-2019). Such 

early snowmelt may extend the alpine growing season by one third of its current duration, while 

exposing alpine plants to shorter daylengths and adding a higher risk of freezing damage.
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Introduction 
The growing season of alpine plants above the climatic treeline is closely tied to snowmelt dates 

(e.g., Körner 2003; Hülber et al. 2010; Wipf and Rixen 2010). Therefore, the mostly long-lived 

alpine perennials only have about three months for their seasonal development, but there is a 

high local variability due to the complex topography and substantial snow redistribution by wind 

in winter. Most of alpine plant’s growth occurs during the first few snow-free weeks (Körner 

2003). In the core of the alpine vegetation belt of the Swiss Alps at 2,500 m asl, peak aboveground 

biomass is commonly reached in early August, thereafter photoperiod signals (daylength) trigger 

the resorption of nutrients from leaves (Prock and Körner 1996), followed by plant tissue senes-

cence. The meristems of alpine plants (tissues for growth) are located a few centimeters below the 

ground surface and insulating snow during winter prevents soil freezing (Körner 2003). Freezing 

of alpine soils may alter nutrient relations by physical degradation of soil organic matter and re-

tention of nutrients such as inorganic nitrogen (Edwards et al. 2007; Freppaz et al. 2008; Baptist 

et al. 2010a). Changes in the duration of the snow cover, particularly in snowmelt dates, are thus 

relevant for plant development and nutrient cycling in alpine ecosystems. Yet, not all alpine spe-

cies may profit from earlier snowmelt, as their development may be constrained by short photo-

periods (Heide 2001; Keller and Körner 2003).  

 

Decline in the snow cover 

Recent climatic changes have affected the seasonal snow cover (Hock et al. 2019) and raised the 

concern of various stakeholders (Beniston et al. 2018), as the snowpack is crucially important for 

skiing and meltwater runoff affects hydropower production (Westaway 2000). In Switzerland, the 

number of days with snowpack has reached a minimum in the late 1980s, based on 100-year 

snow series from five stations between 450 and 1,860 m asl (Scherrer et al. 2013). These reduc-

tions were mainly explained by rising temperatures (Scherrer et al. 2004). By the end of the 21st 

century a continuous snow cover of more than 30 days will be rare in the Swiss Alps below 1,600 

m asl, and the mean snow depth (Dec - Feb) is predicted to decline by 74%. Even the high-eleva-

tion station Weissfluhjoch at 2,540 m asl may undergo reductions in snow depth of 23% 

(Schmucki et al. 2015a). This station’s snow depth has been considered to be representative for 

high-elevation sites (2,000-2,900 m asl) in Switzerland (Marty and Meister 2012).  

Past trends in snowmelt dates, which are crucial for the alpine plant development, were assessed 

by Klein et al. (2016), but the analysis was restricted to 45 years and to one site in the alpine veg-

etation belt only. Furthermore, to predict the functioning of alpine ecosystems under climate 

change it is necessary to project future snowmelt dates for the alpine vegetation zone. 

 

Main objectives 

We assess trends in snow onset and snowmelt between 1958 and 2019, focusing on 38 snow 

measurement stations between 1,055 and 2,555 m asl in the Swiss central Alps. This is a core re-

gion for winter tourism, hydropower generation, but also longer-term research projects (e.g., 

Körner et al. 2019). Because most time series for snowmelt dates are not longer than 20 years at 

high-elevation sites, we elaborate the correlation of snowmelt dates at 15 automatic stations 

above 2,100 m asl (daily median of 30 min intervals) with manually measured long-term series of 

daily snow depth data at 23 stations (mainly below 1,500 m asl). A main goal of this study was to 

evaluate the role of air temperatures and of the mean winter snow depth on snowmelt dates in or-

der to predict future trends in snowmelt dates. Due to fast melting of the snowpack in spring, we 
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hypothesize that snowmelt dates are largely determined by the time when mean air temperatures 

exceed a threshold, yet to be identified. We expect that the role of mean winter snow depth regu-

lates snowmelt dates in years with exceptionally high or low snow depth. We then apply the iden-

tified drivers of past snowmelt dates to the Swiss climate change scenarios (CH2018) to predict 

the onset of the alpine growing season throughout the 21st century.   

 

Methods 
Station types 

We analysed snow depth measurements of 38 stations between 1,055 and 2,555 m asl in the 

Swiss central Alps to derive time series of dates of snow onset and melt (see Table 1.1 for list of 

stations). We used two types of stations: manually operated (MAN) and automatic stations. MAN 

stations are often below 1,500 m asl, operated by the Federal Office of Meteorology and Climatol-

ogy MeteoSwiss and by the WSL Institute for Snow and Avalanche Research (SLF). Snow depth 

readings are taken daily and many time series date back to the 1950s. Automatic stations were 

established to improve the Swiss avalanche warning system (Intercantonal Measurement and In-

formation System IMIS). IMIS stations are typically located above 2,000 m asl, often close to ava-

lanche starting zones. For most of these stations, the first fully operational year was 2000. Besides 

wind and temperature (air and ground), snow depth is measured by an ultrasonic sensor (SR50, 

Campbell Scientific, US; every 30 minutes). Both station types are typically located in relatively 

flat terrain. We utilized daily snow depth measurements from 23 MAN stations (morning read-

ings) and 15 IMIS stations (daily median of 30 min snow depth values; Table 1.1). We included 

two stations outside of the central Swiss Alps because of their long-term data series since 1936 

and 1952, respectively (Figure 1.1: 5WJ, 4MO).  

 

Definition of snow onset and melt 

We defined snow onset and melt dates as the first and the last day of the main snow period. The 

main snow period corresponded to the longest period of snow cover in a hydrological year (e.g., 

 

Figure 1.1 Map of manual MAN and automatic IMIS stations and the elevational belts in cen-
tral Switzerland (villages and cities are presented by an asterisk; digital elevation model of the 
CH2018 climate change scenarios, resolution 2x2 km) 
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year 1991 runs from Sept 1st, 1990 to Aug 31st, 1991). Due to the two measurement techniques 

for snow depth and the distinct elevations, we performed different approaches to identify the 

main snow period of MAN and IMIS stations, respectively. 

At lower elevations with MAN stations, snow-free days during winter are not uncommon and 

therefore, the main snow period is less clearly identifiable. For these stations, we allowed the main 

snow period to contain days without snow cover, but not more than 5 consecutive days. We also 

tested maximum gaps of 1, 3, and 10 days.  

IMIS stations at high elevations with low winter temperatures show a distinct main snow period. 

Thus, it was unnecessary to include snow-free days for the main snow period. But the ultrasonic 

signal is scattered and often exhibits an offset, impeding a clear differentiation between snow 

cover and ground surface. Therefore, we implemented a procedure that recognizes this offset and 

then deduces the main snow period, including snow onset and melt dates (R function in the 

online resources of Vorkauf et al. 2021). To suppress the scattering, we used 5-days running 

means of snow depth. The snow depth signal just after snowmelt was usually less variable than 

for snow cover, thus, we looked for periods with relatively constant ultrasonic signals to identify 

the ground surface (offset). Low standard deviations (SD) of the 5-days running windows, both 

in winter and summer, indicated a period of constant snow depth or a period without snow 

(ground surface). Of all winter periods with low SD that were longer than 20 days (empirically 

found), we selected the most frequently occurring snow depth to obtain the height of the ground 

surface (offset).  

At Weissfluhjoch, a MAN (5WJ) and an IMIS (WFJ2) station run in parallel (Table 1.1), which 

allows us to compare the snow onset and snowmelt dates deduced from the definitions for the 

two station types. 

 

Data quality and handling of data gaps  

At MAN stations, the method for measuring snow depth has remained unchanged. Displace-

ments of the measuring fields have rarely occurred and are not influential (Buchmann et al. 

2020). In addition, there were no change in the sensor type of the IMIS stations nor in measuring 

fields through dislocations. We visually checked the snow depth data of the IMIS stations and re-

moved obvious outliers from the data series. 

For both station types, the few dates with missing snow depth data were interpolated linearly. 

Overall, 5% of all observations between October 1st and June 1st were missing. However, some of 

the MAN stations report missing values over the snow-free season. For the period between the 

determined snow onset and melt date, only 0.6% of the data was missing.  

Missing snow onset or melt dates of single years were either filled based on correlations with 

nearby stations at similar elevation and comparable snow depth. If snow depth towards the end 

of the main snow period already went below 20 cm, snowmelt dates were extrapolated linearly 

(Table S1.1 lists stations and years with interpolated data gaps). In total, our data set included 

1,198 observations for snowmelt dates, 2.3% of which were missing.  

 

Statistical analyses 

Any trends in time series (onset and melt) were analysed with Theil-Sen slopes and the Mann-

Kendall test (R package trend v1.1.2, Pohlert 2020), both relatively robust against outliers. To cal-

culate long-term trends in snow onset and melt dates we chose the period 1958 to 2019, as it was 

the longest possible period with snow depth data including two stations above 2,000 m asl.  
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Table 1.1 General description of all 38 stations used for identifying the snow onset and melt 
date, with elevation, coordinates and operational years in the Swiss central Alps. Please note 
that there are locations with more than one station. Stations are ordered by elevation 

Type Abbr. Site name 
Eleva-

tion 

Latitude,  

Longitude 
Canton 

Operational 

years 

Pro-

vider 

MAN GTT Guttannen 1,055 46.6565, 8.2917 BE 1948-2019 MS 

MAN 2EN Engelberg 1060 46.8189, 8.4240 BE 1950-2019 SLF a) 

MAN GOS Goeschenen 1,099 46.6676, 8.5811 UR 1960-2019 MS a) 

MAN AIR Airolo 1,139 46.5260, 8.5974 TI 1959-2019 MS 

MAN 1GA Gadmen 1,190 46.7367, 8.3523 BE 1955-2019 SLF 

MAN DIS Disentis 1,197 46.7065, 8.8534 GR 1953-2019 MS 

MAN 6CB Campo Blenio 1,215 46.5554, 8.9367 TI 1953-2019 SLF 

MAN 1WE Wengen 1,280 46.6064, 7.9213 BE 1947-2019 SLF 

MAN 2ME Meien 1,320 46.7245, 8.5568 UR 1954-2019 SLF 

MAN 4UL Ulrichen 1,350 46.5049, 8.3083 VS 1942-2019 SLF 

MAN 4OW Oberwald 1,370 46.5322, 8.3503 VS 1967-2019 SLF 

MAN 4MS Muenster 1,410 46.4904, 8.2638 VS 1946-2019 SLF 

MAN 5SE Sedrun 1,420 46.6794, 8.7688 GR 1977-2019 SLF 

MAN 2AN Andermatt 1,440 46.6332, 8.5919 UR 1941-2019 SLF 

MAN 2GA Goescheneralp 1,550 46.6518, 8.5182 GR 1989-2019 SLF 

MAN 1GB Grindelwald Bort 1,565 46.6473, 8.0514 BE 1948-2019 SLF 

MAN 4MO Montana 1,590 46.3138, 7.4770 VS 1952-2019 SLF 

MAN 1MR Muerren 1,650 46.5584, 7.8902 BE 1948-2019 SLF 

MAN 6RI Ritom Piora 1,800 46.5272, 8.6722 TI 1957-2019 SLF 

MAN GRHb) Grimsel Hospitz 1,980 46.5715, 8.3328 BE 1950-2019 SLF 

IMIS BED3 Cassinello 2,101 46.4912, 8.5219 TI 1998-2019 SLF 

MAN GOT Gotthard 2,107 46.5543, 8.5663 TI 1936-1970 MS 

IMIS URS2 Giltnasen 2,169 46.5871, 8.5138 UR 1998-2019 SLF 

IMIS OBW3 Maellige 2,194 46.5078, 8.3543 VS 2000-2019 SLF 

IMIS PUZ2 Ils Plauns 2,196 46.6262, 8.8626 GR 1997-2019 SLF 

IMIS TUJ3 Nual 2,211 46.6471, 8.7402 GR 1998-2019 SLF 

IMIS MEI2 Laucheren 2,220 46.7435, 8.5509 UR 1998-2019 SLF 

IMIS TUJ2 Culmatsch 2,262 46.6843, 8.7236 GR 1998-2019 SLF 

IMIS VAL2 Vallascia 2,268 46.5492, 8.6135 TI 1997-2019 SLF 

MAN GUEc) Guetsch 2,287 
2,283 

46.6535, 8.6162 
46.6524, 8.6150 

UR 1958-2003 
2009-2019 

MS 

IMIS LUM2 Lumpegna 2,388 46.7317, 8.8621 GR 1998-2019 SLF 

IMIS GOM3 Treichbode 2,427 46.4891, 8.2286 VS 2000-2019 SLF 

IMIS OBW2 Jostsee 2,432 46.5454, 8.3161 VS 2000-2019 SLF 

IMIS GOM2 Bodmerchumma 2,439 46.4212, 8.2328 VS 2000-2019 SLF 

IMIS BED2 Cavanna 2,450 46.5340, 8.5108 TI 1997-2019 SLF 

MAN 5WJ Weissfluhjoch 2,540 46.8296, 9.8092 GR 1937-2019 SLF 

IMIS WFJ2 Weissfluhjoch 2,536 46.8296, 9.8093 GR 2000-2019 SLF 

IMIS LUK2 Lai Verd 2,555 46.6040, 8.7830 GR 2000-2019 SLF 

 
a) SLF: Institute for Snow and Avalanche Research; MS: Federal Office of Meteorology and Climatology MeteoSwiss 
b) HS measurements for the entire main snow period started in 1970 
c) The data of two stations were combined to obtain a complete dataset for the location (referred to as one station). At 
the station GUE the manual measurements were replaced by automatic measurements in 2009 
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This period included 16 MAN stations between 1,055 and 2,555 m asl with continuous measure-

ments for snow depth.  

 

As snowmelt dates are more decisive for alpine plant development than snow onset, we focussed 

on snowmelt dates for the further analysis. However, both, snow onset and snowmelt dates were 

needed to delineate main snow cover duration. Short-term trends in snowmelt dates were com-

puted as Theil-Sen slopes by running windows of 21 years for all 23 MAN stations, each covering 

at least the period 1958-2019 except for GOT at 2,107 m asl (1936-1970). The trend in year y 

corresponded to the trend for the years y-10 to y+10. IMIS stations could not be included in the 

analysis of running window trends, as they did not cover the required 21 years. Thus, we com-

pared high (IMIS stations) and low-elevation (MAN stations) sites by the Pearson correlation be-

tween their snowmelt dates. For each station we computed the yearly deviation of snowmelt dates 

from its mean between 2000-2019. Thereof, we calculated the yearly mean and SD of the devia-

tion for each station type. A prerequisite for the correlation of time series is the so-called weak sta-

tionarity, where the expected mean, variance, and covariance do not change over time. A com-

monly adopted approach is to subtract from each value the value from the previous year (Cryer 

and Chan 2008). For the so derived first-differences of the snowmelt series, we then calculated 

the Pearson correlation between snowmelt dates at MAN and IMIS stations. 

 

To project future snowmelt dates, we unravelled the contributions of temperature and snow depth 

to snowmelt dates by fitting a model including both parameters and their relationships with 

snowmelt dates. For snow depth, we used the mean snowpack height HSmean between snow onset 

and snowmelt date, available from the daily snow depth measurements. Automatic weather sta-

tions (MeteoSwiss) measure the daily mean air temperature 2 m above ground. For nine of the 

MAN stations, air temperature measurements from the same location (village), usually within 

less than 100 m elevational difference were available: GOS (27; means 27 years of overlapping 

snow depth and temperature data at a given site), GTT (37), 4UL (39), GRH (50), GUE (58), DIS 

(59), 5WJ (60), 4MO (68), and 2AN (79). The temperature data have already undergone a semi-

automatic quality control, and we used homogeneous data series for GTT, 4UL, GRH, GUE, DIS, 

5WJ, 2AN. The 14 IMIS stations recorded air temperatures every 30 minutes during 20 years 

(WFJ2 was excluded due to the parallel station 5WJ, see Table 1.1 for abbreviations).  

Snowmelt dates differ between stations (elevations) and fluctuate over the years. Thus, the time 

when temperatures are high enough for snowmelt to occur also varies between stations and years. 

As we observed that the snow depth rapidly decreases during the last weeks before the snowmelt 

date, we assumed that the snowmelt date would only occur when air temperatures were high 

enough for a certain time period. We thus adopted a temperature measure for the first day (day of 

year DOY) when the daily mean air temperature exceeded 5 °C in a running window of 21 days 

(T21d ≥ 5 °C). We empirically found a high correlation of T21d ≥ 5 °C with the snowmelt dates (r = 

0.87, p < 0.001). As snowmelt occurs at temperatures above 0 °C we also tested a threshold of 0 

°C and 3 °C, and for an upper limit we used a threshold of 10 °C. Moreover, we tested running 

windows of 7, 14 and 30 days, and also degree-days with thresholds >0 °C and > 5°C, all yielding 

weaker correlations (shown in Figure S1.1). Moreover, our prior exploration of the data implied a 

high linear correlation of the snowmelt dates with the square root of HSmean (r = 0.85, p < 0.001). 
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We thus fitted the linear mixed model: 

𝑆𝑀𝑠𝑡𝑎𝑡𝑖𝑜𝑛 = 𝑎 ∗ 𝑇21𝑑 ≥ 5 °𝐶 + 𝑏 ∗ √𝐻𝑆𝑚𝑒𝑎𝑛 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑠𝑡𝑎𝑡𝑖𝑜𝑛         (Eq. 1), 

where a indicates how much the snowmelt date was delayed by an additional day of T21d ≥ 5 °C 

(unit day day-1); b (day cm-1/2) describes the non-linear relation of snowmelt dates and the square 

root of HSmean, and interceptstation is the intercept of stations used as random factor. We visually 

checked residuals of the linear mixed model and excluded 33 data points (outliers) with large re-

siduals and high leverage from the analysis. Because T21d ≥ 5 °C and HSmean may be correlated, we 

also calculated the variance inflation factor. This factor indicates how much variance of a variable 

is influenced (inflated) due to collinearity with another variable. To assess their individual effect 

on snowmelt dates, we also fitted linear mixed models for either of the two fixed effects, HSmean or 

T21d ≥ 5 °C. For each model, we derived the marginal R2
m that showed the percentage of variance 

explained by the individual fixed effect, along with the conditional R2
c that explained the variance 

by the fixed and random effects combined (R package MuMIn v1.43.15; Bartoń 2020). R2
m al-

lowed us to quantify the contributions of both, HSmean and T21d ≥ 5 °C to snowmelt dates. 

 

SM in the 21st century 

To estimate trends in snowmelt dates for the 21st century, we applied the above linear mixed 

model to the CH2018 Climate Change Scenarios for Switzerland (CH2018 Project Team 2018). 

These include three Representative Concentration Pathway scenarios, referred to as: RCP2.6 

(strong emission reductions, warming limited to 2 °C, 12 simulations), RCP4.5 (declining emis-

sions after 2050, > 2 °C warming compared to pre-industrial times, 25 simulations), and RCP8.5 

(unabated emissions, 31 simulations). For these simulations, a total of 31 regional climate models 

of the EURO-CORDEX (Jacob et al. 2014) were used, all exhibiting resolutions of 12 or 50 km. 

Downscaled scenarios (quantile mapping method) are available for seven of the MAN stations 

considered here (2AN, 4MO, 4UL, 5WJ, DIS, GRH, GUE), and also as a 2x2 km grid over Swit-

zerland (CH2018 2018). For the further analysis, we used the scenarios for these seven MAN sta-

tions (between 1,197 and 2,540 m asl) and for the IMIS stations, we extracted the simulation pa-

rameters from this 2x2 km grid. All simulations provided projections for air temperature, thus 

T21d ≥ 5 °C was estimated accordingly. To account for elevational differences between IMIS loca-

tions and grid cells, we applied an air temperature lapse rate of -0.5 K per 100 m increase in alti-

tude (results for lapse rates between -0.2 and -0.8 K per 100 m are provided in Figure S1.3). As 

the scenarios include projections for precipitation, we deduced HSmean from accumulated winter 

precipitation. For the seven MAN stations, we first determined the sum of the measured daily 

precipitation starting at October 1st until T21d ≥ 5 °C (DOY). We only considered days with daily 

mean temperatures ≤ 0 °C during the period between 1982 and 2019. We calculated Pearson cor-

relations of the so derived cumulative precipitation and of the HSmean for the seven stations. We 

then computed a station-specific proportionality factor of the cumulative precipitation in relation 

to the HSmean (mean accumulated precipitation per cm of snowpack height). For IMIS stations, 

which commonly do not measure precipitation, we used the mean proportionality factor of the 

seven MAN stations (1,197-2,540 m asl).  

 

Model validation 

To assess the model’s performance, particularly, with measured HSmean versus parameterised 

HSmean (Eq. 1), we refitted the linear mixed model with empirical data of the seven MAN stations 

from uneven years only. We subsequentially used the measured and the parametrised HSmean to 
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predict snowmelt dates of uneven years and compared the model results to the observed snow-

melt dates. In a second step, we applied the original model to the reference periods of the climate 

change scenarios, 1990 to 2019 (MAN), and 2000 to 2019 (IMIS), respectively. For these 30 and 

20 years, we compared estimated and observed snowmelt dates as well as trends (Theil-Sen 

slopes) of the snowmelt date time series (estimated vs. observed).  

We then projected future changes in snowmelt dates for the three 30-year periods 2020-2049 

(beginning of century), 2045-2074 (mid-century), and 2070-2099 (end of century) as well as for 

the 21st century (2020-2099) to achieve future longer-term trends of snowmelt dates, determin-

ing the onset of the alpine growing season. All calculations and analyses were performed with R 

3.6 (R Core Team 2019). 

 

Results 
Comparison of definitions for snow onset and snow melt  

We carefully assessed the suitability of our definitions for snow onset and melt dates. The main 

snow period at MAN stations was only slightly affected by the maximum number of consecutive 

snow-free days we allowed for. In 53% of all cases, snowmelt dates were the same, irrespective of 

the number of snow-free days. The 5-day-gap we used for the further analysis yielded the same 

snowmelt dates as gaps of 3 days in 86% of all cases.  

Snow onset at both station types at the Weissfluhjoch (Table 1.1) differed by no more than one 

day in 11 out of 19 overlapping years. However, late autumn snowfall in two years was classified 

as part of the main snow period at the MAN station, resulting in a difference of 10 and 17 days 

compared to the IMIS station. Snowmelt was slightly earlier at the MAN than at the IMIS station, 

with a median difference of one day, and a maximum difference of four days in 2000 and 2010. 

This variation in snowmelt dates was most likely caused by micro-topographical differences 

(slight topographical depression). 

Table 1.2 Trends (Theil-Sen slopes) for the snow onset and snowmelt dates between 
1958 and 2019 with the corresponding p-value (Mann-Kendall test). Positive values indi-
cate a trend towards later in the year, negative values towards earlier in the year. Bold p-
values indicate statistically significant trends. Stations are ordered from low to high eleva-
tion (lowest first) 

Station 
abbr Site name 

Snow onset Snowmelt 

Trend 1958-2019   p-value Trend 1958-2019   p-value 
       (days decade-1)        (days decade-1) 

GTT Guttannen +0.6 0.74 - 3.0 0.08 

2EN Engelberg +0.6 0.68 - 3.5 0.06 

1GA Gadmen +0.5 0.64 - 1.2 0.26 

DIS Disentis +1.7 0.24 - 1.4 0.28 

6CB Campo Blenio +2.2 0.14 - 1.5 0.14 

1WE Wengen +1.4 0.39 - 2.9 0.03 

2ME Meien +2.6 0.03 - 6.3 < 0.01 

4UL Ulrichen +1.4 0.22 - 2.0 0.04 

4MS Muenster +2.4 0.09 - 2.7 0.02 

2AN Andermatt +1.5 0.19 - 3.6 < 0.01 

1GB Grindelwald Bort +1.5 0.31 - 2.9 0.02 

4MO Montana +0.5 0.78 - 3.1 0.01 

1MR Muerren +1.2 0.34 - 0.8 0.42 

6RI Ritom Piora +3.0 0.02 - 2.8 0.01 

GUE Guetsch a) - - - 3.1 0.01 

5WJ Weissfluhjoch +0.4 0.76 - 4.0 < 0.01 
a) No continuous records for OS  
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Trends in snow onset and melt dates: 1958 to 2019 

Out of the 38 stations, 16 MAN stations had continuous snow depth recordings for the past 62 

years or more. To assess relevant shifts across time and elevations, we calculated the trends in 

snow onset and melt dates for the period 1958 to 2019. There was a tendency towards later snow 

onset that was indicated by persistently positive Theil-Sen slopes. These trends were statistically 

significant for two stations only: 2ME, 6RI (Table 1.2). In contrast, there was a clear trend to-

wards earlier snowmelt and for ten stations, this shift was statistically significant (p < 0.05). 

Across all stations, snowmelt on average occurred 2.8 ± 1.3 days (mean ± sd) earlier per decade. 

The magnitude of the trends in snowmelt did not depend on elevation (p = 0.46; R2 = 0.04) and 

at the two stations in the alpine vegetation zone (GUE, 5WJ), snowmelt occurred 3.1 and 4.0 

days earlier per decade (Table 1.2). With 6.3 days per decade, the station 2ME (1,320 m asl) 

showed the most distinct shift in snowmelt dates. 

 

Trends in snowmelt dates: 21-years running window trends 

Trends of 21-year running windows revealed the temporal variability of snowmelt date trends be-

tween 1946-2009. We required continuous snowmelt date time series of at least 21 years, exclud-

ing the IMIS stations. Our analysis unveiled a period with later snowmelt dates during the 1940s 

to 1980s, but trends were rarely statistically significant. Strikingly, the late 1980s and early 1990s 

were denoted by a sharp, significant trend towards earlier snowmelt, with a mean of 15.1 ± 3.8 

 

Figure 1.2 Snowmelt trends in 21-year running windows at MAN stations, ordered by eleva-
tion. The colours indicate the direction of the trend. The symbol size corresponds to the slope of 
the trend (expressed in days per decade) and opaque fillings represent statistically significant 
trends at p< 0.05 (see Table 1 for station abbreviation and full station name, respectively). For 
instance, a trend for the year 2009 (last dot) corresponds to the Theil-Sen slope for the period 
1999 to 2019 
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days per decade in 1988 (1978 – 1998, nstations = 21; Figure 1.2). This pattern was evident for 

nearly all stations and along all elevations, even at the highest location (5WJ, 2,540 m asl). Only 

two stations (1MR, 6CB) did not show this shift. After the 1990s, trends in snowmelt dates did 

not exhibit a consistent direction and they were mainly statistically non-significant. The clear 

trend towards earlier snowmelt for the whole period between 1958 and 2019 was caused by the 

abrupt shift during the late 1980s and early 1990s.  

 

Comparison of snowmelt dates at MAN and IMIS stations 

As high-elevation stations were scarce in the past, we compared snowmelt dates of IMIS and 

MAN station during 2000 and 2019, with measurements for both station types. Between 2000 

and 2019, average snowmelt at the IMIS stations (2,101-2,555 m asl) was in mid-June around 

the longest day of the year, whereas at the MAN stations (1,055-1980 m asl without GUE and 

5WJ) snowmelt occurred in mid-April. The Pearson correlation for the yearly mean snowmelt 

dates of the two station types was 0.83 (nyears = 20, p < 0.01; Figure 1.3). Even without the two 

MAN stations above 2,000 m asl (5WJ and GUE), this correlation was strong (0.82, nyears = 20, p 

< 0.01). This means the changes in snowmelt dates at stations above the climatic treeline (IMIS 

stations) are closely related to these at lower-elevation MAN stations. There was one exception in 

2002 with the second warmest February since the start of measurements at that time, followed by 

a warm spring, causing early snowmelt at low elevation (12 days earlier than the mean at MAN 

stations). Whereas at high elevation, large precipitation amounts in February, March and May 

2002 fell as snow, thus delayed snowmelt (six days later than the mean at IMIS stations). 

 

Influence of HSmean and temperature on snowmelt dates 

Air temperature and HSmean, as a proxy for accumulated winter precipitation, directly influenced 

snowmelt dates along the whole elevational range of the stations. We quantified both effects by 

analysing snowmelt dates in relation to the observed T21d ≥ 5 °C and HSmean (Figure 1.4; stations 

at 1,055-2,540m asl; variance inflation factor of 1.04). For each week that this 5 °C threshold was 

 

Figure 1.3 Yearly deviation of snowmelt dates from the 10-year average (2000-2009) for man-
ual MAN (red, n = 22) and automatic IMIS stations (blue, n = 15; mean [line] ± sd [bands]). 
The deviation at single stations is shown in Figure S1.4 
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attained earlier, mean snowmelt dates occurred 3.9 days earlier (a = 0.6 days day-1 in Eq. 1). The 

model with T21d ≥ 5 °C explained 44% of the variance in snowmelt dates (Rc
2 0.81). A higher 

HSmean delayed snowmelt, proportionally to the square root of HSmean (Figure 1.4b; b = 4.6 days 

cm 
-1 2⁄  in Eq. 1). For instance, an increase of HSmean from 40 to 90 cm caused a delay in snowmelt 

dates by 14 days, but an increase from 140 to 190 cm postponed snowmelt by nine days only. In 

the model with HSmean only, still 30% of the variance in snowmelt dates was explained (Rc
2 0.80). 

Together, T21d ≥ 5 °C and HSmean explained 80% of the variance in the snowmelt date (Rc
2 = 0.89). 

 

 

Snowmelt throughout the 21st century 

We projected future snowmelt dates by applying the linear mixed model to the CH2018 Climate 

Change Scenarios (CH2018 Project Team 2018). For the seven MAN stations with scenarios for 

temperature and precipitation, a HSmean of 100 cm on average corresponded to an accumulated 

winter precipitation of 560 ± 70 mm (minimum of 460 mm in 4MO, maximum of 650 mm at 

GRH) and disclosing no effect of elevation. The correlation of HSmean and the total winter precipi-

tation for the period 1982 to 2019 was high, with Pearson correlation coefficients between 0.74 

(DIS) and 0.86 (4UL). Only at the station Guetsch (GUE) it was lower, with 0.65.  

Compared to the observed snowmelt dates, the predicted snowmelt dates for even years (model 

refitted with data of uneven years only) had a standard error of less than one day (0.82 days), 

highlighting a good model fit. With HSmean estimated by the station-specific proportionality fac-

tors, the standard error increased by 15% to 0.94 days.  

 

For our model validation, we used the reference period of the climate change scenarios: 1990 to 

2019 (MAN) and 2000 to 2019 (IMIS). At MAN stations, medians of the observed and simulated 

snowmelt dates deviated by zero to seven days only. The median snowmelt date of IMIS stations 

was also well reproduced by the model outputs. Deviations of one (TUJ2) to 14 days (OBW2) 

Figure 1.4 Snowmelt a) in relation to the first day (day of the year; date) when the running 
mean air temperature of a 21-days window reaches a threshold of 5 °C (T21d ≥ 5°C), and b) in 
relation to the mean snow depth between snow onset and melt date (HSmean). The 755 data 
points are from 10 MAN (1941-2019) and 14 IMIS stations (2000-2019), but not every station 
covers the entire time span)  
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were overall larger than at MAN stations, because the model parameters extracted from a 2x2 km 

grid did not always mirror the exact station conditions (estimated vs. observed snowmelt in Fig-

ure S1.5). The time series analysis of the observed snowmelt dates revealed no significant trend 

during the reference period, except for one station (10 days decade-1 at TUJ3, p = 0.03). Most 

CH2018 simulations for the reference period did not display significant trends in the snowmelt 

date either. However, on average 11% of the simulations at MAN station featured significant 

trends towards earlier snowmelt, and 7% at IMIS stations, but without uniform direction. 

After the validation, we simulated the future snowmelt dates based on CH2018 projections for the 

beginning of the 21st century (2020-2049), for the mid-century (2045-2074), and for the end of 

the century (2070-2099) as well as the overall trend for the 21st century (2020-2099; Figure 1.5). 

The trends of the simulated time series of snowmelt dates within each RCP were relatively concise 

regarding their direction. A 1,000 m elevational gradient caused a decrease in median snowmelt 

trends by 0.5 days decade-1 only, thus the magnitude of the effect of elevation was negligible (p = 

0.17, R2 = 0.10). We here present the rates of change (trends) in snowmelt dates throughout the 

21st century as the median trend across stations (7 MAN and 14 IMIS stations) and of a total of 

68 simulations (12 for RCP2.6, 25 for RCP4.5, and 31 for RCP8.5). Extreme trends in snowmelt 

(outliers in Figure 1.5) were clearly identifiable as results of single simulations and not because 

we aggregated stations of different elevations. As there were no large differences in trends be-

tween MAN and IMIS stations, we combined the results (Figure 1.5) and we rounded our estima-

tions to whole numbers (Table 1.3). 

In RCP2.6, predicted snowmelt dates did not show any change throughout the 21st century. Un-

der RCP4.5, median snowmelt dates throughout the century will occur 2 days earlier each decade 

and 81% of the trends were statistically significant. This overall trend was mainly caused by a 

pronounced advancement during the beginning of the century (2020-2049, Figure 1.5), with 3 

days per decade. This shift dropped to 1 day per decade by the end of the century. For the whole 

century, the RCP4.5-models projected the median snowmelt date to advance by 10 days by the 

mid-century, and by 13 days by the end of the century (Table 1.3).  

With unabated emissions (RCP8.5), snow will melt 4 days earlier each decade between 2020 and 

2099 (trends of all simulations at all stations statistically significant). In contrast to the other two 

RCP scenarios, we found that snowmelt dates will accelerate over the century. While at the begin-

ning, snowmelt will occur 2 days earlier per decade, towards the end of the century it will be 6 

Table 1.3 Projected deviation of snowmelt dates compared to the reference period (MAN: 
1990-2019, IMIS: 2000-2019; median, 25th and 75th quantiles, expressed as number of 
days: negative values mean earlier snowmelt, positive later snowmelt) for the future 30-year 
periods and three RCP scenarios. All values are rounded to whole days 

Period Scenario 
Median 
(days) 

0.25 quantile 

(days) 

0.75 quantile 

(days) 

2020 - 2049 

RCP2.6 - 5 - 14 4 

RCP4.5 - 5 - 13 3 

RCP8.5 - 6 - 14 2 

2045 - 2074 

RCP2.6 - 6 - 15 3 

RCP4.5 - 10 - 19 - 2 

RCP8.5 - 14 - 25 - 5 

2070 - 2099 

RCP2.6 - 5 - 14 3 

RCP4.5 - 13 - 22 - 4 

RCP8.5 - 27 - 39 - 16 
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days earlier per decade. Median snowmelt dates will be 14 days earlier in the mid-century and 27 

days earlier by the end of the century (Table 1.3).  

To further illustrate the effect of these trends, we took a closer look at 2AN at 1,440 m asl, a tour-

istic skiing resort in central Switzerland, and at the two highest IMIS stations BED2 (2,450 m asl) 

and LUK2 (2,555 m asl). During the reference period (1990-2019), the median snowmelt date in 

2AN occurred in late April, and only once before April 1st (2011). Under RCP4.5, snowmelt be-

fore April could become normal in one out of 12 winters, and under RCP8.5, this would be the 

case in one out of four years. At the IMIS stations BED2 and LUK2, earliest snowmelt was at the 

beginning of June during 2000 to 2019, and the median snowmelt date was in the first third of 

July. In one out of four winters, snowmelt will occur in the first half of June (RCP4.5) or even be-

fore June 1st (RCP8.5). 

 

Discussion 
Past trends of snowmelt dates 

Between 1958 and 2019, snowmelt occurred 2.8 ± 1.3 days earlier per decade. This was substan-

tially more conservative than the 5.8 days per decade stated by Klein et al. (2016) for the period 

1970 to 2015. We could associate these different rates to the specific time periods. Trends in 

snowmelt dates varied considerably throughout the past decades, as revealed by trends in 21-

 

Figure 1.5 Projected trends in snowmelt dates of 21 (7 MAN and 14 IMIS) stations through-
out the 21st century for the three emission scenarios RCP2.6, RCP4.5 and RCP8.5. In total 68 
simulations based on downscaled regional climate models: 12 for RCP2.6, 25 for RCP4.5, and 
31 for RCP8.5, whereby the uneven sample sizes are responsible for the variability of trends 
between RCP scenarios in the early century. The coloured box contains 50% of all simulations 
per RCP scenario and time period. The region shaded in grey indicates the 25th and 75th quan-
tile trend during the 30-year period 1990 to 2019 
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years running windows. The late 1980s and early 1990s were marked by substantially earlier 

snowmelt dates. This so-called regime shift manifested itself by earlier snowmelt and caused a 

20% reduction of  snow days above 1,300 m asl in Switzerland (Marty 2008a). Moreover, rapid 

climatic shifts during the late 1980s were evident in other datasets around the globe, e.g. ocean 

and air temperatures, sea ice extent, and grape ripening dates (Reid et al. 2016). In Switzerland, 

March to May temperatures increased by 0.39 K decade-1 between 1959 and 2008 (Ceppi et al. 

2012), and by 0.84 K decade-1 in the period 1975 to 2004 (Rebetez and Reinhard 2008), 

suggesting that spring temperatures caused the regime shift in snowmelt dates described above. 

For Europe, this regime shift has recently been explained by natural, coincidental anomilies in the 

atmospheric circulation that were possibly related to the Pacific Decadal Oscillation and the Arctic 

Oscillation. This short-term warming superimposed a long-term trend of rising temperatures 

(Sippel et al. 2020). Locally, as for example in Switzerland, the decline of these atmospheric 

anomalies even led to a (short-term) trend towards lower temperatures (Ceppi et al. 2012; Bader 

and Fukutome 2015; Saffioti et al. 2016). Indeed, MeteoSwiss highlighted the dominant role of 

cyclonic low-pressure weather situations over Europe during winters (Dec-Feb) since the 1990s. 

Accordingly, we do not see any clear trends in snowmelt dates after the regime shift. Colder win-

ters due to large-scale weather phenomena over Europe may thus have masked the recent warm-

ing and slowed the retreating snowmelt dates. 

 

The role of elevation 

Most studies on snow cover changes (e.g., Laternser and Schneebeli 2003; Scherrer et al. 2004; 

Marty 2008; Klein et al. 2016) focussed on stations at lower elevation, including only a few in the 

alpine vegetation belt (e.g., Gr. St. Bernard, Weissfluhjoch). Here, we included the relatively new 

snow depth series of IMIS stations and clearly demonstrated that the snowmelt dates correlated 

well with MAN stations, despite the two-months earlier snowmelt dates at lower elevations. We 

did also not find a pronounced elevational gradient in the trends of snowmelt dates. Scherrer et al. 

(2004) observed an only weak elevational gradient for the snow days (Dec-Feb) along an eleva-

tional gradient between 400 and 2,500 m asl. Laternser and Schneebeli (2003) highlighted that 

the snow cover duration shortened fastest between 1,000 and 1,600 m asl, because temperature 

increases close to the zero-degree isotherm had the largest impact on the snow cover (Ceppi et al. 

2012). The advancement of snowmelt dates at lower elevations may be slowed down by the re-

duced amount of solar radiation that is available when snowmelt dates recede towards earlier in 

the year (Musselman et al. 2017). At higher elevations, where the snowpack may persist beyond 

the mid-summer, receding snowmelt dates may move to a time with highest solar radiation and 

thermal energy and trends may therefore be accelerated (Essery et al. 2020). 

Counter to our expectations, our proportionality factor describing the relation of winter precipita-

tion to HSmean was unaffected by elevation. We would have assumed a temperature dependence, 

due to a higher fraction of liquid precipitation at lower elevations. However, under-catch and 

wind-induced snow redistribution at high elevations may potentially balance out the effect of an 

elevational gradient.  

The RCP scenarios displayed slightly more moderate trends at higher elevations. But with less 

than 0.5 days decade-1 for 1,000 m elevational difference, this was negligible. 

 

Effect of temperature and precipitation on snowmelt dates 

Temperature and precipitation, the two key factors for determining snowmelt dates, are highly 

affected by climate change (IPCC 2013). Morán-Tejeda et al. (2013) emphasized temperature as 
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the driving factor for the snowpack duration below 1,200 m asl. Above this elevation, accumu-

lated precipitation and the winter-history of temperature and precipitation were more influential. 

For snowmelt, we found T21d ≥ 5 °C to be 1.5 times more influential than the precipitation proxy 

HSmean. Moreover, snowmelt dates related to the square-root of HSmean, revealing a decreasing in-

fluence of snow depth at higher elevations. Our measures for temperature and precipitation thus 

differed from monthly mean air temperatures and accumulated precipitation considered in 

Morán-Tejeda et al. (2013). T21d ≥ 5 °C represents a threshold when temperatures are high 

enough for the whole snowpack to melt. Although HSmean correlates with accumulated winter pre-

cipitation, it does not always directly relate to monthly precipitation. Both our measures account 

for the temperature and precipitation history during winter. 

oth our measures account for the temperature and precipitation history during winter. 

 

Snowmelt dates throughout the 21st century 

Accelerating snowmelt dates above the climatic treeline can only be halted by abating emissions 

enormously, as our simulations predict a roughly one-month earlier snowmelt for RCP8.5 and 

two-week earlier snowmelt for RCP4.5 by the end of the 21st century. Compared to previous pro-

jections of snow cover changes, our estimations are rather conservative. Bavay et al. (2009) pro-

jected snowmelt dates in Eastern Switzerland to occur 40 days earlier by the end of the century, 

and in the large Aare catchment (3,190 km2) the snow duration at 2,000 m asl may shorten by 

2.5 months compared to the reference period (1999-2012; Marty et al. 2017). Such early melt 

could be interpreted as a direct consequence of lower snow depth and snow water equivalents, as 

simulated by Schmucki et al. (2015) and Steger et al. (2013). In contrast to these studies, our 

model is fully based on empirical observations and not on physical processes. Our data used for 

model fitting covered a period with massive changes in snowmelt dates, nevertheless, the relation 

of T21d ≥ 5 °C and HSmean to the snowmelt date was robust.  

 

Consequences for alpine plants 

Our simulation results also allow us to put alpine snow manipulation experiments into the con-

text of climate change scenarios. Some experiments realised 18 days earlier snowmelt dates by 

reducing the snow depth in spring, summarised by Wipf and Rixen (2010). Under RCP8.5, these 

experiments would thus reproduce conditions we may observe in the mid-century (2045-2074). 

A one-month earlier snowmelt may expand the alpine growing season by more than one third by 

the end of the century (RCP8.5), most likely with drastic consequences for alpine plants. These 

may include lower flower numbers, reduced leaf growth and a lower survival, as observed for the 

evergreen forb Gentiana nipponica by a one-month earlier snowmelt (Kawai and Kudo 2018). 

And snowbed species produced less seeds after an earlier snowmelt of 18 days (Tonin et al. 

2019). According to an experiment with 23 nival and alpine species, it is assumed that one third 

to one half the alpine flora may be sensitive to photoperiod and hence, may not profit from longer 

growing season because of too short daylengths (Keller and Körner 2003). The 4h-difference in 

daylength they applied in the greenhouse study is comparable to snowmelt in mid-March instead 

of late June, a shift of roughly three months. Such a shift exposes plants to higher frost risks. Re-

current frosts killed flower buds in alpine herbs (Inouye 2008), impaired growth snowbed species 

(Baptist et al. 2010b) as well as in three dwarf shrub species (Wipf et al. 2009). Francon et al. 

(2020) further suggested a strong elevational impact, disclosed by growth ring analysis of the 

shrub Rhododendron ferrugineum. Longer growing seasons at 2,400 m asl enhanced its growth, 

while at 1,800 and 2,000 m asl early snowmelt dates led to frosts and ultimately limited growth.  
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Because a one-month earlier snowmelt will not reduce the daylength sufficiently for photoperiod 

restrictions, we assume that in the long-term, frost events at the beginning of the growing season 

will play a bigger role than photoperiod limitations and may diminish the effect of longer growing 

seasons. 

  

Conclusions 

We show a high correlation between snowmelt dates at high-elevation IMIS stations and lower-

elevation MAN stations, implying that snowmelt dates are advancing with similar rates along an 

elevational gradient of 1,000 m asl to 2,500 m asl in the Swiss Alps. Our empirical approach high-

lighted the dominant effect of temperature over a slightly weaker influence of mean snow depth 

(HSmean) on snowmelt dates. With T21d ≥ 5 °C we found an appropriate temperature measure that 

correlated well with snowmelt dates at different elevations. By applying both, T21d ≥ 5 °C and 

HSmean to CH2018 Climate Change Scenarios, we could anticipate snowmelt dates throughout the 

21st century. 

By the end of the century, we expect an earlier snowmelt by up to one month. Such an early melt 

will affect hydropower production, winter tourism in the Swiss Alps and will expose the alpine 

flora and soils to a higher frost risk with additional consequences on biogeochemical cycles.  
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Supplemental material for Chapter 1 
 

Table S1.1 Stations with data gaps in snowmelt dates (years) and how these gaps were filled 

Station Years Gap filling of snowmelt 

1GB 1960 Derived from snow depth measurements 

1MR 1960 Derived from snow depth measurements 

2EN 1970 Derived from snow depth measurements 

6RI 1958, 1970 Based on similar course of HS during these two years 

GOS 2015 Derived from snow depth measurements 

GRH 
1975, 1979, 1991,  
1993, 1995, 1997 Correlation with GUE 

GTT 1954, 2012 Correlation with 1WE 

GUE 
1961, 1965, 1973 Derived from snow depth measurements 

2004 - 2014 Correlation with GRH 

 

 

 

 

 

 

Figure S1.1 Snowmelt date (DOY) in relation to the first day (DOY) when the mean air tempera-
ture of a running window (d: 7, 14, 21, 30 days; columns) reaches a temperature threshold (T: 0, 
3, 5, 10 °C; rows) with the corresponding coefficient of determination R2 



34 | Chapter 1   

 

 

 

 

  

Figure S1.2 Projected trends in snowmelt dates of 14 IMIS stations throughout the 21st century for 
the three emission scenarios RCP2.6, RCP4.5 and RCP8.5. In total 68 simulations basing on 
downscaled regional climate models: 12 for RCP2.6, 25 for RCP4.5, and 31 for RCP8.5. The colour 
of the whiskers indicates the lapse rate for air temperature used for correcting for elevational differ-
ences between the grid cells of climate change scenarios and the IMIS station. The coloured box con-
tains 50% of all simulations per RCP scenario and time period 

 

Figure 1.3 Yearly deviation of snowmelt dates from the 10-year average (2000-2009) for manual 
22 MAN (red) and 15 automatic IMIS (blue) stations 
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Figure S1.4 Observed snowmelt (white boxplots) and simulated snowmelt based on the retrospective climate 
change scenarios (grey boxplots) for the reference period for the stations. The reference period for MAN sta-
tions is 1990 – 2019, for IMIS stations 2000 – 2019. Each boxplot contains all 68 simulations of three RCP 
scenarios for each year of the reference period (MAN: 30 x 68, IMIS: 20 x 68)  
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Chapter 2 - Flowering phenology in alpine grassland strongly re-

sponds to shifts in snowmelt but weakly to summer drought 

As published in the Journal Alpine Botany 

Vorkauf Maria, Kahmen Ansgar, Körner Christian, Hiltbrunner Erika (2021) Flowering phe-

nology in alpine grassland strongly responds to shifts in snowmelt but weakly to summer 

drought. Alpine Botany 131:73-88. https://doi.org/10.1007/s00035-021-00252-z  
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Abstract 
Alpine plants complete their seasonal phenological cycle during two to three snowfree months. 

Under climate change, snowmelt advances and the risk of summer droughts increases. Yet, pho-

toperiodism may prevent alpine plants from benefiting from an earlier start of the growing sea-

son. To identify the drivers of flowering phenology in the seven main species of an alpine grass-

land, we experimentally shifted the snowmelt date through snow manipulations, and excluded 

precipitation during summer. With “time-to-event” models, we analysed the beginning of main 

flowering with respect to temperature sums, time after snowmelt, and calendar day (photoper-

iod). 

We identified two phenology types: four species tracking snowmelt dates directly or with a certain 

lag set by temperature sums, including the dominant sedge Carex curvula, Anthoxanthum al-

pinum Helictotrichon versicolor, and Trifolium alpinum, and three species tracking photoperiod: 

Geum montanum, Leontodon helveticus and Potentilla aurea. Photoperiodism did not manifest 

through specific daylength requirements but modulated the thermal sums at flowering. Hence, 

photoperiod delayed flowering after earlier snowmelt. The grass A. alpinum was the only one of 

seven species that clearly responded to drought by earlier and longer flowering. 

The remarkably high importance of snowmelt dates for both phenology types suggests an earlier 

onset of flowering in a warmer climate, particularly for non-photoperiod sensitive species, with an 

increasing risk for freezing damages and potential disruptions of biotic interactions in the most 

frequent type of alpine grassland across the Alps. Consequentially, the distinct microclimate and 

species-specific responses to photoperiod challenge temperature-only based projections of climate 

warming effects on alpine plant species. 
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Introduction 
In alpine regions, the length of the growing season is determined by snow cover duration and al-

pine plant development is closely linked to snowmelt timing (Körner 2021). During recent dec-

ades, shifts in snow cover have been observed particularly below the treeline, but also for alpine 

and nival zones (Marty 2008; Scherrer et al. 2013; Klein et al. 2016; Hock et al. 2019). Further 

massive reductions in snow cover duration are predicted under ongoing and future climate 

change (Keller et al. 2005; Steger et al. 2013; Hock et al. 2019). Summer droughts are expected to 

occur more frequently and to be more severe (IPCC 2018), and may therefore limit alpine plant 

species that otherwise profit from an earlier growing season.  

 

Photoperiodism 

Given the long-lasting snow cover, alpine plants have to complete their growth and reproduction 

very rapidly within a 10-12 weeks growing season. Besides bud preformation (Erschbamer et al. 

1994; Meloche and Diggle 2001), mechanisms are required to precisely control plant phenology. 

About half of 23 species studied in the high alpine belt (2,600-3,200 m a.s.l) have displayed pro-

nounced photoperiodism in the greenhouse (response to daylength, thus to photoperiod; Keller 

and Körner 2003). Photoperiodism prevents plant development during warm spells in late winter 

or early spring and facilitates synchronized flowering, presumably increasing reproductive suc-

cess (Heide 2001; Keller and Körner 2003). Heide (1985, 1990, 1992, 2005; Heide et al. 1990) 

provided compelling evidence that photoperiod plays a decisive role in many arctic plant species. 

The significance of photoperiod has predominantly been studied in form of thresholds or long-

day requirements (e.g., Heide 2001; Keller and Körner 2003). In the context of climatic change, 

photoperiodism may prevent species from benefiting from earlier snow melt. Species that are 

tightly linked to photoperiod cues, could have a competitive disadvantage over more non-photo-

period sensitive species. Wadgymar et al. (2018) highlighted that the flowering phenology of six 

subalpine forbs has not advanced as rapidly as the snowmelt dates (1973-2016: one-week earlier 

snowmelt induced 3.5 to 5 days earlier flowering only). 

However, in situ evidence for photoperiodism in the alpine belt is still scarce. Recently, several 

studies with transplanted montane and alpine plants at different elevations (common gardens) 

underline that plant species from higher elevation flowered earlier when brought to lower eleva-

tion with earlier snowmelt (Gugger et al. 2015), especially early-flowering species or graminoids 

seem to be more responsive to earlier snowmelt than late flowering species (Wadgymar et al. 

2018). Although common gardens have many advantages such as allowing a differentiation be-

tween genotypic and phenotypic acclimatisation, pre-cultivation of alpine plant species at lowland 

conditions (in the greenhouse) and commonly offering nutrient rich soil substrates or restricting 

rooting volumes by pots may affect plant performances and also phenological responses in com-

mon gardens.  

In general, natural differences in photoperiod under variable snowmelt in the field are typically far 

smaller than those often applied in greenhouse and transplant experiments.  

Furthermore, higher temperatures are expected to accelerate plant development in addition to 

photoperiod signals (Heide 1992). Without photoperiod control, temperature sums alone may 

drive plants to respond to early snowmelt, causing earlier flowering, but simultaneously increas-

ing the risk of freezing damages.  

The cascade of processes in a plant after the photoperiod threshold for flowering is passed, the in-

teraction with temperature in particular, is not well understood. To predict future plant responses 
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to an earlier onset of the growing season such interactions between drivers have to be accounted 

for. Here, we aim at deciphering these interactions experimentally by manipulating the onset of 

the growing season by snow manipulation under alpine field conditions. 

 

The effect of snowmelt date and temperature on phenology 

A 31-year-long study in the Rocky Mountains revealed a close correlation of first flowering and 

snowmelt dates, provided snowmelt did not occur exceptionally early in the year (Inouye 2008). 

A tight coupling of plant development with snowmelt dates was also observed in other high eleva-

tion and high latitude ecosystems, which differed in daylength (e.g., Canaday and Fonda 1974; 

Ram et al. 1988; Wipf and Rixen 2010). For alpine plant species not assumed to be photoperiod 

sensitive, post-snowmelt temperatures were considered to control the phenology (e.g., 

Kudernatsch et al. 2008; Livensperger et al. 2016; warming with open-top chambers). Earlier at-

tempts at identifying drivers of alpine plant phenology have already considered both, temperature 

and photoperiod, but have not addressed their potential interaction (Molau et al. 2005; Hülber et 

al. 2010).  

When studying temperature effects on alpine plant species, it is important to account for the ac-

tual growing conditions of meristematic tissues. Given that the compressed, small stature of al-

pine plants creates a warmer microclimate, weather station data, as often used for phenological 

models, are not a reliable data source for temperatures that are driving alpine plant development 

(Scherrer and Körner 2010; Dietrich and Körner 2014; Körner and Hiltbrunner 2018).  

 

Summer drought 

Despite the typically positive water balance at high elevations in temperate mountains 

(Weingartner et al. 2007), recent heat waves and precipitation deficits in the Alps (2003, 2015, 

2018) have shown that summer drought occurs above the upper treeline and plants have been 

spotted wilting (personal observations). In a low elevation grassland, drought both advanced 

flowering and prolonged flower duration by four days (Jentsch et al. 2009). Complete rain exclu-

sion during 43 days in an otherwise very humid region increased the seed mass of plant species 

occurring at higher elevations, presumably promoting seedling recruitment in a calcareous grass-

land (Rosbakh et al. 2017). An experimental drought for 17 days reduced phytomass production 

in alpine grassland (de Boeck et al. 2016). Schmid et al. (2011) observed reductions of 12% to 

35% in aboveground biomass of a similar grassland type under summer drought. None of these 

studies included phenological observations. Nevertheless, the combination of shifting snowmelt 

dates and summer drought may have a large impact on alpine grassland, in particular on develop-

mental processes (phenology), with implications for biotic interactions and gene flow, as well as 

for future species distribution.  

 

Main objectives 

In this study, we aimed at identifying the drivers of flowering phenology and flower duration for 

the main plant species in a late successional alpine grassland and to explore how summer drought 

interferes with these drivers. To assess drivers and their interactions, we established a snow ma-

nipulation and rain exclusion experiment at 2,500 m a.s.l. This late successional grassland, domi-

nated by Carex curvula, is the most widespread type of alpine grassland on siliceous bedrock in 

the European Alps (Oberdorfer 2001; Leuschner and Ellenberg 2017). We present a phenological 

dataset covering the three years 2016-2018, supplemented with detailed microclimatic data for 

the growing seasons. 
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As snowmelt commonly occurs around summer solstice at our field site, we hypothesize (1) that 

temperature after snowmelt plays a more crucial role for phenology than does photoperiod, with 

(2) an influence of photoperiod after exceptionally early snowmelt only. As soil moisture continu-

ously decreases under ongoing drought, we expect (3) late flowering species to be significantly 

more affected by drought than early flowering species.  

 

Materials and Methods  
Site description 

The study site is located at 2,500 m a.s.l. near the Furka pass in the Swiss central Alps 

(46° 33’ 47’’ N, 8° 23’ 28’’ E) in a late successional grassland on siliceous podsol. For an earlier site 

description and productivity data see Schäppi and Körner (1996). The growing season lasts ap-

proximately three months with snowmelt usually occurring in June and senescence starting in 

the second half of August. Mean air temperatures during June, July and August are 6.0 °C, 8.7 °C 

and 8.3 °C (Furka pass, www. alpfor.ch). As a result of the continuous snowpack at the site, soils 

commonly do not freeze in winter. Summer precipitation amounts to ca. 400 mm (Jun-Aug, 

Furka pass). With an inclination of 10° the terrain is relatively flat for alpine terrain and well 

suited for an experiment with snow manipulations and summer drought. Most of the roots and 

the apical shoot meristems are located in the upper 5 cm of the soil profile and the mean rooting 

depth is around 20 cm (few roots down to 1 m depth). Besides the dominant sedge Carex curvula 

All., other frequently occurring species are the grasses Anthoxanthum alpinum Á. Löve & D. Löve, 

Helictotrichon versicolor (Vill.) Pilg. and Poa alpina L., the forbs Geum montanum L., Leontodon 

helveticus Mérat, Potentilla aurea L., Sibbaldia procumbens L. and Soldanella pusilla Baumg., and 

the N2-fixing forb Trifolium alpinum L. (species nomenclature according to Lauber et al. 2018).  

Fruticose lichens (Cetraria islandica L. and various Caldonia species) are abundant in this alpine 

grassland. However, as the age of the lichens cannot be determined and lichens may dry out for 

longer periods, we did not include them in the field observations. 

 

Snow manipulation and summer drought 

We implemented all combinations of summer drought (control, moderate – 5-wk drought span-

ning the main period for the above-ground biomass production, intense –10.5-wk drought cover-

ing almost the entire growing season) and snow manipulations (control, addition, removal) in a 

fully factorial experimental design. We had 45 parcels (2 x 2.5 m), organized in five replicated 

blocks. In each block, the nine parcels were randomly assigned to one fixed treatment combina-

tion. To avoid any boundary effects of the drought treatment, we defined a central plot (1 x 1 m) 

within each parcel.  

We conducted the snow manipulations in late spring 2016-2018 (beginning of June 2016, end of 

May 2017, first half of June 2018), two to three weeks before natural snowmelt (Figure 4.1). In 

2016 and 2017 we decreased the snow depth from roughly 1 m to 0.5 m to achieve earlier snow-

melt, and we increased the snow depth to 2.2-2.5 m to delay snowmelt. An unstable weather pe-

riod in 2018 postponed the snow manipulation, so that the mean snow depth was only 0.5 m, 

thinner than desired for the treatment. We therefore removed snow down to 0.3 m and added it 

up to 0.5-0.7 m, depending on snow availability. Then, because of the lower snow depth on the 

snow addition parcels, we covered the snow addition parcels with a white, water permeable fleece 

(Datex KN 25, Fritz Landolt AG, CH), which was removed after ten days when snow height was 

0.3 m. 
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We applied the drought treatments using rainout shelters, starting directly after snowmelt: on 

June 16th, 2017 and on July 2nd, 2018 (no drought treatment in the year 2016). 

The basal area of the shelters was 2.5x 3 m, thus, they were 0.5 m larger than the parcels in either 

direction. The tent-like shelters had a ridge height of 1.2 m, with both long edges reaching down 

to 10 cm above the ground and covered by UV-B permeable foil (Lumisol AF clear, Hortuna AG, 

CH). The triangular openings of the short sides were oriented in the main wind direction (W-E), 

ensuring a constant air flow to minimize microclimatic effects. Wooden strips at both long sides 

of the shelter drained the excluded rainwater outside the lower end of the parcel. These rainout 

shelters were constructed to withstand harsh alpine weather conditions and have already been 

successfully implemented for a drought experiment (Schmid et al. 2011, photo of rainout shelter 

in the Figure 2.1).  

Temperature sensors in the centre of each plot (HOBO UTBI-001 TidbiT v2 Temp, Onset, US, 1-

h measurement intervals) measured the soil temperature adjacent to most alpine plants’ meri-

stems (3-4 cm depth). Diurnal temperature fluctuations after snowmelt revealed exact snowmelt 

dates within each plot. We additionally used the soil temperatures for assessing temperature ef-

fects of rainout shelters (day- and night-time effects separated: 11 a.m.-10 p.m. and 11 p.m.-10 

a.m. These 12-hour intervals consider daily minima and maxima of soil temperatures, lagging 

two hours behind air temperatures. During the growing seasons 2017 and 2018, every 10 

minutes two weather stations (Vantage Pro2, Davis Instruments Corp., USA) recorded precipita-

tion, global radiation and air temperatures at 1.5 m above ground. Surface temperatures were 

measured with an IR thermal camera (VarioCAM®, Infratec, Dresden, GER). Thermograms 

were taken in each plot on six sunny days with all rainout shelters removed (two times in 2017, 

four times in 2018) from a distance of 180 cm southwards of the plots at an angle that covered 

the whole plot. Pixel-based temperatures were extracted using the software IRBIS 2.20 (Infratec, 

Dresden, GER; temperatures are shown in Figure S2.1 and Table S2.1). 

We manually measured the soil moisture of the top 5 cm (Theta probe ML2x, Delta-T Devices, 

UK), with a one to two weeks interval. For assessing the drought effect in both years, we averaged 

the soil moisture values over five separate time periods as rainout shelters were immediately in-

stalled after snowmelt and therefore differed in the date between the two years (N indicates the 

number of measuring campaigns during the corresponding period). Two time periods with all 

rainout shelters installed (moderate and intense drought, 1st and 2nd half), two time periods dur-

ing intense drought (1st and 2nd half), and one after the removal of all rainout shelters. Eight soil 

moisture retention curves (pF curves, pF as the log10 of the matrix potential) served as a reference 

for the actual drought effect (10 and 30 cm soil depth, measured with a HYPROP 2, METER En-

vironment/UMS, GER). The growing season 2018 was exceptionally dry and we observed wilting 

adjacent to our study site, therefore, we watered the controls twice (1st and 28th of August), with 

17 L m-2 each, to prevent any drought damages in the controls. 

 

Phenology 

We assessed phenology twice a week directly after snowmelt, weekly throughout the main season, 

and biweekly at the end of the season (after flower senescence). This resulted in 7, 12 and 10 phe-

nology assessments in the years 2016, 2017 and 2018, respectively. For each plot and each spe-

cies growing on it, we determined its phenological stage. We characterized main flowering as the 

state when the majority (≥ 50%) of flowering individuals on a plot had fully open flowers, and 

clearly visible open anthers and stigmas in case of sedge and grass species. We assessed flower 

senescence when the majority of flowering individuals had dried or fallen off petals or dried and 
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broken off anthers for the graminoids. We then defined the transition to main flowering (TMF) as 

the start date of main flowering, and the flower duration as the time span until flower senescence. 

TMF was used for the analysis instead of the transition to earliest flowering because of its distinct 

signal at plant species level (e.g., CaraDonna et al. 2014). 

Although we selected the most abundant species only, not all of these occurred in each plot. Dom-

inant graminoids (C. curvula, H. versicolor) had often more than 50 individuals per plot, while 

forb species were much less abundant (6-20 individuals per plot). We therefore restricted our 

analysis to species that occurred at least three times per implemented treatment combination 

(snow and drought treatments) in all three years (n = 3-5). These were the sedge C. curvula, the 

Figure 2.1 Snow manipulations and rainout shelters at the field site at 2,500 m a.s.l. in 2017. The 
insert with snow manipulations was retrieved from https://www.webcam-4insid-
ers.com/de/Oberwald/15221-Oberwald.php (on-site webcam) 
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grasses A. alpinum and H. versicolor as well as the forbs G. montanum, L. helveticus, P. aurea, 

and T. alpinum. In 2016, flowering was not recorded in A. alpinum. 

 

Drivers for flowering phenology and interval censoring 

We differentiated between flowering phenology driven by (1) snowmelt or by snowmelt and the 

subsequent temperature regime, and (2) photoperiod (or an interaction between photoperiod and 

temperature). A special case of (1) would be a fully opportunistic plant species that starts flower-

ing immediately after snowmelt with concurrent temperature allowing for a delay of only a few 

days till TMF. For the transition to main flowering (TMF) we thus considered (1) the day of the 

year (DOY) with its specific photoperiod  (PP), (2) the time  in days elapsed since snowmelt 

(DSM), and (3) temperature, expressed by thermal sums (TS, °h ≥ 0 °C or ≥ 5 °C) measured close 

to apical meristems (at 3-4 cm soil depth; TS ≥ 5 °C are presented in the Figure S2.1 only).  

DSM and TS are highly correlated across the whole growing season, but not necessarily during 

the first few days after snowmelt. Especially for early flowering species, these temperatures at the 

very start of the growing season may be decisive for TMF and therefore, both drivers were consid-

ered here, but analysed separately. From the phenology census, we identified the interval of the 

transition for TMF and flower senescence, respectively. The last observation prior to TMF corre-

sponds to the lower interval boundary and the first observation of main flowering represents the 

upper interval boundary after the transition. For these intervals with the phenological shift, we 

have continuous records of the three potential drivers (DOY / PP, DSM, TS). 

 

Data analysis 

Drivers of TMF 

For each driver and each plant species separately, we analysed whether snow manipulation, sum-

mer drought or the different years led to a significant shift (delay / advance) of TMF. We used 

time-to-event analysis (R package survival v 2.43.3,Therneau 2015) with our census observations 

to delineate TMF. Time-to-event regression is specifically designed for situations when only the 

interval of an event occurrence is known but not its exact time. Here, “event” refers to a phenolog-

ical transition (TMF, flower senescence), and “time” denotes a phenological driver (DOY / PP, 

DSM, TS). 

The so-called hazard function describes the probability of TMF to occur at time x and the corre-

sponding survival curve provides the probability of the phenological transition to have already oc-

curred by the time x (Klein and Moeschberger 2003). With the time-to-event regression, we fit a 

parametrical hazard function to the interval censored data. For each driver, each plant species and 

the two transitions, we tested three parametric distributions (exponential, Weibull, and log-lo-

gistic) and the best fit was chosen based on the log-likelihood. Additionally, we compared para-

metric to non-parametric stepwise models, and we graphically analysed response residuals. For 

each treatment and each year, we determined TMF at the driver’s value with a 50% probability for 

individuals within plots to have transitioned (p50). We calculated the TMF's p50 values and their 

confidence intervals for each treatment combination in each year.  

As summer drought was implemented in 2017 and 2018 only, we tested its effect for these two 

years separately (model with drought, snow manipulations and years, n = 3-5). In case of a signif-

icant drought effect, only parcels without drought treatments were used for the further analysis of 

the snow treatments across all three years (2016-2018). For all analyses, we allowed twofold in-

teractions, as higher number of interactions could not be interpreted in an ecologically reasonable 

manner for the given set-up. Significant treatment and year effects were assessed using type III 
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ANOVA. Because TMF occurred before the end of the moderate drought treatment, we averaged 

the values for the moderate and intense drought treatments. We present absolute values, but the 

drivers for TMF were standardized to values between 0 and 1 to allow direct comparisons among 

drivers. The predictive power of a driver was judged by its degree of concurrence with the ob-

served onset of TMF. The best fitting driver was identified by a very small difference between the 

earliest and the latest onset of a phenological shift across experimental treatments in all three 

years (standardized range of TMF).  

 

Photoperiod dependent temperature sums 

In addition to the treatment effects, we investigated the linear relation of TS (°h ≥ 0 °C) at TMF 

and snowmelt dates (with its respective photoperiod) for each species, again with time-to-event 

analysis, using a gaussian hazard distribution. For those species with a drought effect in the prior 

analysis, we also tested the response to drought, allowing for the interaction of drought and snow-

melt dates. 

 

Flower duration 

We assessed the flower duration as the time difference between TMF and the transition to flower 

senescence (both p50 values). p50 values were extracted from survival models, based on the 

driver days since snowmelt (DSM). Particularly later in the growing season, DSM and TS are 

highly correlated, and therefore, we here report flower durations expressed in DSM (days) but not 

in TS (°h). For flower duration we considered 2017 and 2018 only. The difference in natural 

snowmelt dates among the two years was far larger than what we achieved through snow manip-

ulations. Thus, for flower duration, we accounted for differences between years and for the effect 

of drought, but not for the effect of snow manipulation. Thereof, we derived one flower duration 

per treatment combination and year. This resulted in a replicate of n = 3 per drought treatment 

and year. We applied stepwise backwards model selection to the full model with interaction ef-

fects between species, years, and drought treatment. Contrasts were calculated through Tukey 

HSD post hoc comparisons (R package emmeans v1.4.2., Lenth et al. 2019). All analyses were 

performed with the statistical software R-3.5.2 (R Core Team 2019). 

 

Results  
Snow manipulation and snowmelt dates 

2016 was a relatively normal year with respect to snow cover and snowmelt date (Figure 2.2; 

compared to the data for the 2013-2020 period from the Furka weather station). Very little snow 

in the winter 2017 and an exceptionally warm spring led snowmelt to occur 24 days earlier than 

in the previous year, and 14 days earlier than in 2018. Snow manipulation in 2016 caused a nine 

days earlier snowmelt (snow removal) and a delay of one day only through snow addition. In 

2017, snow removal advanced melt by six days and snow addition delayed it by four days. After a 

period with thunderstorms in spring 2018, snow manipulation was late and the combination of 

snow addition and fleece postponed snowmelt by six days, while the removal of snow from an 
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already thin snowpack advanced snowmelt by two days only. Across all three years with snow 

manipulations, the range of snowmelt dates covered 38 days.  

 

Drought treatment and microclimatic effects  

The drought treatments (moderate and intense) during the growing seasons 2017 and 2018 suc-

cessfully reduced soil volumetric water contents (Table 2.1). Compared to the relatively normal 

summer precipitation in 2017 (+17% compared to the 2013-2016 mean for June-August), the 

2018 growing season was very dry (-40% compared to 2013-2016) and temporarily, soil mois-

ture in the controls of 2018 was lower than in the extreme drought treatment of 2017. Through-

out the second half of the moderate drought treatment, soil moisture was on average 7.8 vol% 

(2017) and 7.3 vol % (2018) lower than in the control parcels. During the second half of the in-

tense drought treatment, soil moisture was 15.2 vol% (2017) and 10.9 vol% (2018) lower than in 

controls, respectively. Mean soil moisture values did not drop below the permanent wilting point 

of 10.1 vol% (derived of eight pF curves at 10 cm soil depth; 8.8 vol% at 30 cm soil depth), but in 

single parcels soil moisture reached these values. After termination of the moderate drought treat-

ment, average soil moisture values recovered to values in the range of the control parcels. Our 

weekly assessments showed that the snow manipulations did not affect the soil water contents 

beyond two weeks after the start of the drought treatment in 2017, and three weeks in 2018 (data 

not shown).  

The rainout shelters induced slightly higher soil temperatures (0.3-1.4 K, Table 2.1), because of 

the inhibition of radiative cooling during night (0.1-0.4 K for the period with the intense drought 

treatment). Further, an increased warming effect under intense drought compared to moderate 

drought indicated less evaporative cooling under extreme drought. The overall soil temperature 

increase under rainout shelters amounted to 0.9 K.  

Surface temperatures (thermal imaging) at single, sunny days (rain-out shelters briefly removed) 

were typically higher under experimental drought (up to 3.9 K under intense drought), pointing 

to stomatal closures and elevated sensible heat fluxes from leaves and soil surface (Figure S2.1 

and Table S2.1). 

 

Figure 2.2 Snowmelt date (mean ± sd) of three consecutive years (2016-2018) with snow ma-
nipulation (see Figure 2.1) 
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Table 2.1 Soil moisture (mean ± sd) in the topsoil (0-5 cm, manually measured) of plots with 
moderate and intense drought during selected time periods 2017 and 2018 (n = 5 per treat-
ment, 5 measuring points each) and soil temperature (mean ± sd) in 3-4 cm depth (continuous 
measurements). N indicates the number of soil moisture measuring campaigns during the cor-
responding time period 

Time pe-

riod 
Drought  

Soil moisture (vol%) Soil temperature (°C) 

2017 2018 2017 

(day)       (night) 

2018 

(day)       (night)  N  N 

Mod. 
drought 

control 32.2 ± 4.6 2 24.7 ± 4.4 2 16.1 ± 3.9 10.7 ± 2.4 16.3 ± 2.7 10.9 ± 1.4 

1st half moderate 24.4 ± 6.2  19.5 ± 6.1  16.1 ± 3.6 11.5 ± 2.5 16.4 ± 2.5 11.7 ± 1.3 

 intense 25.4 ± 5.7  20.2 ± 5.2  16.4 ± 3.8 11.5 ± 2.5 16.6 ± 2.6 11.8 ± 1.4 

Mod. 
drought 
2nd half 

control 30.0 ± 6.7 

4 

20.9 ± 5.4 

4 

15.2 ± 3.6 11.2 ± 2.1 17.0 ± 3.4 12.1 ± 1.8 

moderate 22.2 ± 5.8 13.6 ± 4.6 15.3 ± 3.4 11.9 ± 2.0 17.4 ± 3.3 13.1 ± 1.9 

intense 22.2 ± 5.9 13.9 ± 4.8 15.6 ± 3.5 11.9 ± 2.0 17.8 ± 3.4 13.3 ± 1.8 

Intense 
drought 
1st half 

control 34.0 ± 3.5 

1 

29.1 ± 5.5 

2 

14.4 ± 3.7 11.2 ± 1.9 15.5 ± 2.6 11.5 ± 1.2 

moderate 27.6 ± 5.8 21.1 ± 5.8 14.4 ± 3.8 11.0 ± 1.9 15.6 ± 2.7 11.4 ± 1.4 

intense 21.4 ± 5.8 15.2 ± 6.5 15.0 ± 3.1 12.0 ± 1.8 16.4 ± 2.6 12.5 ± 1.2 

Intense 
drought 
2nd half 

control 38.3 ± 4.4 

1 

25.1 ± 3.9 

2 

14.7 ± 3.2 10.1 ± 2.0 13.0 ± 2.7 9.3 ± 1.7 

moderate 35.0 ± 4.8 19.8 ± 4.5 14.8 ± 3.3 10.0 ± 2.0 13.0 ± 2.8 9.2 ± 1.7 

intense 23.1 ± 5.8 14.2 ± 4.9 15.7 ± 2.6 11.5 ± 1.7 13.8 ± 2.9 10.2 ± 1.7 

After 
drought 

control 22.6 ± 3.4 

1 

29.2 ± 3.7 

1 

8.3 ± 4.8 6.0 ± 3.5 13.9 ± 2.5 9.6 ± 1.3 

moderate 21.1 ± 4.0 25.8 ± 3.8 8.5 ± 4.9 6.1 ± 3.5 14.1 ± 2.6 9.5 ± 1.4 

intense 17.1 ± 3.3 20.6 ± 5.5 8.4 ± 5.0 6.0 ± 3.6 14.7 ± 3.1 9.6 ± 1.6 

 

Transition to main flowering (TMF) 

The early snowmelt in 2017 induced early TMF in all species. Correspondingly, snow removal 

consistently induced an earlier, snow addition a later TMF in all species (DOY in Figure 2.3). 

Thus, no critical threshold in photoperiod could be observed. Nevertheless, we identified two 

groups of species, differing in their responsiveness to early snowmelt dates. The early snowmelt 

in 2017 (24 days earlier) advanced flowering by 20-24 days in C. curvula, H. versicolor and T. al-

pinum (no records for A. alpinum in 2016), indicating that TMF of this group of species is driven 

by the snowmelt date and the subsequent temperature regime. In a second, less responsive group, 

consisting of the forbs G. montanum, L. helveticus and P. aurea, flowering set in only 10 to 13 

days earlier in 2017.  

The driver DOY / PP consistently exhibited the broadest variation across all years and snow ma-

nipulations, whereas DSM and TS were always less variable (smaller horizontal grey bars in Fig-

ure 2.3). Without snow manipulation, DSM at TMF only varied by four days for the species C. 

curvula, A. alpinum, H. versicolor and T. alpinum, but by 7 to 13 days for G. montanum, L. hel-

veticus and P. aurea. Thus, these results suggest that within the observational period of our study, 

DSM and TS exerted a substantially larger effect than DOY / PP, even in a year with exceptionally 

early melt and additional snow removal. In the following, we present the best fitting driver for 

TMF for each species of the two groups (Table 2.2).  

 

Temperature sums and days since snowmelt at the transition to main flowering 

TMF in C. curvula was characterized by very similar TS (between 2,300 to 3,400 °h ≥ 0 °C) 

across years and snow manipulations (Table 2.2). DSM ranged between 9 and 15 days, but the 

total range of TMF (scaled) for TS was 45% smaller than for DSM. In control plots, C. curvula 
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started flowering after accumulating 2,300 °h to 2,900 °h, with lowest values in 2018. Significant 

differences between years and snow manipulations (Table 2.2) were slightly smaller than TS typi-

cally accumulated during two average days in July (ca. 600 °h ≥ 0 °C day-1). This dominant sedge 

flowers very quickly after snowmelt and thus, represents a fully opportunistic flowering behaviour 

with respect to snowmelt date.  

Similarly, but not as extreme as in C. curvula, for T. alpinum, TS was the best describing driver 

for TMF and compared to DSM, the range of TS at TMF was 15% smaller. T. alpinum’s TMF 

started at 10,200 °h on control plots without any significant differences between years. Snow ma-

nipulation significantly influenced TS at the TMF (p = 0.03), with a delay after snow removal (+ 

900 °h) and acceleration following snow addition (-700 °h). This had a slight compensatory effect 

within years, increasing the temporal synchronization of flowering (Figure 2.3). Nevertheless, 

Table 2.2 Best fitting driver for TMF (transition to main flowering) of each plant species (2016-
2018). Left: Thermal sums accumulated at TMF and days since snowmelt at TMF on controls 
(derived from time-to-event models, n = 3-5). Values following snow removal (snow rem.), 
snow addition (snow add.) and drought are shown as difference to the control (units according 
to the driver). The difference of the drought treatment to the control is averaged over snow 
treatments. Right: test statistics (LR Χ2) for explaining variables for TMF (bold p-values indi-
cate statistically significant differences). Abbreviation D: drought treatment, Y: year 

Species 
Best 
fitting 
driver 

Y 
TMF 
in con-
trol 

Difference to control Expl. 
Var 

LR Χ2 
(df) 

p-value Expl. 
Var 

LR Χ2 
(df) 

p-
value rem. add. D 

 
Sedge 

C.  
curvula 

TS 
(°h) 

2016 2,900 500 -100   S 11.27 (2) < 0.01 D  2.23 (1) 0.14 

2017 2,700 600 -300 500 Y  10.20 (2) 0.01 D × S 3.67 (2) 0.16 

2018 2,300 300 0 200 S × Y 1.39 (4) 0.85 D × Y 1.58 (1) 0.21 

 
Grasses 

A. 
alpinum 

DSM 
(days) 

2016 - - -   S 2.14 (2) 0.34 D  14.57 (1) < 0.01 

2017 29 0 -2 -5 Y  0.06 (1) 0.80 D × S 1.59 (2) 0.45 

2018 29 -3 0 -4 S × Y 2.86 (2) 0.24 D × Y 0.35 (1) 0.55 

H. versi-
color 

DSM  
(days) 

2016 42 1 3   S 3.40 (2) 0.18 D  0.13 (1) 0.71 

2017 46 4 -4 2 Y  3.81 (2) 0.15 D × S 2.43 (2) 0.30 

2018 44 2 1 -1 S × Y 10.09 (4) 0.04 D × Y 0.70 (1) 0.40 

 
Forbs 

G. mon-
tanum 

TS  
(°h) 

2016 3,200 1,000 300   S 5.65 (2) 0.06 D  2.48 (1) 0.12 

2017 5,500 100 -100 -200 Y  59.21 (2) < 0.01 D × S 1.59 (2) 0.45 

2018 5,200 300 -300 -500 S × Y 3.40 (4) 0.46 D × Y 0.47 (1) 0.49 

L. hel-
veticus 

DSM 
(days) 

2016 33 2 2   S 0.01 (2) 0.01 D  1.70 (1) 0.19 

2017 43 3 0 -1 Y  92.67 (2) < 0.01 D × S 0.43 (2) 0.81 

2018 36 1 -4 -2 S × Y 3.74 (4) 0.05 D × Y 0.56 (1) 0.46 

P.  
aurea 

TS  
(°h) 

2016 6,300 300 1100   S 0.09 (2) 0.96 D  0.45 (1) 0.50 

2017 9,900 -900 -700 800 Y  28.57 (2) < 0.01 D × S 0.20 (2) 0.90 

2018 9,900 100 -700 -400 S × Y 6.05 (4) 0.2 D × Y 3.62 (1) 0.06 

T.  
alpinum 

TS 
(°h) 

2016 9,600 1,400 -300   S 6.97 (2) 0.03 D  3.13 (1) 0.08 

2017 10,900 -300 
-

1000 -600 Y  0.74 (2) 0.69 D × S 0.36 (2) 0.83 

2018 10,200 1,000 
-

1300 -800 S × Y 2.56 (4) 0.69 D × Y 0.08 (1) 0.77 
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flowering after snow removal started up to five days earlier than on control plots. TS at TMF did 

not increase after snow removal in the early melt year 2017. 

For H. versicolor, TS and DSM predicted the TMF equally well (2% difference in the range of 

TMF between the two drivers). Following natural snowmelt, it took H. versicolor 42 to 46 days to 

start flowering. Across all years, snow manipulations increased DSM by one to four days, except 

for snow addition in 2017, which accelerated TMF by four days compared to the control (interac-

tion between snow manipulation and years, p = 0.04). The same pattern was observed for the 

driver TS (Figure 2.3). TMF in A. alpinum on average occurred 28 days after snowmelt without 

any significant differences between years nor snow manipulations and with very a similar course 

for TS.   

In contrast to the species above, TMF of L. helveticus showed large differences in both TS and 

DSM among years and snow manipulations (Figure 2.3). TMF started 33 (2016) to 43 (2017) 

days after natural snowmelt (pyear < 0.01). Snow removal prolonged the time between snowmelt 

and flowering by 0.5 to 2.5 days, while snow addition caused contrasting responses among years 

(snow manipulation: p = 0.01, snow manipulation × year interaction: p = 0.05, Table 2.2). The 

same pattern was observed for the driver TS (Figure 2.3). For G. montanum and P. aurea, the 

Figure 2.3 TMF for the three drivers DOY, DSM and TS (°h ≥ 0 °C) of each plant species in 
2016– 2018 (DOY: day of the year, DSM: days since snowmelt, TS: temperature sum). Error 
bars represent 95% confidence intervals of TMF (n = 3-5). Grey bars indicate the range of the 
driver at the TMF (earliest vs. latest TMF). Species were ordered by functional groups (sedge, 
grass, forb). No data for Anthoxanthum in 2016 
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total range of TMF (scaled) across years and snow manipulations was slightly smaller for TS than 

for DSM (12% and 9%). Although the difference between years was not as pronounced as for L. 

helveticus, it was statistically significant for both forbs (p < 0.01). Highest TS were accumulated 

in the early melt year 2017 and lowest TS after late melt in 2016 (Table 2.2). Main flowering in G. 

montanum started at 3,200 °h (2016) to 5,500 °h (2017), in P. aurea at 6,300 °h (2016) to 

9,900 °h (2017). For G. montanum, snow manipulation had a marginal influence on TS (p = 

0.06), with higher TS after snow removal (delaying effect), whereas for P. aurea there was no sig-

nificant influence of the snow manipulations. The patterns for DSM were very similar as for TS 

for both species (Figure 2.3).  

Figure 2.4 TS at TMF (temperature sums at the transition to main flowering) in relation to the 
snowmelt date in 2016 – 2018, with census intervals, regression line (blue: no drought, orange: 
drought, black: no significant drought effect) and 95% CI (grey) 
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Overall, for the species C. curvula, A. alpinum, H. versicolor, and T. alpinum one single driver ex-

plained TMF adequately well. Relatively constant TS or DSM defined their TMF. These patterns 

with respect to TMF did not vary much between thresholds of 0 °C and 5 °C. The total variability 

in TMF was slightly larger for the 5 °C threshold (Table 2.2). In contrast, the forbs G. montanum, 

L. helveticus, and P. aurea exhibited a much larger variation in DSM and TS. For those species, 

photoperiod signals are likely to influence TS at TMF.  

 

Photoperiod dependent temperature sums 

To further investigate photoperiod effects, we additionally analysed the TS at TMF in relation to 

the date of snowmelt. For the four apparently non-photoperiod sensitive species (Table 2.3), the 

TS at TMF did not depend on the date of snowmelt (all p > 0.1), evidenced by horizontal regres-

sion lines (Figure 2.4). The TS changes per one-week difference in snowmelt dates did not evoke 

changes that were higher than 300 °h (a typical, daily °h-value in July). Thus, the TMFs of these 

species were fully insensitive to photoperiod (Table 2.3). On the contrary, TS in L. helveticus and 

similarly in G. montanum and P. aurea (Table 2.3) significantly decreased with later snowmelt 

dates, revealing a high photoperiod sensitivity (Figure 2.4). Across our observational period, one 

week of difference in snowmelt dates caused TS at TMF of L. helveticus to decrease by 825 °h, 

and for the other two species, TS decreased in the range of 440 to 490 °h (Table 2.3). 

 

Drought effects on TMF 

 Only for three out of seven species, the TMF was affected by summer drought (Table 2.2), and A. 

alpinum and T. alpinum both responded directly (without drought × year interaction). Under 

drought, TMF of A. alpinum occurred five days earlier than in controls (p < 0.01), and irrespec-

tive of the snowmelt date, drought reduced TS at TMF by 2,000 °h (p < 0.01, Figure 2.4). For T. 

alpinum, drought accelerated TMF by reducing TS by 600-700 °h compared to the controls 

(p = 0.04, Figure 2.4). The drought response in P. aurea was less uniform, accentuated by a mar-

ginally significant interaction between drought and years (p = 0.06). Drought in 2017 reduced TS 

at TMF (800 °h on average) but increased it in 2018 (400 °h) in relation to controls.

Table 2.3 The linear relation between TS at TMF (temperature sums in °h ≥ 0 °C) and plot-
specific snowmelt dates (2016-2018). The ‘change TS per week’ indicates the change in TS 
per one-week later snowmelt. Test statistics are presented by log-likelihood deviances and 
p-values (ANOVA, n is total number of observed intervals) 

Species 
Change TS 
per week 
(°h / wk) 

n 
Log- 

likelihood  
deviance 

p-value PP  
sensitive 

 C. curvula - 24 135 0.17 (1) 0.68 no 

A. alpinum * 3 75 0.02 (1) 0.89 no 

 H. versicolor -181 117 2.10 (1) 0.15 no 

 G. montanum - 441 96 32.95 (1) < 0.01 yes 

 L. helveticus - 825 132 85.80 (1) < 0.01 yes 

 P. aurea - 491 111 19.16 (1) < 0.01 yes 

 T. alpinum 20 98 0.36 (1) 0.85 no 
 

* Years 2017, 2018 
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Flower duration 

The flower durations in 2017 and 2018 were estimated as the time difference between 

TMF and the transition to flower senescence for each species and drought treatment. The 

flower durations in 2017, with very early melt, were longer than those in 2018 (p < 0.01, 

Table 2.4), and drought increased the flower duration significantly (p = 0.04). However, 

the effects of both, early snowmelt and the drought treatment, were very species specific. 

We did not find an interaction effect between drought and years (p = 0.61).  

For individual species, only the two grasses A. alpinum and H. versicolor strongly differed 

in flower durations between the two years. A. alpinum flowered 15 days in the early 

snowmelt year 2017 and 6 days in 2018. Similarly, H. versicolor’s flower duration in 

2017 lasted 15 days and 10 days in 2018, respectively (p < 0.01). In the forb T. alpinum, 

the flower duration was marginally longer in 2017 than in 2018, (10 days in 2017 and 6 

days in 2018; p = 0.06). For the species with a short flower duration (C. curvula, G. mon-

tanum, L. helveticus and P. aurea) in the range of one to five days, no significant differ-

ences between the two years were observed.  

Only one species, A. alpinum, flowered significantly longer under drought (8 days in both 

years; p < 0.01, Figure 2.5). As mentioned above, our results suggest slightly longer 

flower durations for all species in 2017 than in 2018, except for C. curvula. In 2017, the 

Table 2.4 ANOVA results for the flower duration (recalculated after removing non-signifi-
cant variables from the full model) 

 
Sum Sq df F value p-value 

Intercept 4638.8 1 835.5593 < 0.01 

Drought 25.2 1 4.5446 0.04 

Species 1346.1 6 40.4114 < 0.01 

Year 229.8 1 41.3853 < 0.01 

Species × Drought 206.8 6 6.2083 < 0.01 

Species × Year 140.8 6 4.2281 < 0.01 

Residuals 349.8 63   

 

Figure 2.5 Flowering duration (mean ± se) for the seven plant species in 2017 and 2018 (n = 3, 
without snow manipulations). Open symbols: controls, filled symbols: drought (moderate and 
intense averaged). Letters refer to Tukey post-hoc comparisons by species 
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mean July air temperatures at the site were 1.0 K lower than in 2018 (Figure S2.2 for on-

site weather conditions).  

 

Discussion  
This snow manipulation and summer precipitation exclusion experiment at 2,500 m a.s.l., re-

vealed that the flowering phenology of the main species in this alpine grassland closely pursue 

snowmelt date and the microclimatic conditions thereafter. Drought had a minor influence on 

TMF, most likely because flowering started before the soil had gone through the most severe de-

hydration. DOY / PP at snowmelt varied by 38 days among the three different years (2016-2018) 

and the snow manipulations. We were able to distinguish between non-photoperiod sensitive 

species (C. curvula, A. alpinum, H. versicolor, T. alpinum) and species that closely track the pho-

toperiod (L. helveticus, G. montanum, P. aurea). In species exhibiting photoperiodism, later 

snowmelt accelerated TMF and caused a higher degree of flowering synchrony. This increased 

synchrony may be of larger importance for plant species that depend on pollinators, as all three 

photoperiod sensitive species are insect-pollinated forbs. The non-photoperiod sensitive species 

(all but one wind pollinated) showed very similar TS at TMF across experimental manipulations 

and years.  

 

The role of snowmelt and microclimate 

The number of days elapsed since snowmelt (DSM) at TMF was consistently less variable than 

DOY at TMF, even for photoperiod sensitive species. Snow removal led to earlier flowering irre-

spective of DOY and snow addition caused later flowering. This confirms other snow manipula-

tion studies performed in (sub-)alpine and arctic ecosystems (e.g., Totland and Alatalo 2002; 

Lambert et al. 2010; Wipf and Rixen 2010). Particularly for C. curvula, TS at the TMF varied by 

45% less than DSM. Hence, in these species TMF was determined by the snowmelt date, but with 

a time lapse defined by species-specific heat sum requirements. Low temperatures immediately 

after snowmelt may delay the floral development. The later snowmelt occurs, the stronger the 

correlation of TS and DSM. For late flowering species (e.g., H. versicolor), DSM and TS may thus 

be substituted by each other as drivers.  

We assume that the highly opportunistic flowering behaviour of the dominant species C. curvula 

that was also observed by Wagner and Reichegger (1997), is related to a rather complete prefor-

mation of the inflorescences (Erschbamer et al. 1994), allowing such rapid flowering. The less 

complete inflorescences are preformed, the greater the influence of weather conditions after snow-

melt on TMF. In some species, preformation (primary induction sensu Heide, 1990) may take up 

to two years prior to flowering (Diggle and Mulder 2019). The tight coupling of flowering with 

snowmelt (with only minor weather-dependent delay) in the wind pollinated C. curvula creates 

topography driven reproduction cohorts which flower simultaneously - tracking the distinct 

small-scale snowmelt patterns. This may promote ecotype formation (reproductive guilds) over 

longer time periods. TMF in T. alpinum also correlated with TS. This species forms very large and 

complex inflorescences, the full development of which requires more time, and thus, depends 

more strongly on the weather conditions in the weeks after snowmelt. 

 

Covering a wide range of high-latitude and high-elevation phenological observations, Prevéy et al. 

(2019) demonstrated that under current global warming, late flowering species may start flower-

ing earlier in the season. In contrast to our results, Prevéy and co-authors assumed that early 
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flowering species followed photoperiod more closely (in addition to snowmelt date), and late 

flowering species pursued the temperature regime. In contrast, Wadgymar et al. (2018) observed 

that in six subalpine forb species, flowering advanced fastest in earlier flowering species. Our data 

show that both, an early flowering species C. curvula as well as a later flowering species T. al-

pinum were triggered by thermal sums. Both species required higher TS till TMF after snow re-

moval, but lower TS following snow addition, suggesting a slight flowering synchronization in 

these two non-photoperiod sensitive species.  

Whether an earlier start of the seasonal phenological development will also yield reproductive 

benefits is rather questionable (Gugger et al. 2015). A potential trade-off of an earlier snowmelt 

date is the greater risk of late freezing events (Wipf et al. 2009). In a 31-yr-long phenology study 

in the Rocky Mountains, Inouye (2008) found a higher degree of frost damage after early snow-

melt. Number of flowers, leaf growth and survival of the evergreen forb Gentiana nipponica were 

significantly reduced in populations with one-month earlier snowmelt (Kawai and Kudo 2018). 

However, occasional frost damages do not necessarily cause a population decline, given that these 

taxa are all long lived and, to variable degree, clonal. Observations in the subalpine sunflower He-

lianthella quinquenervis revealed that early snowmelt (between 1999 and 2012) increased the 

risk of frost damages, but it also enhanced the number of flowers in the following growing season 

(Iler et al. 2019). The authors suggested a higher allocation of assimilates to preforming buds for 

the next year, thus, overcompensating for the frost damages.   

 

The role of photoperiod 

The fact that TMF in three of the seven species was modulated by photoperiod underlines the ob-

servations by Keller and Körner (2003) that half of 23 alpine and nival species revealed a photo-

period effect on flowering (though much stronger than observed here). Hence, these three species 

were unable to utilize an earlier onset of the snowfree period. The photoperiod control became 

less decisive once a minimum daylength requirement had been surpassed. Yet, the plants studied 

by Keller and Körner (2003) started the growing season in daylight growth chambers with a 4 h 

shorter photoperiod than would normally occur in the field. At our field site, such a difference 

would correspond to a snowmelt in mid-March and even the exceptionally early snowmelt in 

2017 (3.5 weeks earlier) corresponds to a photoperiod difference in the range of minutes only 

(maximum of 10 min). At field conditions, it is therefore unlikely that differences in photoperiod 

of several hours will come into action in a warmer future. Iler et al. (2013) studied 58 subalpine 

plant species over 38 years and found that peak flowering linearly advanced with snowmelt dates 

in 38% of all species. However, roughly one fifth of the species had longer development times 

when snowmelt occurred before a certain date. By using a similar time-to-event analysis as in our 

study, with temperature sums (soil temperature), snowmelt dates and photoperiod, Hülber et al. 

(2010) concluded that temperature was the dominant driver for the transition to flowering in all 

ten alpine species tested along a natural snowmelt gradient.  

The challenge with such conclusions is that these three components, the date of snowmelt, the 

temperature conditions and photoperiod interact in a non-linear way on species that differ in their 

degree of flower bud preformation (and thus, the time required to grow an inflorescence). When 

conditions are favourable and plants enter the winter with almost completed flower buds, it seems 

that temperature after snowmelt is the only factor driving TMF. The role of photoperiod comes 

into action as a modulating factor when snowmelt occurs much earlier (as was observed in 2017). 

This gradual nature of the photoperiod influence complicates the interpretation. When species are 

released at a date at which they are sensitive to photoperiod, they seem to require more thermal 
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energy (TS) after earlier snowmelt till flowering. We found such a gradual influence in L. helvet-

icus and less pronounced in G. montanum and P. aurea. For the observed period, TS at TMF in-

creased linearly with earlier snowmelt dates, including a year with 3.5-wk earlier snowmelt than 

usual. 

For snowbed species, reduced heat requirements for flowering have been observed after late 

snowmelt (Carbognani et al. 2016). Larl and Wagner (2006) noticed a substantially faster seaso-

nal cycle of Saxifraga oppositifolia in subnival (2.5 months) than in alpine populations (4-month 

season), along with lower temperature sums for reaching all developmental stages. They hypothe-

sized that the evolved genotypes at the subnival sites require less thermal energy. This is in line 

with results of Prock and Körner (1996), who unveiled an origin-specific influence of photoperiod 

on flowering and plant senescence (but not for the Rosaceae species they included) by means of a 

cross-continental transplant experiment. The modulating effect of photoperiod on phenology may 

enhance such micro-evolutionary processes. 

 

Drought effects 

TMF was largely unaffected by summer drought. Only the grass A. alpinum showed a pro-

nounced shift by a five-day earlier flowering and a longer flower duration under drought (plus 

eight days). A similar response was observed in a lowland grassland, where flowering under 

drought lasted four days longer (Jentsch et al. 2009). The TMF of C. curvula, H. versicolor, G. 

montanum, and L. helveticus remained completely unaffected by drought, similar to findings for 

the Bavarian Alps by Cornelius et al. (2013). These authors explored drought effects along an ele-

vational gradient (800-2,000 m a.s.l.) and in contrast to the lower elevation sites, plants at higher 

elevations did not respond to drought. However, the drought treatment in the study of Cornelius 

and co-authors started late (four weeks after snowmelt, thus missing the most critical period). 

The transitions to flowering of 20 montane and alpine species was clearly advanced by an eleva-

tional down-shift of 1000 m asl, but not by drought alone, revealed by a transplant experiment 

(Gugger et al. 2015). Sheltering off rain did also not affect flowering phenology in a montane 

grassland in the French Massif Central (Bloor et al. 2010). In these cases, it is very likely that rain 

exclusion did not evoke substantial responses in flowering phenology because flowering occurred 

early in the season when the soil profile still contained sufficient moisture, causing soil profile 

depth to become an important co-variable. However, our IR surface temperatures point to preva-

lent stomatal closures under drought, underpinning that our alpine plants experienced water 

shortage in situ. 

 

Flower duration 

The longer flower duration observed in the early melt year 2017 compared to 2018 could com-

pensate for the cooler early season weather and presumably, less abundant pollinators. Several 

studies in montane grassland have noted prolonged flower durations in case of early snowmelt 

(e.g., Dunne et al. 2003; Pardee et al. 2019). Alpine forbs have been shown to be very plastic in 

their flower durations in the absence of pollinators and/or under bad weather conditions 

(Trunschke 2017; see the review in Körner 2021). Extended flowering may facilitate higher visit-

ation numbers by insects (Pardee et al. 2019). And in case of a specific plant-pollinator depend-

ency, flowering time can be decoupled from pollinator activity, as was suggested for the ephem-

eral Corydalis ambigua and its bumblebee under early snowmelt (Kudo and Cooper 2019). How-

ever, alpine plants commonly receive a very broad pollinator spectrum (e.g., Erhardt 1993; 

Tiusanen et al. 2019) and often have several cohorts of flowers, making pollinator limitation for 
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reproduction very unlikely (Wagner et al. 2016; Arroyo et al. 2017), in addition to the fact that 

many alpine plants grow clonally (Körner 2021). 

  

Conclusions 
Our snowmelt manipulation and the natural variation of snowmelt date demonstrated the im-

portance of snowmelt date and the subsequent microclimatic conditions for flowering phenology 

in late successional alpine grassland, with photoperiod playing a species-specific modulating role 

in at least three of the seven species studied. A 3.5-weeks earlier snowmelt in the exceptional year 

2017 reinforced the photoperiod effect. Even subtle changes in the snowmelt regime modified the 

heat sum required till flowering, suggesting a complex interaction between temperature and pho-

toperiod. We therefore warn against simplistic projections of correlations between climatic warm-

ing (commonly extrapolated from weather stations), snowmelt date and flowering phenology. 

The earlier snow melts, the stronger become photoperiod constraints, responses, presumably se-

lected for escaping freezing damage. These evolutionary constraints to phenology will limit poten-

tial benefits in terms of growth and reproduction of current alpine grassland taxa and their cur-

rently abundant ecotypes by a longer alpine season in a warmer climate.    
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Supplemental material for chapter 2 

 
Figure S2.1 Density plots of the surface temperature of the central 1x1 m plot during six differ-
ent dates, recorded with an IR thermal camera (15 plots per drought treatment). Dotted lines 
indicate the median temperature. The moderate drought treatment lasted until Jul 28th in 2017 
and Aug 7th in 2018 

 

Table S2.1 Surface temperatures of the central 1x1 m plot (median temperature derived for 
each single plot, listed as mean ± sd for each drought treatment) for two dates in 2017 and for 
four dates in 2018, measured with an IR thermal camera. Letters refer to the Tukey post-hoc 
comparisons of the median surface temperature (n = 15)  

 
Date Drought treatment Surface temperature (°C) 

2017-08-04 

control 24.7 ± 2.2a 

moderate 24.1 ± 2.7a 

intense 23.6 ± 2.4a 

2017-08-30 

control 30.2 ± 1.2a 

moderate 30.0 ± 1.4ab 

intense 31.2 ± 1.1b 

2018-07-11 

control 29.1 ± 2.4a 

moderate 30.1 ± 2.4ab 

intense 31.5 ± 2.7b 

2018-07-26 

control 28.7 ± 2.5a 

moderate 31.7 ± 2.2b 

intense 32.4 ± 1.7b 

2018-08-15 

control 26.7 ± 3.7a 

moderate 29.0 ± 2.3ab 

intense 30.6 ± 4.2b 

2018-09-12 

control 29.0 ± 4.4a
 

moderate 29.7 ± 3.4a 

intense 32.5 ± 5.1b 
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Table S2.2 Thermal sums TS ≥ 5 °C (°h) accumulated at TMF (2016-2018). Left: values for 
the TMF following snow removal (rem.), snow addition (add.) and drought are shown as dif-
ference to the control. The difference of the drought treatment to the control is averaged over 
snow treatments. Right: test statistics for explaining variables for TMF (Abbreviations D: 
drought treatment Y: year) 

 

Species Driver Y Onset 
control 

Difference to control Expl. 
Var 

LR Χ2 
(df) 

p-value Expl. 
Var 

LR Χ2 
(df) 

p-value 
rem. add. D  

C.  
curvula 

TS ≥ 5°C 
(°h) 
  

2016 1650 250 -50   S  6.00 (2) 0.05 D  2.18 (1) 0.14 

2017 1500 300 -100 300 Y  12.34 (2) < 0.01 D × S 3.26 (2) 0.20 

2018 1150 150 150 150 S × Y 1.66 (4) 0.80 D × Y 0.45 (1) 0.50 

G. mon-
tanum 

TS ≥ 5°C 
(°h) 
  

2016 1800 650 150   S 3.99 (2) 0.14 D  1.54 (1) 0.22 

2017 3350 0 -100 -50 Y  68.53 (2) < 0.01 D × S 1.15 (2) 0.56 

2018 2950 200 0 -300 S × Y 3.59 (4) 0.46 D × Y 0.69 (1) 0.40 

P. 
aurea 

TS ≥ 5°C 
(°h) 
  

2016 3650 250 850   S 0.42 (2) 0.81 D  1.28 (1) 0.26 

2017 6100 -750 -400 650 Y  27.58 (2) < 0.01 D × S 0.15 (2) 0.93 

2018 5850 150 -150 -150 S × Y 5.99 (4) 0.20 D × Y 3.20 (1) 0.07 

T.  
alpinum 

TS ≥ 5°C 
(°h) 
  

2016 5950 1050 -100   S 13.81 (2) < 0.01 D  2.47 (1) 0.12 

2017 6100 -450 150 -500 Y  2.40 (2) 0.3 D × S 0.09 (2) 0.96 

2018 5750 -300 700 -350 S × Y 2.89 (4) 0.58 D × Y 0.06 (1) 0.81 
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Figure S2.2 Weather conditions at the study site in 2017 and 2018. Upper graph: mean daily air 
temperatures with minimum and maximum and mean daily soil temperature (3-4cm depth) of 
a control plot. Middle graph: daily radiation means, with threshold of 20 W m-2. Lower graph: 
daily precipitation with watering of controls in 2018 (2 x 17 L). Note that the weather measure-
ments started earlier in 2017 than 2018. Dotted lines indicate the start of the drought treatment, 
and the end of the moderate and intense drought treatment, respectively 
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Abstract 
Rising temperatures and shifting precipitation patterns due to climate change may extend grow-

ing seasons but with a higher risk of summer drought. To delineate the combined effects of these 

two major climatic changes on the biomass production and nutrient cycles of a late successional 

alpine grassland, we set up a snow manipulation experiment, combined with summer drought 

through 5-wk and 10.5-wk rain exclusion. In addition to snow addition and removal for manually 

shifting the snowmelt dates, the experimental years 2016-2018 included an exceptionally early 

start of the growing season in 2017.  

Experimentally prolonging the growing season neither enhanced the overall, nor the above- or 

below-ground biomass production. Five weeks of rain exclusion did not significantly affect the 

above-ground biomass, but increased the overall root production by 19%. After rain exclusion 

during almost the entire growing season (10.5 weeks), the total above-ground biomass produc-

tion declined by 19%, whereas the root production was similar as on controls.  

The response of the above-ground biomass production differed between functional groups: 5-wk 

of drought led to increased biomass production in the dominant sedge Carex curvula only, 

whereas the 10.5-wk drought caused a decline by 17%, and even by 25% in forbs.  

The decomposition of on-site litter mainly took place under the insulating snow. Thus, subse-

quent snowmelt dates and summer drought had no measurable effect on the mass loss of litter 

bags. Additional burying of maize litter enriched in 15N (stable nitrogen isotope; 370 ‰) revealed 

that the nitrogen released over the winter months was already assimilated in the foliar tissue in 

the first weeks after the growing season. The subsequent nitrogen uptake was not diminished by 

summer drought. Although not statistically significant, we found a weak trend towards hindered 

root foraging under drought. An additional nutrient layer at 5 cm soil depth increased the root 

production by 77.7% on controls, but only by 12.9% after five weeks of drought. We conclude that 

late successional alpine grasslands are surprisingly robust against shifting snowmelt dates and 

summer drought. However, droughts will evoke contrasting responses in the above- and the be-

low-ground biomass formation, and thus, future research should increasingly focus on the below-

ground processes of alpine ecosystems under drought.  
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Introduction 
Alpine regions are particularly affected by global warming because air temperatures have risen 

faster in the Alps than in the lowlands (Rebetez and Reinhard 2008; Ceppi et al. 2012; NCCS 

2018a; Hock et al. 2019). Rising temperatures and the resulting earlier snowmelt could prolong 

the growing season of alpine plants considerably (Chapter 1). Extended growing seasons may co-

incide with more frequent and more severe summer droughts (Calanca 2007; Rajczak et al. 2013; 

Gobiet et al. 2014; IPCC 2018). For the alpine and subalpine region, plant responses to both early 

snowmelt and summer drought have mostly been studied separately (but see Cornelius et al. 

2013). However, to assess the future ecosystem functioning of alpine regions hosting exceptional 

biodiversity (Körner 2003) and sustaining our water balance (Hock et al. 2019), it is crucial to ex-

plore the combined effect of early snowmelt and of summer drought. 

Although up to one half of the alpine species may be sensitive to photoperiod (Keller and Körner 

2003, Chapter 2), there is evidence that earlier snowmelt and rising temperatures cause an ad-

vancement in the phenology of many alpine and montane plant species (e.g., Hülber et al. 2006; 

Wipf et al. 2009, and see Chapter 2). But earlier plant development does not necessarily lead to 

enhanced biomass formation, as an increased risk for freezing damages after earlier melt may im-

pair plant growth (e.g., Inouye 2008; Wipf et al. 2009).  

An experimentally induced summer drought in an alpine grassland for six and twelve weeks re-

duced the above-ground biomass by 12-35% (Schmid et al. 2011), but it increased the below-

ground biomass by 47-50% (Schmid 2017). Above-ground responses to drought have been stud-

ied more thoroughly than the below-ground root production. Blume-Werry et al. (2017) docu-

mented that a nine-day earlier snowmelt in a high-latitude heath and a meadow advanced the 

growth of above-ground shoots, but not of fine roots. One can therefore not conclude from the 

easily observable above-ground phenology and growth to the below-ground plant development. 

Under drought, plant biomass allocation may preferentially shift from above-ground to below-

ground organs. Hence, concordant with the sensu functional growth analysis (Körner 2014), the 

total plant biomass production as well as its allocation to the different plant compartments has to 

be considered. 

 

The productivity of high-elevation and high-latitude ecosystem is often regarded to be limited or 

strongly influenced by nutrient availability (Jonasson et al. 1999; Körner 2003). The ongoing cli-

matic changes may affect biogeochemical processes of alpine ecosystems, including the nutrient 

cycles of alpine ecosystems (Gavazov 2010). The majority of alpine plants perform a pronounced 

resorption and recycling of nutrients (Körner 2003). During leaf senescence, Carex curvula re-

sorbs roughly two thirds of its nitrogen content from the leaves (Schäppi and Körner 1997). For 

eleven subarctic plant species it was further shown that nutrients are also resorbed from senesc-

ing fine roots, with a resorption rate of 27% for nitrogen (N) and 57% for phosphorus (Freschet et 

al. 2010). Despite the high recycling, alpine plants depend on additional nutrient inputs. The 

main input comes through mineralisation of organic material, mainly litter (root, leaf litter) to in-

organic compounds. As the decomposition of litter is slower in alpine ecosystems than in the low-

land, a reduced decomposition may limit the plant productivity and has implications for the spe-

cies distribution in the longer term (Seastedt et al. 2001). However, many alpine plants are capa-

ble to take up larger, organic N compounds (Lipson and Näsholm 2001; Miller and Bowman 

2003). Increased atmospheric N deposition, particularly N deposited through rain and snow acts 

a further N source for alpine plants (Hiltbrunner et al. 2005; Kosonen et al. 2019). Alpine species, 
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especially Carex species, seem to readily respond to this additional source and may out-compete 

slow growing alpine species (person. Communication Hiltbrunner; Bassin et al. 2012). 

Overall, the main feature of the snow cover is its insulating effect. It keeps soil temperatures above 

the freezing point and thus sustains the activity of microbes (e.g., O’Lear and Seastedt 1994; 

Hobbie and Chapin 1996; Baptist et al. 2010a) as well as of the mesofauna (Addington and 

Seastedt 1999). An unstable snow cover and soil freezing may thus prevent litter decomposition 

and delay the nitrogen mineralisation (Baptist et al. 2010a), while freeze-thaw cycles may boost 

the physical breakdown of litter (Seastedt et al. 2001). Major leaching of nitrogen with the melt-

water is restricted by the immobilisation of nitrogen by microorganisms (Brooks et al. 1996, 

1998; Brooks and Williams 1999; Schimel et al. 2004). 

Due to the high resorption of N and other nutrients during senescence, the litter of alpine plants 

has a high ratio of carbon (C) compared to N (Seastedt et al. 2001). The C:N ratio is often used to 

describe the quality and decomposability of plant litter (e.g., Frankenberger and Abdelmagid 

1985; Arnone and Hirschel 1997; Sanaullah et al. 2012). Soil temperature and soil moisture are 

important co-determinants for the decomposer community and for decomposition rates (Seastedt 

et al. 2001), but key drivers for the net mineralisation represent the substrate quality and quan-

tity, which are related to the overall productivity of an ecosystem. Drought may slowdown the 

process of decomposition (Olson 1963; Moorhead and Reynolds 1993; O’Lear and Seastedt 

1994; Seastedt et al. 2001) and limit the nutrient availability in the soil. This may potentially en-

large the competition for nutrients between plants and microbes (Jonasson et al. 1993, 1996; 

Jaeger et al. 1999; Körner 2003). 

A pulse-labelling experiment with 15N in the Austrian Alps revealed a high residence time of ni-

trogen in the topsoil and plants of alpine grasslands. After almost 30 years, 45% of the N were still 

stored in the soil and plants, mostly in form of litter or soil organic matter (Gerzabek et al. 2004). 

Because of the low vertical mobility of nutrients, a desiccating topsoil may further inhibit the nu-

trient accessibility for plants (Körner 2003).  

 

We installed a unique snow manipulation and summer drought experiment in the Swiss central 

Alps at 2500 m asl to address the combined effects of shifting snowmelt dates and summer 

drought on a late successional grassland. Because these alpine soils are usually saturated after 

snowmelt (Isard 1986), we expected that consequences of summer drought would be most severe 

in combination with snow removal and early snowmelt, with (1) reductions in the overall above-

ground biomass production, (2) earlier senescence and (3) increased below-ground investments. 

Although many clones of Carex curvula may be younger than 200 years (De Witte et al. 2012), an 

age of up to 2000 or 4200 years is possible. Thus, single clones have already survived drastic cli-

matic changes in the past (Steinger et al. 1996; De Witte et al. 2012). Therefore, we further hy-

pothesised that (4) lowered soil moisture would primarily limit the soil nutrient availability of the 

grassland dominated by this sedge. To test our hypotheses 1-4, we examined the combined effects 

summer drought and early or late snowmelt on the above-ground phytomass and the root pro-

duction, on litter decomposition in the soil, and on the nitrogen uptake of Carex curvula.  

 

Material and Methods 
Study site 

The study site was located at 2500 m asl near the Furka pass in the Swiss central Alps (46° 33’ 

47’’ N, 8° 23’ 28’’ E). With only 10° inclination, the terrain was relatively flat and featured optimal 
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conditions for an alpine snow manipulation and drought experiment. The dominant species was 

the sedge Carex curvula, with other frequently occurring grasses such as Agrostis rupestris, An-

thoxanthum alpinum and Helictotrichon versicolor, as well as the forbs Geum montanum, Leon-

todon helveticus, Potentilla aurea, Sibbaldia procumbens and the N2 fixing forb Trifolium al-

pinum. The main rooting horizon in the podsol with sandy loam was found at a depth of around 

15-20 cm, but single roots could be found at up to 1 m soil depth. The year-round weather station 

on the close by Furkapass (www.alpfor.ch) recorded mean annual air temperatures of 0.3 °C 

(2016-2018) and mean summer temperatures (Jun-Aug) of 8.0 °C. The mean annual precipita-

tion (2016-2018) was 1085 mm (with an estimated under-catch of snow of 200-350 mm because 

of strong winds in winter) and the average summer precipitation (Jun-Aug) was 365 mm. 

 

Experimental design and treatments 

We applied the snow manipulations and summer droughts on the alpine grassland in a fully fac-

torial design: snow manipulation (control, addition, removal of snow) was combined with sum-

mer drought (control, 5-wk moderate drought, 10.5-wk intense drought). We randomly selected 

45 grassland parcels (2 x 2.5 m), organised in five replicated blocks, resulting in eight treatment 

levels and one control per block. 

Snow manipulations were conducted few weeks before natural snowmelt, in early June 2016, in 

late May 2017 and in mid-June 2018. Due to unstable weather with recurrent thunderstorms in 

2018, the site could be accessed in mid-June, when the snow layer was already thin. We aimed at 

advancing snowmelt by reducing the snowpack by snow shovelling. In 2016 and 2017, we low-

ered the snowpack from ≥ 1 m to 0.5 m, and in 2018, we reduced it from 0.5 m to 0.3 m. In order 

to delay snowmelt, we piled up snow to 2.2-2.5 m (2016, 2017). In June 2018, we mounted it up 

to 0.5-0.7 m and the snow piles were then covered with white, water permeable fleece to increase 

the albedo (Datex KN 25, Fritz Landolt AG, CH). The fleece was removed when snow piles were 

30 cm high (ten days later). 

The summer drought treatment, established by rainout shelters started as soon as all parcels were 

snow-free: on June 16th, 2017 and on July 2nd, 2018 (no drought treatment in the year 2016 yet). 

The tent-like rainout shelters with a basal area of 2.5 x 3 m and a ridge height of 1.2m were cen-

tred over the parcel (2 x 2.5 m). Both long-sides of the shelters were covered with UV-B permea-

ble foil (Lumisol AF clear, Hortuna AG, CH) to screen parcels from precipitation. Rainwater of the 

shelter was drained outside the lower end of the parcel (by wooden strips at the lower edge of 

both long sides). To minimize any microclimatic effects of the shelters, the two triangular open-

ings were in the main wind direction (W-E). We defined a boundary zone of 20 cm width at the 

edges of the parcel, where we did not take any measurements and a central drought plot of 1 m2 

without any destructive measurements. 

During the dry summer 2018, we manually watered the controls twice with 17 L m-2 each (1st 

and 28th of August), because we observed wilting plants adjacent to our study site. 

 

Measurements 

Microclimate and weather 

During the growing seasons 2017 and 2018, two weather stations recorded air temperature, pre-

cipitation, relative humidity and wind speed at 1.5 m above the ground (Vantage Pro2, Davis In-

struments Corp., USA, logging interval of 10 min). Soil temperatures at 3-4 cm depth were meas-

ured every hour (HOBO UTBI-001 TidbiT v2 Temp, Onset, US; Oct 2015 to Sep 2018) in the 

centre of each plot. As soon as the insulating snow disappeared, the start of daily soil temperature 
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fluctuations revealed the exact snowmelt date of each plot. A webcam took up to six daily pictures 

of our field site (https://www.webcam-4insiders.com/de/Oberwald/15221-Oberwald.php), let-

ting us observe the development of the snow cover. Approximately every week during the grow-

ing seasons 2017 and 2018, we manually measured volumetric soil water content at 0-5 cm 

depth at five locations per plot (Theta probe ML2x, Delta-T Devices, UK). In 2018, these meas-

urements were supplemented with measurements of volumetric soil water content at four depths 

in the centre of each plot: 5-10 cm, 15-20 cm, 25-30 cm, and 35-40 cm (PR2 profile probe, Delta-

T Devices, UK, 35-40 cm not shown as soil moisture readings were affected by stoniness). To fur-

ther characterize soil properties, we derived eight soil water retention curves at 10 cm, and seven 

at 30 cm soil depth (HYPROP 2, METER Environment/UMS, DE), hereafter named pF curves. 

pF values refer to the decadic logarithm (log10) of the soil matrix potential. Based on the pF curves 

we transformed the volumetric soil water contents to pF values, which give a more appropriate 

measure for drought.  

 

Above-ground phytomass 

At peak biomass we harvested the current year’s standing above-ground phytomass in two sub-

plots (10 x 20 cm) of each plot (August 12th, 2017 and August 19th, 2018). The subplots in 2018 

were directly adjacent to those of 2017. We kept the harvested phytomass in the fridge before di-

viding it into bio- and necromass. The biomass was further sorted into individual species, the nec-

romass according to functional groups: sedge (Carex curvula was the only sedge), graminoids 

(without sedges), and forbs. Lichens were excluded as they may be several years old and a differ-

entiation into alive and dead is impossible. After drying the phytomass samples for 24 h at 80 °C, 

the samples were weighed to determine the dry matter. We averaged the above-ground phyto-

mass of the two subplots in each plot.  

 

In-growth cores 

At the start of the growing season, in late June 2017, we installed three in-growth cores per par-

cel, adjacent to the central 1 m2 drought plot to determine the below-ground root mass. We col-

lected soil cores with a diameter of 4.8 cm and a soil depth of 21 cm. We kept the vegetated top 2 

cm to re-cover the ingrowth cores. We sieved the extracted soil (2 mm mesh size, Retsch GmbH, 

DE) and manually removed all roots and rhizomes. Then, we mixed the soil of all cores and re-

filled the holes with the sieved root-free soil. After two growing seasons (2017, 2018) and one 

winter, we re-collected the in-growth cores in September 2018, by extracting slightly smaller soil 

cores (4.4 cm diameter, 20 cm depth). To differentiate between soil depths, we divided each 20 

cm long in-growth core into an upper layer (2-10 cm soil depth), and a lower layer (10-20 cm), 

leaving the vegetated top 2 cm at its original location. We stored the ingrowth cores in the freezer 

and before further processing, we let them thaw in a fridge at 4 °C. We manually picked out all 

visible roots with tweezers and sieved the soil twice to extract all the remaining roots. These were 

carefully washed and dried at 80 °C for at least 24 h before determining the root dry matter on a 

microbalance (Satorius SecuraA225D-1S, DE).  

 

In-growth cores with soil nutrient layer 

Along with the in-growth cores described above, we installed in-growth cores with an additional 

nutrient layer in the upper half of the plots in three of the five experimental blocks. During the fill-

ing of the holes with sieved soil, we added a slow-release NPK fertilizer (Hauert, CH) in form of 
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powder at 5 cm soil depth, corresponding to 10 kg N ha-1 a-1. The NPK-fertilizer was mixed with 

talcum powder (Fluka, CH; 2.5 g per core) to guarantee a homogeneous fertilizer layer within 

each soil core. 

 

Litter decomposition 

We used litter bags to estimate the seasonal and annual decomposition of plant material in the 

soil. At peak biomass in 2017, we harvested above-ground phytomass, close to our experimental 

site. After drying the phytomass at 80 °C, we cut the plant material into pieces of 2 mm, thor-

oughly mixed the material and filled 2.3 g into rectangular nylon mesh bags (NITEX SEFAR AG, 

Switzerland, 5 x 5.2 cm, mesh size of 0.25 mm). These bags (named on-site litter bags hereafter) 

were then re-dried for 3 h at 80 °C to determine the total dry weight.  

To determine the seasonal weight loss, we buried two series of litter bags at the end of the grow-

ing season 2017 (September 22nd, n = 3 per plot and series, 0-5 cm soil depth). One series was 

collected on July 9th, 2018 (mass loss over winter), the other series was removed from the soil on 

September 18th, 2018 (mass loss over one year). The litter bags of the winter series were immedi-

ately replaced with new litter bags. This summer series was recollected at the end of the growing 

season, together with the yearly series. Directly after recollection, litter bags were carefully cleaned 

and then dried at 80 °C. We determined the dry mass and assessed the relative weight loss to esti-

mate the fraction of decomposed plant litter. We excluded litter bags with holes from the dataset. 

To get an estimate of the decomposition of different litter types, we also buried Rooibos tea bags 

(2 g, Lipton, Unilever, UK, as used and described in Keuskamp et al. 2013 for a global assessment 

of decomposition across ecosystems). The mesh size of 0.25 mm was the same as for the on-site 

litter bags, but the tea bags were tetrahedron-shaped (5 cm side length).  

 

Labelling experiment  

To assess whether the nutrient uptake was limited under drought, we buried 15N enriched maize 

litter bags alongside the on-site and the Rooibos litter bags. We grew the maize plants («Golden 

Bantam», seeds from Zollinger, CH) in 10 L pots (6 seeds per pot) in the greenhouse of the Bo-

tanical Institute Basel. In seven additions over the course of one month, we applied 17.5 mg of 

dissolved, 98% enriched 15N ammoniumnitrate per pot. After harvesting the plants, we dried the 

leaves for 48 h at 80 °C and cut them into pieces of 2 mm. We filled 3 g into nylon mesh bags 

(same material as on-site litter bags) with a dimension of 7 x 7.5 cm. We proceeded in the same 

manner as with the on-site litter bags, with a winter, a yearly, and a summer series (3 maize litter 

bags per series and plot), and buried them at a soil depth of 0-7 cm.  

To evaluate whether the products of litter decomposition and mineralisation were resorbed by the 

vegetation, we analysed the foliar δ15N of the sedge Carex curvula. In a distance of 2 and 5 cm to 

the maize litter bags, we harvested the two youngest C. curvula leaves formed during this growing 

season. A first harvest took place on July 16th, 2018. We performed a second harvest on Septem-

ber 19th, 2018, after the removal of all maize litter bags (summer series). Because we had placed 

the summer series in the same location as the winter series, the C. curvula plants were exposed to 

twice the amount of labelled maize leaves.  

 

Foliar isotopic composition of C. curvula 

For the analysis of the foliar isotopic composition, we cut the dried C. curvula leaves into small 

pieces of 1 mm and weighed 1.9 mg into tin capsules. The samples were then analysed on a Flash 
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2000 elemental analyser (EA; for % N and % C) coupled to a Thermo Finnigan Delta Plus XP iso-

tope ratio mass spectrometer (IRMS) via a Conflo IV interface (both Thermo Fisher Scientific, 

DE). δ15N and δ13C values were normalized to the known standards of AIR-N2 and VPDB, re-

spectively. The analytical precision calculated from the standard deviation of repeat analyses of 

quality control standards was 0.05‰ for δ15N values and 0.08‰ for δ13C values. The isotopic 

composition of young C. curvula leaves in the above-ground phytomass harvest of 2018 served as 

a reference for δ15N and δ13C values. 

 

Statistical analyses  

We analysed the effect of the snow manipulations and the drought treatments on the above-

ground phytomass, on root mass, on the litter decomposition, and nutrient uptake using linear 

mixed models with random intercepts for the five replicate blocks (R package lme4 v. 1.1.21, 

Bates et al. 2020).  

 

Treatment effects  

We assessed effects of the snow manipulations, summer droughts and the two years on the 

above-ground phytomass. We allowed for all interaction effects (model: snow x drought x year, 

n = 5 random blocks). Biomass, necromass and weekly biomass formation were analysed in the 

same manner. We also evaluated the treatment effects for both years and for each functional 

group separately. The response variable was square root transformed to fulfil the model assump-

tions of linear regression.  

For the root mass grown into the in-growth cores (g m-2), we took the two different soil layers 

into account (2-10 and 10-20 cm; model: snow x drought x depth, n = 5 random blocks). Prior to 

the analysis, we corrected for the different core lengths by multiplying the root mass of the lower 

layer by 0.8 (volume correction). To test whether the additional nutrient layer affected the root 

production, we included the NPK addition in the model above (model: snow x drought x depth x 

nutrient, n = 3 random blocks). The root mass values were square root transformed for all anal-

yses. 

We evaluated how the litter decomposition was affected by the experimental treatments over the 

different seasons (winter, year, summer; model: snow x drought x season, n = 5 random blocks). 

Accordingly, we repeated these statistics for the maize litter bags. We then estimated the treat-

ment effects on the nitrogen uptake of C. curvula, by analysing the shifts in foliar δ15N values, for 

two distances (2 and 5 cm), and for three seasons (winter, year, summer; (model: snow x drought 

x season, n = 5 random blocks), as well as for each season separately.  

The residuals of all statistical models were checked visually and whenever appropriate, we per-

formed stepwise backwards model selection. Significant effects on the response variable were 

tested with an ANOVA (R package car, v 3.0.6, John et al., 2020). All within-treatment compari-

sons were assessed by Tukey post-hoc contrasts of the R package emmeans (v.1.4.5, Lenth et al. 

2019) and the R2 was computed according to Nakagawa and Schielzeth (2013). Group means are 

given with their associated standard deviations (sd) or are presented with standard errors (se) in 

case for figures. All statistical analyses were performed with the statistical software R (R Core 

Team 2019).  
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Within treatment variability  

For above-ground phytomass and root mass analyses, as well as for the evaluation of the litter de-

composition, we additionally calculated statistical models that accounted for the within-treatment 

variability. For the drought treatment we assessed the effect of the mean pF value over the grow-

ing season (pFmean), for the snow manipulations we evaluated the effect of degree days (DD: daily 

mean soil temperature exceeding a threshold of 0 °C or 5 °C, respectively, during the period after 

snowmelt until harvest/recollection). As these continuous predictors for drought or snow manip-

ulations did not explain a higher proportion of the variance than the experimental categories, we 

do not report these results.  

 

Results 
Snow cover and snowmelt dates 

The onset of a continuous snow cover in both winters 2016/17 and 2017/18 started in Novem-

ber. In the winter 2016/17, a well-developed snow cover was formed very late, at the beginning 

of February, one year later it was already developed in mid-December. In both winters, sub-zero 

temperatures were measured in the month before a well-insulating snow cover was formed, with 

a minimum of -6.6 °C in January 2017 (mean across plots) and -2.8 °C in December 2017, re-

spectively. 

The annual variability in the natural snowmelt dates across the three years was large: median 

snowmelt dates on controls were July 1st in 2016, June 7th in 2017, and June 21st in 2018 (Figure 

3.1). Snow addition delayed the snowmelt by one day in 2016, by four days in 2017 and by six 

days in 2018 (median). While we achieved to advance snowmelt by nine days in 2016 and by six 

days in 2017, the snow removal was less effective in 2018, as there was a two-day difference com-

pared to the median snowmelt dates of the controls.  

Figure 3.1 Snowmelt date (mean ± sd) of three consecutive years (2016-2018) with snow ma-
nipulation (see Chapter 2) 
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Drought  

The drought treatment effectively reduced volumetric soil water contents at 5cm and down to a 

soil depth of 30 cm (Figure 3.2) during the two treatment periods (2017, 2018). The natural pre-

cipitation during the moderate drought amounted 205 mm and 68 mm in 2017 and 2018, re-

spectively. During the subsequent second half of the intense drought, another 137 mm (2017) 

and 106 mm (2018) were excluded by the shelters. In 2017, the pFmedian of controls was 2.0 (0-5 

Figure 3.2 Weather conditions and treatment effects at the study site, with daily precipitation, 
daily mean air temperatures, daily mean, minimum and maximum soil temperatures, regularly 

assessed soil water contents (SWC ± se) and pF values (± se). Colours of the soil temperature, 
soil water content and pF refer to the drought treatments. Numbers above the plot indicate pre-
cipitation sums, mean temperatures, and median SWC/pF of the control, the moderate drought 
treatment (M) and the intense drought treatment (I) for the total period of the intense drought 
treatment (10.5 weeks). Black bars in the precipitation data indicate manual watering of the 
controls in 2018 
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cm soil depth, corresponding to 32.0 vol% SWC). During the 5-wk moderate drought it was 2.6 

(22.6 vol%), recovering to levels of the controls after removing the rainout shelters (Figure 3.2). 

Under intense drought, the pFmedian was 2.7 (21.5 vol%). The year 2018 was generally drier, with 

a pFmedian of 2.4 (25.2 vol%) in the controls. Thus, despite the watering of controls in 2018, they 

were overall similarly dry as in the moderate drought treatment of 2017. Temporarily, the con-

trols of 2018 were even dryer than the intense drought plots of 2017. The pFmedian was 3.2 (17.2 

vol%) during the 5-wk moderate drought and 3.3 (15.9 vol%) for the intense drought in 2018. 

Around the beginning of August 2018, the permanent wilting point (pf 4.2 at a volumetric soil 

water content of 10.1 vol% ± 1.5 vol% at 10 cm soil depth; pF curves in Figure S3.1 of Supple-

mental material) was reached by several plots of both drought treatments (pF0-5cm in Figure 3.2). 

The soil moisture and also the treatment effect decreased with the soil depth (SWC in Figure 3.2).  

The rainout shelters further had a warming effect, evidenced by higher soil temperatures. These 

mainly manifested as higher daily minimum temperatures (mean increase of 1.1 K), as the shel-

ters reduced radiative cooling during clear nights. During the period of the moderate drought, 

daily mean temperatures were 0.5 K higher in 2017 and 0.9 K higher in 2018. During the second 

half of the intense drought, this increase was 0.9 K in both years (Figure 3.2). On August 11th 

2017, the rainout shelters screened snow from falling directly on the intense drought parcels and 

kept the daily mean soil temperatures at 8.7 °C, compared to 6.0 °C in the controls. The snow ma-

nipulations did not affect the soil water content beyond two weeks after the start of the drought 

treatment in 2017, and 3 weeks in 2018 (taken from the weekly measurements at 0-5 cm soil 

depth). 

 

Above-ground phytomass  

Phytomass 

During the growing season 2017 with early snowmelt and higher water availability, roughly 30% 

more phytomass were produced (179.2 ± 46.5 g m2, across all snow manipulations without 

drought) than during 2018 (125.1 ± 26.1 g m2, p < 0.01, Figure 3.3). 

The growing season 2018 started later but was rather dry. The snow manipulations did not affect 

the phytomass formation (p = 0.69), but there was a marginal drought effect across both years (p 

= 0.09). Intense drought reduced the above-ground phytomass by 6% in 2017 (10.8 g m2), and 

by 16% in 2018 (20.8 g m2, p = 0.05), but there was no significant interaction between years and 

drought (p = 0.34, Table 3.1). The two years and the drought treatment together explained 40% 

of the variability in the harvested above-ground phytomass. The pFmedian and growing degree days 

(DD ≥ 5°C) did not increase the explanatory power of the statistical model.  

All three functional groups produced more above-ground phytomass in 2017 than 2018 (p < 

0.01, Figure 3.3). The overall phytomass was strongly affected by the dominant C. curvula as it 

accounted for roughly 50% of the dry matter. Its phytomass was 30% higher in 2017 (89.7 ± 15.8 

g m-2 on controls) than in 2018 (61.8 ± 9.8 g m-2, p < 0.01). C. curvula’s response to the treat-

ments differed between years, with no effect in 2017 (pdrought = 0.41, psnow = 0.24), but a pro-

nounced response to drought in 2018 (pdrought = 0.04, psnow = 0.95). Without drought in 2018, the 

mean above-ground phytomass of C. curvula was 60.5 ± 11.2 g m-2, whereas it slightly decreased 

by 7% to 56.2 ± 18.6 g m-2 under intense drought. Under moderate drought it increased by 20% 

(to 72.3 ± 22.3 g m-2; Figure 3.4).  

Similarly, the intense drought in 2018 reduced the phytomass of forbs by 25% (p = 0.03), from 

46.6 ± 16.7 g m-2 to 35.0 ± 12.4 g m-2 (Table 3.1). The graminoids (without sedges), accounting 

for 14% of the total phytomass (Figure 3.3), were the only functional group with a significant 
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interaction between the drought treatment and the snow manipulations in 2018 (p = 0.05). How-

ever, this interaction effect was most likely due to a high abundance of the grasses Helictotrichon 

versicolor and Nardus stricta in two of the plots with snow removal and without drought. 

 

Biomass and necromass 

Similar to the total phytomass, the biomass was 22% higher in 2017 (138.4 ± 33.0 g m2, plots 

without drought) than in 2018 (109.1 ± 25.7 g m2). The intense drought in 2018 significantly re-

duced the biomass by 19% (p = 0.03), whereas there was no effect of the moderate drought treat-

ment (p = 0.91) or of the snow manipulations (p = 0.82).  

The necromass on controls amounted 39.4 ± 12.5 g m-2 in 2017, and 17.2 ± 3.4 g m-2 in 2018, 

accounting for 22% (2017) and 15% (2018) of total phytomass, respectively. The absolute 

amount of necromass was unaffected by the drought treatments (p = 0.51) but differed between 

snow manipulations (p < 0.01). The snow addition reduced the necromass in both years, by 14% 

but non-significant (p = 0.35) in 2017 and by 17% (p = 0.01) in 2018. Snow removal on the other 

hand increased the amount of necromass by 12% (p = 0.47) and 6% (p = 0.64), respectively. 

For the dominant C. curvula, we assessed 66.1 ± 13.0 g m-2 biomass and 23.6 ± 7.7 g m-2 necro-

mass in 2017, and 47.9 ± 8.6 g m-2 biomass vs. 13.8 ± 2.1 g m-2 necromass in 2018. The snow 

removal in 2017 significantly reduced the biomass by 5% (p = 0.05). We only observed a re-

sponse to the drought treatment in 2018 (p = 0.02), with a 9% increase in biomass under moder-

ate drought, and a 17% decrease under intense drought. Neither snow manipulations (p = 0.11) 

nor the drought treatments (p = 0.79) affected the amount of C. curvula’s necromass in 2017. In 

2018, snow addition reduced the necromass by 2.7 g m-2 on average (p = 0.02), whereas all other 

treatments had no significant effect.  

 

Figure 3.3 Above-ground phytomass (dry matter, g m-2) sorted into biomass of functional 
groups and total necromass (mean + 1 se, n= 5) for the snow manipulations and drought treat-
ments (n = 5). The dominant sedge C. curvula is presented separately, thus, graminoids are 
without sedges 
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The graminoid’s biomass (Table 3.1) was largely unaffected by both treatments, snow manipula-

tion and summer drought, but under intense drought in 2018, there was slightly more necromass 

(p = 0.08; Table 3.1). In contrast to all other functional groups, the biomass of forbs was similar 

in both years (p = 0.17, Table 3.1). Nevertheless, the intense drought treatment in 2018 reduced 

their biomass by 25%. The forb’s necromass was significantly higher in 2017 (p < 0.01), but it 

was unaffected by the treatments.  

 
 

Weekly biomass formation 

To account for the fact that the growing season 2017 was 3.5-wk longer than in 2018, we also an-

alysed the biomass formation per snow-free week: on controls it was 21% higher in 2017 than in 

2018 (Table 3.2). The analysis of single years revealed no treatment effects in 2017, but a signifi-

cant reduction by 20% under intense drought in 2018 (mean reduction of 2.8 g m-2 wk-1, across 

snow manipulations, p < 0.01), as well as an enhanced biomass formation by 19% after snow ad-

dition (mean increase across drought treatments of 2.6 g m-2 wk-1, p = 0.05). Thus, the analysis of 

biomass formation rates disclosed similar drought effects as for the overall biomass production 

but revealed the higher formation rates after early snowmelt.  

Also C. curvula had a 22% higher weekly biomass formation in 2017 than in 2018 (Table 3.2). In 

contrast to the total phytomass, the weekly biomass formation of C. curvula was significantly re-

duced by 25% after snow removal in 2017 (mean reduction of 1.9 g m-2 wk-1, p = 0.01). Even 

though we observed a similar pattern in 2017, there was a significant effect of the drought treat-

ment on the biomass formation in 2018 only: moderate drought increased the biomass formation 

by 20% (increase of 1.2 g m-2 wk-1), whereas intense drought decreased it by 11% (mean reduc-

tion of 0.6 g m-2 wk-1).  

The biomass formation in graminoids was 31% higher in 2017 (2.3 ± 0.7 g m-2 on controls) than 

in 2018 (1.6 ± 0.9 g m-2, p = 0.01). Again, the high proportion of graminoids in two parcels with 

snow removal and without drought treatment caused a significant interaction of the drought 

treatments and snow manipulations (p < 0.01). Only in the forbs, the weekly biomass formation 

was not significantly higher in 2017 (5.4 ± 0.7 g m-2 wk-1, controls) than 2018 (4.6 ± 1.2 g m-2, p 

= 0.75, data not shown). Nevertheless, under intense drought their biomass formation rate de-

creased by 26% in 2018 (p = 0.08).  

Figure 3.4 Phytomass in g m-2 (bio- and necromass, mean + 1 se) of the dominant species C. 
curvula, for the snow manipulations and drought treatments (n = 5) 
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Table 3.1 Total phytomass, biomass and necromass in g m-2(mean ± sd) for the years 2017 
and 2018, separated by functional groups. The full control is shaded in grey 

Drought Snow Phytomass Biomass Necromass 

 2017 2018 2017 2018 2017 2018 

none 

add 172.3 ± 35.8 124.2 ± 24.8 136.3 ± 26.2 109.2 ± 24.6 36.1 ± 10.2 15.0 ± 3.0 

cont 175.5 ± 28.5 117.5 ± 12.4 136.1 ± 18.6 100.3 ± 10.5 39.4 ± 12.5 17.2 ± 3.4 

rem 189.7 ± 72.5 133.7 ± 38.0 142.9 ± 52.4 117.9 ± 37.6 46.8 ± 20.2 15.8 ± 3.2 

mod 

add 171.4 ± 46.9 135.2 ± 29.1 142.9 ± 43.3 120.7 ± 26.4 28.5 ± 10.1 14.4 ± 3.1 

cont 177.3 ± 38.9 119.2 ± 14.4 137.0 ± 37.0 102.2 ± 10.9 40.3 ± 8.8 17.0 ± 4.4 

rem 157.7 ± 23.1 135.1 ± 36.4 115.6 ± 9.4 113.9 ± 29.1 42.1 ± 14.1 21.2 ± 7.4 

int 

add 151.3 ± 28.1 96.0 ± 11.2 117.4 ± 21.0 82.7 ± 12.2 33.9 ± 7.3 13.4 ± 2.3 

cont 173.3 ± 49.9 102.7 ± 18.2 138.8 ± 41.7 85.2 ± 16.8 34.4 ± 13.0 17.5 ± 3.7 

rem 180.4 ± 36.4 114.3 ± 37.1 141.7 ± 32.1 96.5 ± 32.8 38.7 ± 8.7 17.8 ± 5.3 

C. curvula    

none 

add 83.2 ± 23.2 64.0 ± 8.3 64.4 ± 16.8 51.7 ± 6.1 18.8 ± 6.6 12.3 ± 2.9 

cont 89.7 ± 15.8 61.8 ± 9.8 66.1 ± 13.0 47.9 ± 8.6 23.6 ± 7.7 13.8 ± 2.1 

rem 72.6 ± 20.4 55.7 ± 15.0 52.4 ± 14.0 43.4 ± 14.1 20.2 ± 7.8 12.3 ± 3.4 

mod 

add 84.0 ± 25.0 67.0 ± 13.6 69.3 ± 23.6 56.2 ± 11.1 14.7 ± 1.7 10.8 ± 2.7 

cont 102.7 ± 28.2 69.1 ± 21.4 77.5 ± 19.9 54.6 ± 16.8 25.2 ± 8.8 14.5 ± 4.8 

rem 89.1 ± 24.4 80.9 ± 31.0 61.9 ± 15.0 62.3 ± 24.4 27.2 ± 10.0 18.5 ± 6.9 

int 

add 86.8 ± 20.8 53.6 ± 5.9 65.8 ± 14.7 42.7 ± 5.8 21.1 ± 6.9 10.9 ± 2.0 

cont 85.7 ± 17.1 55.1 ± 10.1 67.8 ± 13.9 41.2 ± 6.7 17.9 ± 6.7 13.9 ± 3.8 

rem 79.9 ± 17.6 59.9 ± 32.4 56.7 ± 10.4 45.3 ± 28.2 23.2 ± 7.8 14.6 ± 4.5 

Forbs 

none 

add 70.0 ± 41.4 52.0 ± 22.3 59.1 ± 31.2 50.1 ± 20.9 10.9 ± 10.3 2.0 ± 2.2 

cont 58.7 ± 10.8 41.3 ± 11.0 49.1 ± 7.2 39.1 ± 9.7 9.5 ± 4.6 2.2 ± 1.7 

rem 70.1 ± 32.1 46.5 ± 17.0 54.4 ± 24.3 45.3 ± 16.9 15.8 ± 8.2 1.2 ± 0.6 

mod 

add 67.7 ± 23.9 53.0 ± 17.7 58.8 ± 20.1 50.6 ± 16.9 9.0 ± 6.3 2.4 ± 1.5 

cont 56.3 ± 49.7 42.7 ± 10.9 46.2 ± 44.5 41.1 ± 10.8 10.1 ± 5.7 1.6 ± 0.8 

rem 44.0 ± 17.6 47.2 ± 16.6 34.1 ± 13.2 45.0 ± 15.7 9.9 ± 4.8 2.1 ± 1.1 

int 

add 33.6 ± 18.5 31.5 ± 6.7 28.2 ± 13.7 30.6 ± 6.3 5.4 ± 5.2 0.8 ± 0.9 

cont 50.6 ± 24.4 30.8 ± 10.2 41.9 ± 19.8 29.1 ± 10.9 8.7 ± 4.7 1.7 ± 1.5 

rem 71.3 ± 21.7 42.6 ± 16.6 61.4 ± 21.4 41.0 ± 16.7 9.9 ± 1.2 1.5 ± 0.8 

Graminoids 

none 

add 19.1 ± 9.6 8.1 ± 8.2 12.7 ± 6.9 7.4 ± 7.8 6.4 ± 2.7 0.7 ± 0.8 

cont 27.1 ± 6.3 14.5 ± 7.5 20.9 ± 7.4 13.3 ± 7.2 6.3 ± 2.5 1.2 ± 0.7 

rem 46.9 ± 30.0 31.4 ± 13.7 36.1 ± 24.3 29.2 ± 13.2 10.8 ± 6.7 2.2 ± 0.7 

mod 

add 19.7 ± 10.8 15.1 ± 9.8 14.8 ± 7.0 13.9 ± 8.7 4.9 ± 4.5 1.2 ± 1.1 

cont 18.4 ± 10.6 7.3 ± 6.4 13.3 ± 9.7 6.5 ± 5.7 5.0 ± 2.2 0.8 ± 0.8 

rem 24.6 ± 12.9 7.1 ± 5.5 19.6 ± 13.8 6.5 ± 5.1 5.0 ± 1.9 0.6 ± 0.5 

int 

add 30.9 ± 25.8 11.0 ± 6.6 23.5 ± 20.1 9.4 ± 5.4 7.4 ± 6.3 1.6 ± 1.7 

cont 37.0 ± 15.9 16.8 ± 6.9 29.2 ± 14.2 14.9 ± 6.5 7.9 ± 5.0 1.9 ± 1.1 

rem 29.2 ± 31.6 11.8 ± 11.3 23.6 ± 28.0 10.1 ± 10.3 5.6 ± 3.6 1.6 ± 1.1 
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Below-ground root mass and the effect of a nutrient layer 

After two growing seasons and one winter (2017 / 2018), we exclusively found fine roots in the 

in-growth cores, but no newly formed rhizomes. The root mass of 164.9 ± 64.5 g m-2 in the upper 

layer (2-10 cm) of the in-growth in controls cores was substantially higher than in the lower layer 

(10-20 cm) with 108.2 ± 21.6 g m-2 (p < 0.01, Figure 3.5). Moderate drought increased the total 

root mass (p = 0.01) by 19% or 54.7 g m-2, corresponding to a 29.8 g m-2 increase in the upper 

layer and 24.9 g m-2 in the lower layer. Intense drought yielded similar amounts of roots as in the 

controls (+6.8 g m-2 in the upper layer, +12.9 g m-2 in the lower layer, p = 0.40). In both soil lay-

ers the snow manipulations did not affect the root mass (p = 0.84).  

The nutrient layer at 5 cm soil depth significantly increased the root mass by 77.7% (102.8 g m-2) 

in the upper layer of controls, and by 42.7% (40.2 g m-2) in the lower layer (p < 0.01). There was 

no statistically significant interaction effect with snow manipulations (p = 0.20), but we saw a 

slight trend of an interaction with drought (p = 0.11). Without snow manipulations, the nutrient 

induced increase in the root mass under drought was only 12.9% under moderate drought, and -

5.1% under intense drought. The in-growth cores were installed after the snow manipulations in 

2017 and the snow removal in 2018 advanced snowmelt by two days only. Nevertheless, in com-

bination with a nutrient layer, the root mass of the in-growth core was always highest in parcels 

with snow removal (both soil layers; Figure 3.6).  

The soil nutrient layer clearly increased the variability in the root mass (Figure 3.6), and there-

fore, a replicate of three in-growth cores per plot was most likely not enough to find any statisti-

cally significant effects of the treatments. It also indicates that the soil nutrient layer was not 

equally accessed in each in-growth core (in space and time). Treatments, soil depth, and the nu-

trient layer explained 44% of the variance in root mass.  

Table 3.2 Weekly biomass production in g m-2 wk-1 (mean ± sd) across treatments 2017 and 
2018. The full control is shaded in grey 

  2017 2018 2017 2018 

Drought 
treatment 

Snow  
manipulation 

Biomass  
formation 

total 
(g m-2 wk-1) 

Biomass  
formation 

total 
(g m-2 wk-1) 

C. curvula 
biomass formation 

 (g m-2 wk-1) 

C. curvula 
biomass formation 

 (g m-2 wk-1) 

control 

addition  16.2 ± 3.2 14.8 ± 3.5 7.7 ± 2.2 6.9 ± 0.7 

control 15.0 ± 1.8 11.9 ± 1.5 7.3 ± 1.6 5.7 ± 1.2 

removal 14.4 ± 5.3 13.7 ± 4.5 5.3 ± 1.4 5.0 ± 1.5 

moderate 

addition  16.9 ± 5.5 16.4 ± 3.4 8.3 ± 3.0 7.6 ± 1.2 

control 14.5 ± 4.3 12.0 ± 1.2 8.2 ± 2.0 6.4 ± 1.9 

removal 11.4 ± 0.7 13.3 ± 3.3 6.0 ± 1.3 7.3 ± 2.7 

intense 

addition  13.6 ± 2.3 10.9 ± 1.9 7.6 ± 1.7 5.6 ± 0.8 

control 15.2 ± 4.8 10.2 ± 2.0 7.3 ± 1.6 4.9 ± 0.7 

removal 14.2 ± 3.3 11.1 ± 3.6 5.7 ± 1.0 5.2 ± 3.0 
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Figure 3.6 Effect of an additional nutrient layer (NPK) at 5 cm soil depth on root dry mass 
in g m-2 (mean + 1 se) after two growing seasons in relation to the drought treatments 
and snow manipulations, for two soil depths: 2-10 cm and 10-20 cm (volume corrected) 
with n = 3 

Figure 3.5 Root dry mass in g m-2 (mean + 1 se) after two growing seasons in relation to the 
drought treatments and snow manipulations, for two soil depths: 2-10 cm and 10-20 cm 
(volume corrected) of two to three in-growth cores per plot (n = 5) 
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Above-ground vs. below-ground  

We observed contrasting responses of above- and below-ground production to drought, as the 

above-ground phytomass generally decreased with (intense) drought, and below-ground produc-

tion increased under moderate drought, but not under intense drought (Figure 3.7). To assess 

treatment effects on the ratio of below- versus above-ground dry matter, we compared the root 

mass (2-20 cm, growing seasons 2017 and 2018) with the above-ground phytomass formed in 

2017 and 2018.  

The ratio of above- and below-ground dry matter remained unaffected by snow manipulations (p 

= 0.69), and also drought did not evoke a statistically significant response in the ratio (p = 0.21). 

However, we noticed that under drought, the fraction of root mass increased. On controls, the ra-

tio of below-ground vs. above-ground dry matter was 1.1 ± 0.1, whereas it was 1.3 ± 0.1 under 

both moderate and intense drought. 

 

Litter decomposition 

The on-site litter we used for estimating the decomposition had a C:N ratio of 34, indicating a not 

easily degradable substrate. Over the nine winter months, the litter bags lost 37.1 ± 1.5% of their 

mass, irrespective of snow manipulations (p = 0.21) and irrespective of the drought treatment in 

the previous growing season (p = 0.66, Figure 3.8). During the subsequent growing season, the 

yearly series of on-site litter showed no substantial further mass loss, and there was no treatment 

effect (psnow = 0.91, pdrought = 0.18). After exposing a further series of on-site litter bags (same C:N 

ratio) at the start of the growing season, drought restrained decomposition (p = 0.08), as at the 

end of the growing season there was a 37.3 ± 4.1% mass loss on controls, but only 34.1 ± 5.3% 

Figure 3.7 Above-ground phytomass of the growing seasons 2017 and 2018, and below-
ground root mass in g m-2 for soil depths 2-10 cm and 10-20 cm (mean + 1 se) produced 
across the two growing seasons 2017 and 2018 (n=15, averaged across snow manipulations). 
Numbers at the bottom indicate the ratio of below- vs. above-ground production (mean ± 1 se) 

1.1 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 
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and 30.5 ± 7.9% under moderate and intense drought, respectively (2.5 months of exposure). The 

variability in the mass loss was smallest over winter, whereas it was largest for litter bags that 

were buried for one growing season only. The variability of the yearly and summer decomposition 

also increased with the drought treatments. We found no relations between the decomposition 

rates and the above-ground phytomass or the root mass.  

The Rooibos tea with a C:N ratio of 43 (Keuskamp et al. 2013) had an overall smaller mass loss 

than the on-site litter. Over winter, the mean mass loss was 23.0 ± 1.2%, without differences 

among treatments (psnow = 0.71, pdrought = 0.81). As for the on-site litter, the yearly series showed 

no further mass loss over the subsequent growing season, and also no treatment effects (psnow = 

0.22, pdrought = 0.22). Tea bags that were brought out at the start of the growing season had lost 

19.4 ± 2.1% of their weight by the end of the growing season (summer series). There was no sig-

nificant reduction in mass loss due to moderate drought (18.4 ± 1.5%, p = 0.50), but compared to 

the controls, the mass loss was significantly lower after intense drought (16.3 ± 3.1% p < 0.01).  

The maize litter with a C:N ratio of 14 showed the largest mass loss of all three litter types, with 

39.8 ± 2.5% loss over winter, 42.7 ± 2.7% over a whole year, and 41.8 ± 2.9% over summer. 

There was no effect of either treatment, snow manipulation (p = 0.54) or drought (p = 0.74) on 

the maize litter decomposition. We observed that nearly all maize litter bags had a high number of 

roots grown into them at time of recollection (not quantified). 

 

Figure 3.8 Mass loss in % (mean ± sd) of litter bags filled with on-site litter, Rooibos tea and 
maize leaves, over winter, a whole year, and over summer (n = 5) 
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Labelled maize litter and the isotopic signal in Carex curvula leaves 

Adding dissolved enriched 15N ammoniumnitrate (98%) to growing maize plants in the green-

house led to enriched maize litter with a δ15N value of 369.7 ± 11.5‰. At our study site, the natu-

ral δ15N value of youngest C. curvula leaves was -1.1 ± 0.9 ‰. After the winter mineralisation of 

the maize litter, we already found the 15N signal of the maize litter in leaves of C. curvula in July 

2018. In 2 cm distance of the litter bags, the δ15N value was 26.5 ± 19.4 ‰, and in a distance of 5 

cm it was 28.2 ± 24.9 ‰. After a whole year at the end of the growing season, these values in-

creased to 33.7 ± 28.5 ‰ (2cm) and 31.5 ± 26.6 ‰ (5 cm). As the winter series of litter bags 

were replaced with the summer series at the beginning of the growing season 2018, the surround-

ing plants were exposed to the twice amount of 15N enriched maize litter. Accordingly, δ15N in 2 

cm distance even reached 80.7 ± 49.6 ‰. We also observed an increase in 5 cm distance, to 50.0 

± 36.9 ‰. Neither the drought treatments nor snow manipulations affected δ15N in C. curvula 

(pdrought = 0.94, psnow = 0.61). 

 

Discussion 
In this study, we explored the combined effect of shifting snowmelt dates and of summer drought 

on a late-successional, alpine grassland. Surprisingly, these two major environmental impacts 

mostly acted independently of each other, as we found virtually no interaction effects of the treat-

ments. The litter decomposition and nutrient (N) uptake were remarkably robust against earlier 

snowmelt and summer drought. Our intense drought treatment on top of an already exceptional 

dry growing season in 2018 clearly impeded the above-ground biomass formation and the de-

composition of not easily degradable litter types with C:N ratios greater than 34. 

Figure 3.9 δ15N measured in leaves of C. curvula in 2 and in 5 cm distance from litter bags filled 
with 15N enriched maize leaves (mean ± se, n=5). Litter bags were exposed over one winter, a 
whole year and over summer (same location as in winter). The grey bar indicates the natural 
range of foliar δ15N of Carex curvula 
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Phytomass and biomass 

Above-ground 

With roughly 180 g m-2 in 2017 and 125 g m-2 in 2018, we estimated similar amounts of phyto-

mass as Möhl et al. (2020) did for a C. curvula dominated grassland in the same study region 

(150-200 g m-2 in 2014-2016). However, in the 1990s, Schäppi and Körner (1996) assessed 240 

g m-2 phytomass very close to our study location. Similarly in a drought experiment in the same 

region, Schmid et al. (2011) determined 232 g m-2 phytomass and also in our pre-assessment 

(2016) we estimated a phytomass production of 232 g m-2 (data not shown).  

The two years studied were rather particular, with an unusually long growing season in 2017 and 

a dry summer in 2018. However, both elicited an amplification of our treatments, allowing us to 

study the effects of snowmelt dates and summer drought in a broader spectrum than with the 

treatments alone.  

One of the main effects of our treatments was the pronounced drop of above-ground phytomass 

(30%) and biomass production (20%) in response to intense drought of 2018. The observed re-

ductions in biomass were in the range of the 12 to 35% noted by Schmid et al. (2011) in a similar 

setup, and slightly lower than the roughly 40% assessed by de Boeck et al. (2016) after 2.5 weeks 

of drought in monoliths with highly restricted rooting volume. In our study, the drop in biomass 

was particularly drastic when we consider that even without drought treatment, the biomass was 

already 22% lower than in 2017. The growing season 2017 was clearly longer than in 2018, but 

the weekly formation rates in 2018 dropped by the same magnitude as the overall above-ground 

biomass production. Thus, the early snowmelt and the long growing season in 2017 were not re-

sponsible for the yearly differences. As already mentioned, the growing season 2018 was very dry. 

The lower biomass formation rates even on controls were thus a consequence of the natural 

drought, further aggravated in combination with our intense drought treatment.  

Our results indicate that not only the intensity, but also its timing and/or duration were decisive 

for the above-ground biomass production. Namely, the biomass of plots with moderate drought 

was unaffected or even increased by 9% in case of C. curvula, although the soil was equally dry in 

both drought treatments during the first half of the growing season, when all rainout shelters 

were still installed. For forbs, there were no pronounced differences between years, but they 

showed the largest drop in biomass production in response to the intense drought in 2018 

(- 25%). For montane grasslands, Gilgen and Buchmann (2009) have previously reported that a 

45% reduction of precipitation did not reduce the above-ground biomass of forbs, but of grami-

noids (mostly Poaceae). 

Multiple studies have reported that they did not observe an effect in the first year of rain exclusion 

(e.g. Gilgen and Buchmann 2009; Bloor et al. 2010; montane grasslands). However, reduced bio-

mass production as we observed under intense drought in 2018 may impair the growth in the fol-

lowing growing season, as De Boeck et al. (2018) have described legacy effects of drought for an 

alpine grassland. These included a continuing lower green cover and reduced biomass in the year 

after the drought. But legacy effects are currently not well understood, as there is also evidence for 

stimulated above-ground biomass production after drought in lowland grasslands (Griffin-Nolan 

et al. 2018; Hahn 2019). 

Snow removal, and thus a longer growing season did not increase the biomass at time of harvest 

(at peak biomass). That longer growing seasons do not translate into a higher biomass production 

has been observed in previous studies with experimental snow removal in the arctic tundra and 

alpine snowbed species (Wipf et al. 2006, 2009; Baptist et al. 2010b; Wipf 2010). On the other 

hand, late snowmelt may set temporal limits for growth and result in reduced biomass (Wipf and 
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Rixen 2010), especially in snowbeds with their very short growing season. In the present study, 

the snow addition in 2018 did not affect the overall above-ground biomass production, but it in-

creased the calculated weekly formation rates by 19%. Thus, the same amount of biomass was 

produced during less time.  

In C. curvula, snow removal in 2017 decreased the formation rate by 25%, suggesting that time 

was not a limiting factor for biomass production in this species. The onset of above-ground senes-

cence seemed to be related to the onset of the growing season. Although not statistically signifi-

cant, this was also evidenced by higher amounts of necromass after snow removal in this species 

and the reverse effect after snow addition, as previously described by Starr et al. (2000). Because 

photoperiod is known to play an important role for senescence in alpine plants (Körner 2003; 

Scholz et al. 2018), we were surprised to find two times higher dry weights of necromass (overall 

and for C. curvula) in 2017 than in the following year. However, it is possible that an extremely 

early onset of the growing season inhibits a clear peak of biomass. Similarly, de Boeck et al. 

(2016) did not find such a clear peak.  

 

Below-ground 

The root mass produced in the in-growth cores (2-20 cm) over two growing seasons and one 

winter was 255.1 g m-2. In a similar grassland in the same region as our experiment, Schmid 

(2017) assessed the below-ground root production (0-10 cm) by means of standing below-

ground biomass, as well as in-growth cores that were buried for three years. The root mass in the 

in-growth cores was notably higher than in our experiment, as he derived yearly production rates 

of 251 g m-2. The standing below-ground biomass of 822 g m-2 measured by Schmid (0-10 cm; 

2017) was clearly lower than the roughly 1200-1500 g m-2 found in a shading experiment by 

Möhl et al. (2020) in the top 5 cm alone (both including rhizomes). These high numbers indicate 

a turnover time of fine roots of several years (Budge et al. 2011).  

Hence, the below-ground response of the root mass somewhat differed from the above-ground 

phytomass. When Schmid (2017) excluded precipitation for six and twelve weeks, the root mass 

increased by roughly 50%, but mainly in the top 5 cm of the soil. Interestingly, the response of the 

root mass in in-growth cores differed from those of the standing below-ground biomass. The root 

mass also increased in the in-growth cores, but after six weeks of rain exclusion by 3% only, and 

after 12 weeks by 24%. The drought effect was thus mitigated in in-growth cores, which is sur-

prising given the initial lack of competition in the root free soil columns. Thus, it is likely that we 

underestimated the (positive) drought effect on the root production in our experiment. We found 

that in contrast to the above-ground phytomass, the root mass increased by 19% under moderate 

drought, but was unchanged under intense drought, contrasting the results of Schmid (2017) 

with higher root mass increases after longer periods of rain exclusion. Root growth of C. curvula 

occurs over the whole growing season, but there have been two clear thrusts reported: one in 

spring and one in autumn (Mähr and Grabherr 1983). In our experiment, the second peak in root 

growth must therefore have occurred when soil moisture levels and pF values had started to re-

cover in the moderate drought treatment but were still low in the extreme drought treatment. A 

higher proportional investment into roots after drought has formerly been described for low- and 

high elevation plant species (Peterson and Billings 1982; Bell and Sultan 1999; Kahmen et al. 

2005; Gilgen and Buchmann 2009). Results regarding the increase or decrease of the absolute be-

low-ground root mass are rather inconclusive, with reports of increased (Kahmen et al. 2005; 

lowland), decreased (Fiala et al. 2009, lowland - montane) or unchanged (Gilgen and Buchmann 

2009; Fuchslueger et al. 2014; montane and subalpine) below-ground root mass, mostly 
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measured in in-growth cores. Reasons may be different drought intensities (Vicca et al. 2012; 

Knapp et al. 2017), as also demonstrated by the contrasting response of root growth to the two 

drought treatments in our experiment, but also trough differences in root mortalities (we found 

no senesced roots after two growing seasons). Moreover, it is of crucial importance to report the 

soil texture and pF values (matrix potential), that substantially affect the outcome of drought ex-

periments, as it affects the quantity of plant-available water in the soil that may differ drastically 

between experiments (Weng and Luo 2008).  

We were surprised to find an equal ratio of above- and below-ground dry matter under both 

drought treatments, as we would have expected larger proportional investments into roots after 

more severe drought conditions. However, the intense drought treatment clearly impeded the 

overall biomass production, with large above-ground reductions. In line with increased invest-

ments into storage organs under drought (Schmid 2017), Hasibeder et al. (2015) showed that 

eight weeks of rain exclusion in a subalpine grassland significantly enhanced the storage of fresh 

assimilates in below-ground organs, while the overall C uptake of the grassland and the root res-

piration were reduced (13C pulse labelling experiment in a subalpine meadow). Biomass allocation 

patterns do not necessarily reflect in the concentration of non-structural carbohydrates of below-

ground organs, as Möhl et al. (2020) found that shade reduced the amount of rhizomes without 

affecting their concentration of non-structural carbohydrates.  

 

Decomposition and nutrient accessibility 

Decomposition 

Over the nine winter months, the on-site litter bags showed a substantial mass loss of 37% al-

ready, with no further decline during the following growing season. Baptist et al. (2010a), who 

exposed litter in the French Alps for 1.5 years, also observed the highest mass loss after the first 

winter. Such high winter decomposition is in line with a significant C release over the snow cov-

ered winter months (Brooks et al. 1996; Fahnestock et al. 1998, 1999). For an alpine grassland, 

Scholz et al. (2018) measured winter fluxes of 0.3 g C m-2 d-1 by means of an eddy tower, with a 

total winter release of 90 g C m-2. The efflux rates decreased over winter, presumably due to a de-

crease in substrate availability for microbes. Apart from leaching of water soluble litter substances 

(Seastedt et al. 2001; Gavazov 2010), this winter decomposition is most likely accomplished by a 

microbial community dominated by fungi. After snowmelt, the total microbial biomass decreases 

(Lipson et al. 2000), and there is a shift towards bacterially-dominated communities (Schadt et al. 

2003; Björk et al. 2008; Zinger et al. 2009). This goes along with an alteration in substrates, with 

plant litter in autumn and winter, and living roots and exudates in summer (Lipson et al. 2002).  

A pulse-labelling experiment with 13CO2 revealed that the transfer of C from plants to fungi was 

uninterrupted by drought, in contrast to the transfer to bacteria. Moreover, the relative abundance 

of Gram-negative bacteria benefiting from root exudates decreased, whereas the abundance of 

generally more drought-resistant Gram-positive bacteria increased (Fuchslueger et al. 2014). 

When we buried a series of on-site litter bags at the start of the growing season for 2.5 months, 

we observed a similar amount of decomposition as over the longer winter (9 months). Thus, litter 

would be decomposed if it was available at the start of the growing season. 

In contrast to the results of Baptist et al. (2010a), we did not find any further decomposition of 

litter (yearly series) during the subsequent growing season. Litter mass loss usually follows an ex-

ponential decline (see Figure 2 in Keuskamp et al. 2013). It is thus very likely that all the easily 

decomposable elements were already decomposed over winter. Litter quality has been reported to 

have a large effect on decomposition (Nadelhoffer et al. 1991; Hobbie 1996; Arnone and Hirschel 



 | 87 

1997; Baptist et al. 2010a). Maize litter with a very low C:N ratio of 14 was thus decomposed 

much faster than the on-site litter and Rooibos tea with C:N ratios of 34 and 43. Nevertheless, the 

mass loss of these two litter types was surprisingly high given the rule of thumb established in ag-

riculture that states that mineralisation occurs at C:N ratios below roughly 25 (Blume et al. 2016). 

We found that on-site litter and Rooibos tea brought out at the start of the growing season de-

composed more slowly under drought. It is likely that we would have found a similar effect for the 

maize litter earlier in the season. Potentially, we would have observed less mass loss and a slightly 

more pronounced drought effect if we would have used senesced on-site litter exclusively. How-

ever, Lambie et al. (2014) showed that at least under laboratory conditions the stage of litter se-

nescence has no effect on the CO2 production of microbes. Hättenschwiler and Gasser (2005) 

demonstrated that the decomposition of low-quality litter of deciduous forests was enhanced 

when mixed with easier decomposable litter of other tree species. In their review Hättenschwiler 

et al. (2005) highlighted how litter types affect the decomposer community and thus, the soil 

fauna is highly adapted to the local plant community. However, the presence of functional decom-

poser groups seems to be more relevant for the decomposition than the abundance of single spe-

cies. 

 

Nutrient uptake and root foraging 

One of our main hypotheses was that drought would not heavily affect the alpine species of the 

late successional grassland through direct desiccation and turgor loss, but through limited nutri-

ent accessibility. However, our labelling experiment with maize litter enriched in 15N highlighted 

two aspects (1): at least the mesofauna responsible for the first steps of the decomposition, as well 

as the microorganisms were not impaired by our experimental treatments (macrofauna was ex-

cluded by litter bag mesh), and (2) the nutrient uptake in the dominant sedge remained intact. Al-

pine graminoids are able to profit from pulsed nutrient inputs (Bowman and Bilbrough 2001; 

Körner 2003) and thus, the N mineralised over winter was quickly taken up by C. curvula. That 

the foliar signal of 15N in C. curvula further increased over the summer underpins that the N up-

take continued over the growing season.  

Although the mineralisation of on-site litter was slowed down under intense drought, the maize 

litter was still mineralised and assimilated by C. curvula under these dry conditions. The second 

exposure to labelled maize led to a 30‰ stronger enrichment in foliar in δ15N values in a 2 cm 

than in a 5 cm distance from the litter bags. The lateral dispersion of the mineralised N was there-

fore smaller during the growing season, which is surprising given the high density of C. curvula 

roots and vegetative shoot growth rates in the range of 0.4 mm a-1 (Erschbamer et al. 1994; De 

Witte et al. 2012). It is possible that root exudates facilitated the contact between roots and soil 

during the desiccation of the soil (Walker et al. 2003), ultimately sustaining the nutrient uptake.  

 

That we noticed (but remained unquantified) a high number of roots growing directly around and 

into the maize litter bags underlines the foraging for nutrients as described in Körner (2003). In 

accordance with these observations, we also found 77.7% more root mass after providing an addi-

tional nutrient layer (NPK) within the in-growth cores. But in contrast to the foliar δ15N in C. cur-

vula, the nutrient layer combined with drought did not lead to such a boost in the root growth 

(plus 12.9% under moderate drought only). Under intense drought, there was no significant in-

crease in root mass due to the nutrient layer. This was in contrast to the high number of roots we 

had observed growing around the maize litter bags. A heterogeneous distribution of plant litter in 

the soil and the presence of microorganisms both increase the foraging root growth (Bonkowski 
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et al. 2000; Bonkowski 2004; shown for Lolium perenne). Possibly, the activity of the mesofauna 

and microorganisms in and around the maize litter bags was higher than in the ingrowth cores 

filled with root free soil. Thus, the foraging root growth may have been promoted more strongly 

around the litter bags with high mineralisation rates. It is further possible that the often nutrient 

limited microbes (Niklaus and Körner 1996) immobilised a large part of the easily available nutri-

ent layer before newly formed roots gained access to it, and this access was slower under drought. 

Moreover, the additional nutrients were offered as thin layer at a soil depth of 5 cm, where the 

root density generally starts to decrease, whereas the maize litter bags were placed 0 to 7 cm be-

neath the surface. Overall, the understanding of root foraging is still rather limited, and Mommer 

et al. (2012) showed that Agrostis stolonifera produced more roots in nutrient rich patches, but 

avoided them under interspecific competition with Rumex palustris.  

 

Conclusions 
The studied late successional grassland dominated by C. curvula was surprisingly robust against 

shifting snowmelt dates and summer drought. So far, we found no evidence that shifting snow-

melt dates and an earlier onset of the growing season amplifies the consequences of summer 

droughts. Summer droughts that do not span over the whole growing season shifts biomass allo-

cation more into below-ground plant organs.  

Extreme droughts as observed in 2018 or worse, with the additional rain exclusion during more 

than ten weeks, severely reduced the above-ground phytomass of all functional groups. However, 

forbs were more affected than the dominant sedge C. curvula, which may lead to a shift in the 

species composition in the longer term.  

The substantial fraction of the litter decomposition occurred over the winter. The N uptake of 

mineralisation products by plants was unimpeded by rain exclusion that spanned almost an en-

tire growing season. However, below-ground foraging for punctual nutrient sources may be im-

paired in years with extreme drought. 
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Supplemental material for chapter 3 

Figure S3.1 pF curve (mean ± sd), derived from 8 and 7 single pF curves for 10 cm and 30 cm 
soil depth, respectively. PWP is the permanent wilting point 

 

Table S3.1 The root mass (mean ± sd, in g m-2) of in-growth cores over two growing seasons 
(2017-2018), for the two soil depths 2-10 cm and 10-20 cm, without (top, n = 5) or without 
(bottom, n = 3) nutrient layer (NPK)  

Root mass Total 2-10 cm 10-20 cm 

none 

add 270.5 ± 51.0 174.8 ± 47.7 95.7 ± 10.1 

cont 273.1 ± 83.4 164.9 ± 64.5 108.2 ± 21.6 

rem 308.8 ± 77.7 182.0 ± 45.7 126.8 ± 35.2 

mod 

add 355.3 ± 132.6 210.4 ± 92.2 144.9 ± 41.6 

cont 348.0 ± 87.3 218.6 ± 58.8 129.4 ± 35.5 

rem 313.2 ± 40.4 182.1 ± 23.8 131.0 ± 25.0 

int 

add 317.8 ± 64.8 186.2 ± 36.0 131.6 ± 31.5 

cont 315.1 ± 43.7 196.9 ± 23.8 118.2 ± 22.7 

rem 278.7 ± 56.1 159.0 ± 32.5 119.7 ± 25.5 

     
Root mass 

NPK 
2-10 cm 10-20 cm 

no NPK NPK no NPK NPK 

none 

add 159.7 ± 6.1 216.8 ± 102.8 92.1 ± 12.3 114.4 ± 29.7 

cont 132.3 ± 22.1 235.2 ± 170.2 94.3 ± 9.1 112.7 ± 40.9 

rem 184.7 ± 59.0 270.9 ± 68.8 121.8 ± 48.7 137.6 ± 9.0 

mod 

add 173.5 ± 31.7 192.5 ± 40.4 132.4 ± 28.2 107.5 ± 27.9 

cont 206.7 ± 70.5 233.4 ± 60.9 129.6 ± 49.8 112.7 ± 12.5 

rem 178.0 ± 20.6 245.4 ± 91.3 116.8 ± 22.2 141.1 ± 35.5 

int 

add 180.3 ± 33.9 199.9 ± 64.2 124.6 ± 12.3 123.6 ± 46.1 

cont 190.8 ± 30.1 181.1 ± 49.9 106.3 ± 15.5 119.2 ± 24.0 

rem 138.5 ± 22.1 200.8 ± 20.1 101.1 ± 2.6 139.5 ± 35.9 
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Abstract 
Rising air temperatures threaten the snow reliability of ski resorts. Most resorts rely on technical 

snowmaking to compensate lacking natural snow. But increased water consumption for snow-

making may cause conflicts with other sectors’ water uses such as hydropower production or the 

hotel industry.  

We assessed the future snow reliability (likelihood of a continuous 100-day skiing season and of 

operable Christmas holidays) of the Swiss resort Andermatt-Sedrun-Disentis throughout the 21st 

century, where 65% of the area is currently equipped for snowmaking. Our projections are based 

on the most recent climate change scenarios for Switzerland (CH2018) and the model SkiSim 2.0 

including a snowmaking module.  

Unabated greenhouse gas emissions (scenario RCP8.5) will cause a lack of natural snow at areas 

below 1800-2000 m asl by the mid-21st century. Initially, this can be fully compensated by snow-

making, but by the end of the century the results become more nuanced: While snowmaking can 

provide a continuous 100-day season throughout the 21st century, the economically important 

Christmas holidays are increasingly at risk under a high-emission scenario in the late 21st cen-

tury. The overall high snow reliability of the resort comes at the cost of an increased water de-

mand. The total water consumption of the resort will rise by 79% by the end of the century 

(2070-2099 compared to 1981-2010; scenario RCP8.5), implying that new water sources will 

have to be exploited. Future water management plans at the catchment level, embracing the 

stakeholders, could help to solve future claims for water in the region. 

https://www.webcam-4insiders.com/de/Wetter-Andermatt-Webcam/12541-Webcam-Andermatt-Wetter.php 
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Introduction 
Winter tourism is an important economic sector in mountain regions. Globally, the European 

Alps are the number one destination for skiing, with 43% of all skier days worldwide. With 24.9 

Mio registered skier days in 2018/19, Switzerland ranks as number six in the world (Vanat 

2021). In the winter season 2018/19, the Swiss cable cars yielded revenues of 758 Mio CHF 

(transport only; SBS 2019), underpinning the substantial economic value.  

Rising temperatures due to ongoing and future climate change (Rebetez and Reinhard 2008; 

IPCC 2018) entail severe reductions in the snow cover (Marty 2008; Klein et al. 2016; NCCS 

2018; Hock et al. 2019). For the Swiss Alps, winter and spring temperatures are projected to in-

crease by 1.8 K by the end of the 21st century if we drastically reduce greenhouse gas emissions, 

or even up to 3.9 K without any abatement measures (high-emission scenario). Winter precipita-

tion will progressively fall as rain instead of snow and may increase by 12%. However, the projec-

tions for the precipitation increase are less clear than for air temperature (NCCS 2018). Winter 

runoff will increase and the peak runoff will occur earlier because of earlier snowmelt (Haeberli 

and Weingartner 2020).The operators of ski areas are thus confronted with major challenges for 

the future. The snow reliability of resorts has often been assessed by means of the 100-day rule 

(Witmer 1986, for instance used by Abegg et al. 2007; Scott et al. 2008; Steiger and Abegg 2013), 

stating that a resort requires at least 100 consecutive days with a sufficient snow cover (≥ 30 cm). 

However, snow reliability does not necessarily result in economic profitability. Another indicator 

is the Christmas rule introduced by Scott et al. (2008), specifying that the two weeks over the 

Christmas and New Year’s break are a crucial time period for the operators, as these holidays can 

yield around one quarter of the revenues (Abegg 1996).  

The dominant adaptation strategy of operators to cope with climate change and variability is tech-

nical snowmaking (OECD 2007; Gonseth and Vielle 2019; Spandre et al. 2019b; Steiger et al. 

2019). Currently, the majority of ski slopes in the European Alps are equipped for snowmaking. 

According to SBS (2021), the area covered with snowmaking in Switzerland massively increased 

from 14% (2004) to 48% (2014). Today (2020), 53% of all slopes can be snowed-in technically. 

This is still markedly less than in Italy (90%) and in Austria (70%), but more than in France 

(37%). The costs for snowmaking, including the water consumption, are substantial. In Switzer-

land, these amount to 17% of the daily operating expenses (average for resorts with > 25 Mio 

CHF revenue; SBS 2021).  

 

Surveys among stakeholders in the skiing industry have shown that the operators of ski resorts 

are very aware of climate change (Abegg et al. 2008). Nevertheless, many do not perceive it as an 

immediate threat and empathise the high priority of economic competition and short-term 

weather variability as a major cause for revenue fluctuations (Saarinen and Tervo 2006; Hopkins 

2015; Abegg et al. 2017). The adaptation strategy to these more short-term challenges is often 

also technical snowmaking (Trawöger 2014). A study in Austria highlighted a high confidence in 

snowmaking facilities, even in low-elevation resorts (Wolfsegger et al. 2008). However, increas-

ing temperatures will reduce the snowmaking potential, as high temperatures and/or high rela-

tive humidity inhibit the snow production (Willibald et al. 2021). From 1961 to 2020, the num-

ber of hours allowing for snowmaking decreased on average by 26% in Austria, with more pro-

nounced reductions at elevations between 1000 and 1500 m asl (Olefs et al. 2020). Nonetheless, 

water demand is expected to markedly increase by 50% to 110% across the Alps, according to 
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Steiger et al. (2019). These higher water demands for snowmaking must be put in perspective to 

water uses in other sectors, such as hydropower production, agriculture, and tourism infrastruc-

tures, as well as their future demands under a warmer climate. 

 

The ski resort Andermatt-Sedrun-Disentis has recently expanded the ski area with roughly 68 ha 

of new slopes and with new snowmaking facilities. Such major interventions in the landscape be-

come more and more controversial, especially in times of climate change and a declining demand 

for ski tickets. Moreover, the short planning horizon of operators does not account for the rising 

water demand for snowmaking that is very likely under future climatic conditions. Our detailed 

information about the snowmaking facilities and the snowmaking practices of the operators allow 

us to present an in-depth analysis of the ski areas future snow reliability throughout the 21st cen-

tury, using the SkiSim 2.0 model developed by Steiger (2010; based on the SkiSim 1.0 model by 

Scott et al. 2003). Based on the RCP (Representative Concentration Pathway) scenarios for Swit-

zerland (CH2018 Project Team 2018), we simulate the future snow cover in the ski area and as-

sess the snow reliability in terms of the 100-day and the Christmas rule. SkiSim 2.0 includes a 

snowmaking model, enabling us to estimate the future water consumption for snowmaking. We 

expect a strong decline in the natural snow reliability by the mid-21st century that will likely be 

compensated by snowmaking. We hypothesise that maintaining the resort’s snow reliability will 

only be feasible at the costs of a strongly enlarged water demand.  

 

Material and Methods 
The ski resort Andermatt-Sedrun-Disentis 

Figure 4. 1 Map with the three ski regions Gemsstock, Nätschen/Oberalp and Sedrun. The red 
line within each region indicates the critical access elevation, above which skiing is possible even 
if the lower areas are closed. The miniature map of Switzerland shows the location of Andermatt 
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The ski resort Andermatt-Sedrun-Disentis in the Swiss central Alps has formerly consisted of two 

separate skiing regions (Gemsstock/Nätschen and Sedrun/Disentis) that were connected by rail-

way from Andermatt to Sedrun/Disentis (Figure 4.1). An ambitious project that was launched in 

2005 scheduled the expansion of the ski area along with the construction of luxury hotels, pent-

house apartments and a golf course. From 2015 to 2018, 130 to 150 Mio CHF were invested to 

connect the two ski regions with 68 ha of new ski runs, the construction or replacement of 14 ski 

lifts and a large-scale expansion of the snowmaking facilities. The entire resort Andermatt-

Sedrun-Disentis comprises around 270 ha of skiing slopes, 175 ha of which are equipped for 

snowmaking. With the expansion, the operators obtained an additional concession to build a new 

reservoir lake and to use ground water in Andermatt whenever the water consumption exceeds 

the current availability (personal communication with former CEO Silvio Schmid). 

The highest point of the ski area is on the Gemsstock at 2961 m asl, the lowest point in 

Andermatt at 1444 m asl. Because of different snowmaking capacities and different water 

sources, we divided the ski area with approximately 270 ha of ski runs in three regions: (1) 

Gemsstock, (2) Nätschen/Oberalp, and (3) Sedrun (Figure 4.1; see Electronic Supplementary 

Material [Figure S4.1] for the official map).  

The region Gemsstock is known for freeriding and has mostly northernly exposed ski runs, partly 

on the small Gurschen and St. Anna firns. The area that is operative for snowmaking (roughly 27 

ha, Table 4.1), is mostly situated below 2100 m asl. The more southernly exposed region of 

Nätschen/Oberalp (Figure 4.2) includes most of the newly built ski runs and chairlifts. Almost 

the entire region is now equipped with modern snowmaking facilities featuring the highest water 

pumping rates (Table 4.1) and with a serviceable area of roughly 99 ha. The highest point of the 

region is on 2600 m asl. The region Sedrun goes up to 2350 m asl and is the lowest of the three 

Table 4.1 Snowmaking information for the three regions of Andermatt-Sedrun-Disentis, 
obtained from the operators 

Gemsstock Season: November - May 

Area with snowmaking (% of total) 27 ha (53%) 

Water extraction Gurschenbach (river) Mühle (river) 

Usual start of snowmaking Mid-October November 

Usual end of snowmaking January January 

Pumping rates 60 L s-1 100 L s-1 

Maximum wet bulb temperature -1.5 °C 

Nätschen/Oberalp Season: December - April 

Area with snowmaking (% of total) 99 ha (80%) 

Water extraction Oberalpsee (lake) 

Usual start of snowmaking Mid-November 

Usual end of snowmaking January 

Pumping rates 270 L s-1 

Maximum wet bulb temperature -1.5 °C 

Sedrun December to April 

Area with snowmaking (% of total) 49 ha (50%) 

Water extraction Mulinatsch (river) Val Val (river) 

Usual start of snowmaking November November 

Usual end of snowmaking January January 

Pumping rates 25 L s-1 50 L s-1 

Maximum wet bulb temperature -2 °C 
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regions. The slopes mainly face towards north or east/west (Figure 4.2), and all facilities for 

snowmaking in this region have existed already before the investments between 2015 and 2018, 

covering an area of 49 ha for snowmaking. The infrastructure dates back to the 1990ies.  

For each of the three regions, we identified a critical access elevation (red line in Figure 4.1) based 

on the skiing infrastructure. The area above these critical access elevations can be reached via 

cable cars. Hence, the ski regions may remain operable even if the slopes below these elevations 

have to stay closed. If the slopes above the critical access elevations become unskiable, the region 

would not be operational anymore. In the Gemsstock region, the critical access elevation is at 

2000 m asl, on Nätschen/Gütsch at 1800 m asl, and in Sedrun at 1900 m asl.  

 

The model SkiSim 2.0 

The model SkiSim 2.0 computes the daily snowpack (in mm water equivalents) considering natural 

and man-made snow using two modules: (1) a natural snow and (2) a snowmaking module. The 

natural snow module is a degree day model using daily mean temperature and precipitation as 

input data. In order to distinguish between snow and rain events and a snow/rain mixture, a lower 

Figure 4.2 The operative areas for snowmaking along the elevational bands and for the as-
pects north (N), east or west (E / W; together) and south (S) in the three skiing regions. 
Currently, around 65% of the skiing slopes can be technically snowed-in 
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and an upper daily mean temperature threshold is calibrated based on daily snow fall data (< 1 °C: 

snow, > 3 °C: rain, between: snow/rain mix).  

The daily melt is estimated based on degree days (daily mean temperature > 0°C). The so-called 

degree day factor, which describes the melt that occurs per degree day is also fitted during the 

model calibration process with the number of snow days (snow depth ≥ 1cm) per season (Table 

S4.1). The number of snow days was slightly overestimated by the model (1.7% in Andermatt 

and 3.1% in Sedrun; Table 4.2). For further details on the natural snow module refer to Steiger 

(2010).  

The years 1981 to 1987 were used for model calibration and 1988 to 2010 for model evaluation 

(both periods together denote the reference period). In this application, we used separate degree-

day factors for three aspect classes: -25% for north exposed ski slopes, +25% for south exposed 

slopes and an unchanged calibrated degree-day factor for east and west-facing slopes. 

The weather stations Andermatt (1442 m asl; Figure S4.2) and Sedrun (1429 m asl) were used 

for the input data, Andermatt for the regions Gemssock and Nätschen/Oberalp, and Sedrun for 

the region Sedrun. Temperature and precipitation are extrapolated from the elevation of these 

weather stations to the elevation range of the ski areas in 100 m bands. We useda region-specific 

lapse rate of the air temperature between Sedrun/Gütsch (2287m asl) and Andermatt/Gütsch, 

respectively, that was fitted during model calibration. Separate lapse rates were calculated for 

each month of the year, and for dry (< 1 mm precipitation) and wet days (≥ 1 mm), respectively. 

For the precipitation, we assumed a constant 3% increase per 100 m of elevation (Steiger 2010).  

The snowmaking module takes into account that the operators of the ski area start to produce 

snow at certain dates (see Table 4.1), provided temperatures are low enough. For comparability 

with other SkiSim studies (e.g., Steiger and Scott 2020) we used -2 °C air temperature as 

threshold for snowmaking. Note that this threshold is rather conservative given the wet-bulb 

temperature threshold provided by the ski area operators (Table 4.1). For instance, a wet-bulb 

temperature of -2 °C corresponds to -1 °C air temperature at 80% humidity, while at 100% 

humidity no evaporative cooling occurs. Snow is produced until the base layer is 30 cm thick 

(corresponding to a snow water equivalent of 120 mm at a snow density of 400 kg m-3). This is 

the so-called base-layer snowmaking, which is required for skiing. Thereafter, more snow is 

produced to sustain skiing until the end of the scheduled season. In the model, the snow 

production is calculated hourly, under the assumption of interpolated daily minimum and 

maximum temperatures. Refer to Steiger (2010) for a detailed description of the snowmaking 

module.  

We ran the model for each of the three regions (Gemsstock, Nätschen/Oberalp, Sedrun) 

separately, each divided into elevational bands of 100 m.  

We computed the water consumption for a hydrological year that includes the full skiing season 

(year y runs from Sept 1st y-1 to Aug 31st y). Based on the daily snowpack, we determined the 

probability of a continuous snow cover for 100 days in a row (100-day rule) and of a continuous 

snowpack over Christmas and New Year (Christmas-rule; defined as Dec 22nd to Jan 4th). As 

suggested by Abegg et al. (2021), the selection of the snow reliability indicators was done in close 

co-operation with the ski area operators. Snow reliability and high snow reliability are given when 

the 100-day rule is fulfilled in 70% and 90% of the winters, resprectively, as ski areas are expeced 

to be able to withstand single years with less favorable conditions. We defined the snow reliability 

of the Christmas-rule in the same way. To achieve results that are representative for the entire 



104 | Chapter 4   

regions, we calculated area-weighted means of the probabilities, accounting for the area equipped 

for snowmaking in the elevational bands and in the aspect classes, as in Steiger and Stötter 2013 

(and similar to François et al. 2014, who weighted by ski lift power). The probabilities of each 

simulation were calculated based on the number of years in the 30-year time period when the 

100-day rule or the Christmas rule were fulfilled. If not indicated differently, all reported 

probabilities refer to the median of all simulations in a RCP scenario (RCP2.6, RCP4.5 and 

RCP8.5, see below) for a given time period during the 21st century (three time periods, see below). 

When results are visualized for single aspects they always refer to the east/west aspect (north and 

south aspect in the Supplementary material).  

The information about technical issues (area equipped for snowmaking, pumping rates, allowed 

water extraction) and about snowmaking practices (adopted wet-bulb temperatures, start dates, 

see Table 4.1) was obtained from Andermatt-Sedrun-Disentis directly (formerly SkiArena Ander-

matt Sedrun).   

 

Climate change scenarios and data availability 

The CH2018 climate change scenarios were produced for single weather stations (see Figure S4.2 

for the station Andermatt) as well as for a 2 x 2 km grid over whole Switzerland (NCCS 2018). 

There are three RCP scenarios with a total of 68 simulations: RCP2.6 (greenhouse gas emission 

stop with warming of less than 2 K compared to pre-industrial times; 12 simulations), RCP4.5 

(emission stop in second half of the 21st century, warming > 2 K; 25 simulations), and RCP8.5 

(high-emission scenario without emission stop; 31 simulations). These scenarios include daily 

simulations of temperature and precipitation until the year 2099. Here, we present the results for 

three time periods: 2020-2049 (early century), 2045-2074 (mid-century), and 2070-2099 (end of 

century). We refer to the 30-year periods of the RCP scenarios to get an estimate of the future 

conditions under the three scenarios. However, single extreme years may differ significantly from 

these estimates (for instance, “avalanche winter” 1999, Figure S4.2).  

For the weather station in Andermatt, the scenarios for the 21st century do not include any 

simulations for the minimum air temperature. We therefore used the gridded scenarios and 

extracted the input data for SkiSim 2.0 (minimum and maximum air temperature, precipitation) 

from the 2 x 2 km grid cell containing Andermatt. To account for the elevational difference 

between the grid cell and the weather station, we applied the temperature and precipitation lapse 

rates of the model.  

 

Table 4.2 The observed vs. modelled number of days with natural snow cover (≥1 cm) for 
the calibration (1981-1987) and for the validation period (1988-2010) at the stations An-
dermatt and Sedrun. R2 is the coefficient of determination for the respective period 

 Days with snow cover 

 observed modelled R2 

Andermatt    

calibration 167.7 166.9 0.89 

validation 160.3 163.0 0.83 

Sedrun    

calibration 159.1 159.9 0.85 

validation 150.3 155.0 0.73 
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Water consumption 

We modelled the water consumption of the ski area for the reference period of the climate change 

scenarios (1981 to 2010). Theoretically, these numbers could then be compared to the actual 

water usage of that period. However, actual water usage is only available for the winters 2002-

2017 (Sedrun) and 2014-2017 (Gemsstock). While these numbers refer to the snowmaking 

facilities of that time, the modelled water consumption is based on the full expansion of the 

facilities as in 2018. Thus, we could only carry out a plausibility check on the modelled numbers 

of the water consumption (see result section).  

 

Results 
Future snow reliability 

In terms of the 100-day rule and of our 70% threshold, the ski area is naturally snow reliable 

throughout the early 21st century, especially above the critical access elevations (Figure 4.3; see 

Figure S 4.3 and S4.4 for north and south exposure). Under RCP8.5, the snow reliability below 

1700 m asl starts to drop below 70% without any technical snow, but it can be maintained high 

with snowmaking (Figure S4.5). It continues to decrease towards the end of the 21st century, but 

mainly under RCP8.5. While snowmaking will compensate for the lack of natural snow in the re-

gions of Gemsstock and Nätschen/Oberalp, in Sedrun this will not be feasible at elevations below 

1800 m asl (Figure 4.3; east/west exposure). Compared to the east/west aspect, the snow reliabil-

ity is lower on southernly exposed slopes, especially below the critical access elevation, where the 

snow reliability is generally lower (natural snow: 13-23%; technical snow: 0-13%; below the criti-

cal access elevation under RCP8.5 by end of century) and it is higher on northernly exposed 

slopes (natural snow: 7-23%, technical snow: 0-10%; Figure S4.4).  

The natural snow reliability over the Christmas holidays is generally lower than for an operable 

season of 100 days (Figure 4.4; see Figure S4.6 and S4.7 for north and south exposure). Snow-

making will mostly allow skiing over the holidays. However, under RCP8.5 Christmas skiing be-

comes increasingly unlikely by the end of the century (RCP8.5; Figure 4.5). The influence of 

southernly exposed slopes on the snow reliability is somewhat smaller over the Christmas holi-

days than for the 100-day rule (natural snow: 3-13%, technical snow. 3-7%; below critical access 

elevation under RCP8.5, end of century; Figure S4.7). This smaller impact of the exposure is most 

likely due to lower temperatures in December and January. 

 

Gemsstock 

The natural snow reliability of the Gemsstock region is generally high throughout the whole 21st 

century (100-day rule; Figure 4.3), particularly above the critical access elevation of 2000 m asl. 

By the end of the century, natural snow will not suffice to sustain a continuous skiing season of 

100 days. But this concerns the lower areas under the RCP8.5 scenario only and may be compen-

sated with technical snowmaking (Table 4.3). 

The Christmas holidays are snow reliable at the beginning of the century, but the snow reliability 

gradually decreases towards the end of the 21st century (Figure 4.4). Under RCP8.5, the low-ele-

vation areas become snow scarce by the mid-century already (enough natural snow in 56% of the 

winters only). But with snowmaking, the whole Gemsstock region remains snow reliable until the 

end of the century (Table 4.3; Figure 4.5 and Figure S4.5). 
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Figure 4.3 The probability of 100 consecutive days that are operable for skiing on natural snow 
(dashed line) and with technical snow (solid line) for the three regions Gemsstock, 
Nätschen/Oberalp, Sedrun under the three RCP scenarios and for three time periods of the 21st 
century. The lines represent the median of all simulations per RCP scenario and 50% of the sim-
ulations lie in the shaded ribbon. The horizontal lines indicate the snow reliability at 70% and 
90%, the vertical lines refer to the critical access elevation. All results refer to an east/west as-
pect, north and south exposures are in Figures S4.3 and S4.4. At a probability of 1, the lines of 
the three scenarios overlap 
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Figure 4.4 The probability that the resort is operable during the Christmas holidays on technical 
snow (solid line) and with natural snow only (dashed line) for the three regions Gemsstock, 
Nätschen/Oberalp, Sedrun under the three RCP scenarios and for three time periods of the 21st 
century. See legend of Figure 4.3 for a detailed description. All results refer to an east/west as-
pect, north and south exposures are in Figures S4.6 and S4.7 
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Table 4.3 The median likelihood (area-weighted) for fulfilling the 100-day and the Christmas 
rule below and above the critical access elevation, and under three RCP scenarios (R2.6, R4.5, 
R8.5) for three time periods on natural snow and with snowmaking. Dark green: highly snow 
reliable, light green: snow reliable, orange: not snow reliable 

Gemsstock – 100-day rule        

Above/below 

critical access 

elevation 

 early century mid-century end of century 

Snow R2.6 R4.5 R8.5 R2.6 R4.5 R8.5 R2.6 R4.5 R8.5 

< 2000 m asl 
natural  0.95 0.96 0.94 0.95 0.91 0.77 0.96 0.88 0.36 

technical 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.96 

≥ 2000 m asl 
natural  1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.96 0.97 

technical 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Gemsstock – Christmas rule 

< 2000 m asl 
natural  0.86 0.84 0.80 0.81 0.79 0.56 0.86 0.73 0.25 

technical 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.78 

≥ 2000 m asl 
natural  0.99 0.99 0.98 0.98 0.96 0.92 0.97 0.98 0.76 

technical 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.98 

 

Nätschen/Oberalp - 100-day rule 

< 1800 m asl 
natural  0.92 0.92 0.89 0.90 0.82 0.59 0.92 0.76 0.11 

technical 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.91 

≥ 1800 m asl 
natural  1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 0.83 

technical 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 

Nätschen/Oberalp - Christmas-rule 

< 1800 m asl 
natural  0.80 0.76 0.74 0.74 0.68 0.43 0.89 0.59 0.13 

technical 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 0.68 

≥ 1800 m asl 
natural  0.96 0.96 0.96 0.94 0.92 0.84 0.96 0.93 0.62 

technical 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 0.93 

         

Sedrun - 100-day rule 

< 1900 m asl 
natural  0.93 0.93 0.89 0.91 0.84 0.66 0.93 0.80 0.20 

technical 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00 0.64 

≥ 1900 m asl 
natural  1.00 1.00 0.99 1.00 0.97 0.91 1.00 0.97 0.60 

technical 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.92 

Sedrun - Christmas-rule 

< 1900 m asl 
natural  0.75 0.71 0.72 0.74 0.64 0.40 0.72 0.56 0.12 

technical 1.00 1.00 1.00 1.00 0.99 0.89 1.00 0.96 0.20 

≥ 1900 m asl 
natural  0.86 0.87 0.84 0.86 0.84 0.64 0.88 0.81 0.35 

technical 1.00 1.00 1.00 1.00 1.00 0.98 1.00 1.00 0.56 
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Figure 4.5 The probability of operable Christmas holidays with and without snowmaking at the 
end of the century under RCP8.5. Areas depicted in white are not serviceable for snowmaking 
and the red line is the critical access elevation 
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Nätschen/Oberalp 

Both, the natural and technical snow reliability of the region Nätschen/Oberalp are similarly high 

as in the Gemsstock region (100-day rule; Figure 4.3). However, the critical access elevation at 

1800 m asl, above where the slopes can be skied unrestrictedly is 200 m lower than on the Gems-

stock. Accordingly, under RCP8.5, the low-elevation areas are not naturally snow reliable any-

more by the mid-century already. By the end of the century, natural snow is projected to suffice 

for a 100-day skiing season in one out of ten winters only (Table 4.3). Because of the widespread 

snowmaking facilities, the region will generally remain snow reliable throughout the whole 21st 

century, even under RCP8.5. 

However, the Christmas holidays will likely become increasingly snow scarce (Table 4.3). Below 

the critical access elevation, producing a base layer of technical snow for Christmas skiing may 

only be possible in 68% of the winters (RCP8.5). 

 

Sedrun 

Even though Sedrun is the least snow reliable region (Figure 4.3), the 100-day rule will still be 

fulfilled throughout most of the 21st century. However, from the mid-century on, the natural snow 

reliability occurs in 66% of the winters below the critical access elevation of 1900 m asl (RCP8.5). 

With technical snow it can be maintained very high, fulfilling the 100-day rule in 99% of the win-

ters. By the end of the century, the natural snow reliability at low elevations will only be given 

every fifth winter, and high temperatures will render sufficient snowmaking impossible (only fea-

sible in 64% of the winters; Table 4.3). Above the critical access elevation of 1900 m asl, snow-

making maintains the area snow reliable even under RCP8.5 at the end of the century. 

The situation during the Christmas holidays is projected to be considerably worse in Sedrun than 

in the other two regions Gemsstock and Nätschen/Oberalp (Figure 4.4). By the mid-century, the 

natural snow reliability at lower elevations will decrease drastically (RCP4.5 and RCP8.5), even 

above the critical access elevation of 1900 m asl (RCP8.5; Table 4.3). The lack of natural snow 

can be compensated by snowmaking, but under RCP8.5, the region will not be snow reliable any-

more, not even with snowmaking above the critical access elevation (Figure 4.5, Table 4.3).  

 

Water consumption 

Water consumption in the reference period 

The mean water consumption in the Gemsstock region between 2014 and 2016 was 48 × 103 m3 

season-1, whereas in the snow scarce winter of 2017 it was 150 × 103 m3 season-1, thus, it more 

than tripled. In the region Sedrun, the mean water consumption between 2006 and 2016 was 114 

× 103 m3 and in the winter 2017, it increased by ca. 70% to 195 × 103 m3 season-1. For the region 

Nätschen/Oberalp, the facilities are simply too new to obtain water consumption data of the past 

winters (running since winter 2019). Because the model assumes a fully expanded ski area, the 

water consumption of the past years may mainly serve as a plausibility check for the model out-

comes.  

The modelled baseline water consumption of the three regions of the ski area (reference period 

1981-2010) is estimated 46.8 × 103 m3 season-1 for Gemsstock (17% of the total 301.5 × 103 m3 

season-1; 3% lower than observations 2014-2016), 172.3 × 103 m3 season-1 for Nätschen/Oberalp 

(57%), and 82.4 × 103 m3 season-1 for Sedrun (26%), respectively. When we used the tempera-

ture and precipitation of the reference period in Sedrun (instead of the RCP climate change 
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scenarios), the modelled water consumption for the reference period was 99.0 × 103 m3 season-1 

(13% lower than observations 2006-2016).  

Our model did not include any “water losses” (see below) and assumed that the operators only 

produced as much technical snow as required to guarantee a minimum snow depth of 30 cm until 

the scheduled season ends. However, operators often produce more snow than assumed in our 

model, as the course of the season is still unknown when the snow is produced (mainly between 

October/November and January). Thus, our modelled water consumption is rather conservative, 

and it is therefore likely that our future projections are underestimated.  

 

Water consumption in the 21st century 

The total water consumption at the end of the century will increase by 4% (RCP2.6), 16% 

(RCP4.5), or even 79% (RCP8.5) compared to the baseline, respectively. Below the critical access 

elevations (1800-2000 m asl), the relative increase in the water consumption will be much 

Figure 4.6 The increase in water consumption for the three regions compared to the baseline 
(reference 1981-2010; modelled with full expanded skiing resort). High and low elevations are 
above and below the critical access elevation, respectively 
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higher: 15% (RCP2.6), 47% (RCP4.5), and 195% (RCP8.5; reference 82.1 × 103 m3 season-1). 

Above the critical access elevation, increases in water consumption will only amount to 0% 

(RCP2.6), 3% (RCP4.5), and 35% (RCP8.5) by the end of the century (reference of 219.5 × 103 

m3 season-1).  

Hypothetically, the operators could decide to fully abandon snowmaking below the critical access 

elevations, and only operate the higher areas. This would theoretically diminish the total water 

consumption of the ski area compared to the reference period, even at the end of the 21st century 

(RCP2.6: -28%, RCP4.5: -25%, RCP8.5: -2%).  

If the concentration of greenhouse gas emissions were to stay at today’s levels thanks to success-

fully applied abatement measures (RCP2.6), the total water consumption of the ski area would 

only be 4% higher than during the reference period by the end of the 21st century. Thus, in the fol-

lowing, we report the results of the RCP4.5 and the RCP8.5 scenarios for each region. 

 

Gemsstock 

On the Gemsstock, the modelled water consumption for the reference period was 29.5 × 103 m3 

season-1 for areas above the critical access elevation of 2000 m asl, and 17.3 × 103 m3 season-1 for 

the lower areas. In line with the high snow reliability throughout the 21st century, there is practi-

cally no increase in the water consumption above 2000 m asl (+7% by the end of the century un-

der RCP8.5). Below the critical access elevation, including the runs to the valley bottom, the water 

demand in the mid-century will rise by 22% and 51% under RCP4.5 and RCP8.5, respectively, 

and by 35% (RCP4.5) and 162% (RCP8.5) by the end of the century (Figure 4.6). 

 

Nätschen/Oberalp 

Above the critical access elevation of 1800 m asl, the yearly water consumption was 146.4 × 103 

m3 season-1, and 25.9 × 103 m3 season-1 for the lower situated areas during the reference period. 

In this region, only 9% of the area equipped for snowmaking lies below 1800 m asl (Figure 4.2). 

As on the Gemsstock, the increase of water consumption above the critical access elevation is 

moderate (0-5%), except under RCP8.5 at the end of the century with 28%. However, below 1800 

m asl, our model projects massive increases in water consumption. Under RCP4.5, these will be 

13% (early century), 40% (mid-century) and 61% (end of century), while under RCP8.5 they will 

even be 24%, 101%, and 271% (Figure 4.6). 

 

Sedrun 

In the region Sedrun, the modelled yearly water consumption was 43.6 × 103 m3 season-1 for ele-

vations above 1900 m asl (critical access elevation), and 38.9 × 103 m3 season-1 for lower eleva-

tions during the reference period. Similar to the other two regions, increases in water consump-

tion will range between 2% to 9%, but under RCP8.5, we project a rise of 78% by the end of the 

century.  

Below 1900 m asl, the water use under RCP4.5 will go up by 39% by the end of the century. Un-

der RCP8.5, the additional water required for snowmaking will increase by 53% in the mid-cen-

tury, and by 142% by the end of the century (Figure 4.6). 
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Discussion 

Snow reliability 

Our in-depth analysis of Andermatt-Sedrun-Disentis show that the ski area remains snow reliable 

(consecutive 100-day season) in the 21st century, provided that snowmaking will be intensified. 

Fortunately for the operators, the resort as a whole has multiple entry points that are accessible 

even when lower parts of the ski area might not be skiable anymore. At high elevations, the entire 

ski area will be fully operational for at least 100 consecutive days. About three quarters of the total 

ski area lie above 2000 m asl, and this is also where the majority of the new lifts, slopes and ski 

runs were constructed (2015-2018). Ultimately, only the snow reliability on the valley runs can-

not be maintained. The upper parts of the ski areas, including the newly built slopes, are projected 

to be operable until the end of the 21st century. 

Due to future climatic conditions and high investment costs for modern snowmaking facilities 

(Abegg et al. 2008), there will be a diminishing number of operable ski areas in the future world-

wide (e.g., Fang et al. 2019; Spandre et al. 2019b; Steiger et al. 2019; Scott et al. 2020). As the 

snow scarce winters in the late 1980s showed, high-elevation ski areas can benefit from increased 

visitor numbers when ski areas at lower elevations close (Koenig and Abegg 1997; Steiger et al. 

2019). Accordingly, we assume that in the mid-term, Andermatt-Sedrun-Disentis may even 

profit from the shutting down of other ski areas. 

In contrast to the minimal season length of 100 consecutive days, the resort’s situation over the 

Christmas holidays (Christmas rule) is much less stable throughout the 21st century. Unreliable 

snow conditions for ski areas during Christmas holidays are projected to emerge globally 

(Berghammer and Schmude 2014; Steiger et al. 2019; Steiger and Scott 2020), as for instance in 

2017, when the onset of snow in Andermatt was on January 3rd. In Andermatt-Sedrun-Disentis, 

this mainly affects the region Sedrun, where snowmaking will reach its limits by the end of the 

century. In a comprehensive analysis of 34 ski areas in the canton of Grisons (eastern Switzer-

land), Abegg et al. (2015) used the same 70% threshold for the 100-day and the Christmas rule 

for assessing the snow reliability and highlighted that only 15% of the ski areas would be natu-

rally snow reliable by the end of the century. Snowmaking could increase the share of snow relia-

ble ski areas to 56%, but the required snow production would rise by more than 100%. Sedrun 

was one of the analysed ski areas and they projected that with snowmaking, the ski area would 

still be snow reliable by the end of the 21st century. Our results with a higher spatial resolution 

and with the latest version of the Swiss climate change scenarios revealed that the ski area will 

only be partially snow reliable, fulfilling the 100-day rule, but not the Christmas rule anymore. 

The low snow reliability in the region Sedrun is partly due to older snowmaking facilities com-

pared to Gemsstock and Nätschen/Oberalp. The technical snow reliability could be increased by 

renewing these old facilities and thereby allowing for higher water pumping rates (pumping rates 

at Nätschen/Oberalp are between five to ten times higher than those in Sedrun). This is under-

pinned by the very snow scarce winter of 2017. While the water consumption in the Gemsstock 

region tripled, in the region of Sedrun there was an increase of roughly 70% only. It is likely that 

the older snowmaking facilities restricted the production of technical snow. This reinforces a 

study across six Norwegian ski resorts, where lower snowmaking capacities were related to a 

higher vulnerability over the Christmas holidays (Dannevig et al. 2021). However, the natural 

snow reliability was also lower in Sedrun, therefore, the lower overall snow reliability cannot be 

attributed to the older snowmaking facilities alone. Generally, there has been a rapid technical 
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development of such facilities, as evidenced by the high pumping rates of the new installations in 

Nätschen/Oberalp (270 L s-1). Such a high performance, in combination with sufficient water 

supply, is considered crucial for the snow reliability in snow scarce years. Even though further 

gains in the efficiency of snowmaking facilities are likely, the technology itself is also bound to 

physical limitations (wet-bulb temperature). Hence, unsuitable climatic conditions as they are of-

ten observed at the beginning of the season and/or at low elevations, substantially reduce the po-

tential benefit of snowmaking facilities (Berard-Chenu et al. 2022). 

 

Water consumption 

Generally, the water consumption for snowmaking in the European Alps is estimated to increase 

between 50 and 110% (by 2050; Steiger et al. 2019). A rising demand for technical snow causes 

higher costs for the water consumption, but also increased operating costs and additional invest-

ments in snowmaking facilities. We project that in an average winter at the end of the century, the 

entire resort Andermatt-Sedrun-Disentis will require 79% more water for snowmaking (RCP8.5; 

roughly an increase from 300 × 103 m3 season-1 to 540 × 103 m3 season-1). When we take the 730 

L day-1 water consumption of a typical 4-person household as a reference (Abwasser Uri 2019), 

the water consumption for snowmaking would increase from approximately 1130 to 2020 house-

holds. Further investment in the snowmaking capacity would intensify the water consumption 

beyond our model results. In the French Alps, the water consumption by the end of the century 

could even increase by the ninefold, if the area for snowmaking would be increased to 100% 

(Spandre et al. 2019a).  

 

The model SkiSim 2.0 does not account for water losses through wind drift, sublimation and 

evaporation, which may lead to the underestimation of the water consumption during the process 

of snowmaking. Grünewald and Wolfsperger (2019) highlighted that water losses ranged be-

tween 7 and 35%, depending on weather conditions. In their field tests, water losses augmented 

by 2.8% per 1 K increase in air temperature. Future conditions for snowmaking will become in-

creasingly unfavourable and hence, future water losses are very likely to increase. Nevertheless, 

our model results indicate a rather moderate increase in water consumption compared to other 

ski areas in Switzerland and Austria. For Scuol (eastern Alps, CH), the water consumption by the 

end of the century may rise by a factor of 2.4-5, in Hochjoch (AU) by a factor of 2.2-3.7 (Abegg 

and Steiger 2016). For the winter season 2007 in the winter tourism region Davos (CH), Rixen et 

al. (2011) compared the water and energy consumption of the ski resort with the drinking water 

and energy consumption of the municipality. In terms of energy consumption, the ski resort used 

less than 1% of the municipality’s energy. But the water use comprised 21.5% of the municipali-

ties drinking water (but using different water sources).  

The percental upsurge in water consumption for the region Nätschen/Oberalp, where most of the 

new ski runs, lifts, and snowmaking facilities were built, is similar as the percental increase for the 

whole ski area (+19% by the mid-century and +65% by the end of the century, RCP8.5). Most of 

the water for snowmaking is extracted from the reservoir lake Oberalpsee (max. 200 × 103 m3 

season-1 extraction, pumping rate of 270 L s-1). Potential future water resources would be an addi-

tional reservoir lake (“Ober Gütsch”, 50 × 103 m3 season-1) and groundwater in Andermatt (200 × 

103 m3 season-1). With unabated greenhouse gas emissions (RCP8.5 scenario), the reservoir 

Oberalpsee will suffice for the snowmaking activities of the region until the mid-century, but the 
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water demand will clearly exceed the availability by the end of the century. Additional water re-

sources in the range of 80 × 103 m3 without any water losses will be required. Noteworthy, if we 

reduce the greenhouse gas emissions (RCP4.5), the reservoir of the Oberalpsee will still meet the 

water demands for snowmaking even by the end of the century. As the other regions’ water 

sources are rivers, the water availability is much more constrained by interannual fluctuations 

and there are no defined maximum rates of extraction per year (residual water flows in rivers 

have to be guaranteed).  

 

Competition for water  

The Oberalpsee is also used for hydroelectric power generation. The power station Oberalp pro-

duces three quarters of the energy during snowmelt and the subsequent summer months without 

snow. The withdrawal of water by the ski resort and by the electrical power company is regulated 

by law (Elektrizitätswerk Ursern 2020). Hence, competition and conflicts between the hydro-

power production and snowmaking will arise if the water level of the Oberalpsee and rivers will 

drop in the future. Such conflicts may emerge mainly in drier regions of Switzerland, such as the 

Engadine or parts of the Valais. Peaks in water demand for tourism often coincide with generally 

low water levels (Reynard 2020). Nevertheless, water shortages in Swiss tourism regions are usu-

ally caused by unsustainable water management strategies and poor distribution among stake-

holders, not by a general lack of water (Clivaz and Reynard 2008; Schneider et al. 2016). A de-

tailed study for the French Isère department showed that the water availability for snowmaking 

may even increase due to more rain and increased snowmelt, but mainly at catchment areas be-

low 1500 m asl (Gerbaux et al. 2020). In the region of Andermatt, the newly built resort including 

golf, swimming pools and spa have generated new water demands that have not yet been quanti-

fied. We therefore suggest that the increasing water consumption of the ski resort as well as these 

new sources of water demand are considered in future water management strategies. 

In addition to the new demands for water and the climatic changes, there are changes in the land 

use of the Ursern valley that affect the surface runoff of the catchment. Successive abandoning of 

extensive grazing on alpine grassland is leading to an expansion of shrubland, in particular of the 

green alder. Because of the higher evapotranspiration of the green alder and abandoned grass-

land, this land use change reduces the runoff in the Ursern catchment (Inauen et al. 2013; van 

den Bergh et al. 2018). However, land use changes primarily affect the runoff during the summer 

months. Snowmaking usually starts in mid-November or early December and commonly lasts 

until January. Alaoui et al. (2014) showed that the water discharge of the Ursern valley during 

these months is clearly dominated by precipitation. As the amount of winter precipitation is ex-

pected to shift by -2 to 24% by the end of the century (NCCS 2018), future competition for water 

resources in winter will likely not be triggered by a decrease in the supply, but rather by increas-

ing water demands of the ski areas. 

 

Conclusions 
The studied ski resort Andermatt-Sedrun-Disentis features a high natural snow reliability 

throughout the 21st century and reductions in natural snow can mainly be compensated by snow-

making. However, under a climate change scenario with unabated emissions, lower areas (below 

1800-1900 m asl) as well as the region of Sedrun, even above the critical access elevation, will not 

be snow-reliable over the Christmas holidays by the end of the 21st century, as the climate will not 



116 | Chapter 4   

allow for sufficient snow production. Under this scenario, the water consumption will rise by 79% 

by the end of the century. The currently largest water source, the reservoir lake Oberalpsee, will 

then not meet the water demands of the region anymore and new sources such as ground water 

and a new reservoir lake will have to be exploited. According to the climate change scenarios 

(CH2018) it is likely that the water supply during the months of highest water consumption (No-

vember until January) will not decrease, but the high consumption may lead to competition with 

other sectors such as hydropower or the new hotels. Although the overall demand for skiing tour-

ism in Switzerland has been decreasing since 2008 (SBS 2021), the comparative advantage of 

Andermatt-Sedrun-Disentis (Steiger and Abegg 2018) – in combination with the significant ex-

pansion of the resort – will likely lead to an increase in tourist numbers.  
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Table S4.1 The calibrated degree-day factors (in mm water equivalents / K) for the aspect 
classes and the two weather stations Andermatt and Sedrun 

 North  East / west aspect South 

 min max min max min max 

Andermatt 0.7 3.3 1.0 5.0 1.5 7.5 

Sedrun 08 3.4 1.2 5.2 1.8 7.8 

 
 
 
 

 

 

 

Figure S4.2 Mean winter temperature and the winter precipitation sum (December to February) 

at the weather station Andermatt (1442 m asl). Measured temperature and precipitation are 

shown in dark blue (Federal Office of Meteorology and Climatology MeteoSwiss, (1981-2017, 

period refers to the start of the reference period of the climate change scenarios until last sea-

son's data of water usage for snowmaking). The mean, minimum and maximum of all simula-

tions of the Swiss climate change scenarios (NCCS, 2018) are depicted in orange (RCP4.5) and 

red (RCP8.5, 1981-2099)
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Figure S4.3 The probability of 100 consecutive days that are operable for skiing on natural snow 
(dashed line) and with technical snow (solid line) for the north-exposed slopes of the three re-
gions Gemsstock, Nätschen/Oberalp, Sedrun under the three RCP scenarios and for three time 
periods of the 21st century. The lines represent the median of all simulations per RCP scenario 
and 50% of the simulations lie in the shaded ribbon. The horizontal lines indicate the snow relia-
bility at 70% and 90%, respectively, the vertical lines the critical access elevation. At a probabil-
ity of 1, the lines of the three scenarios overlap 
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Figure S4.4 The probability of 100 consecutive days that are operable for skiing on natural snow 
(dashed line) and with technical snow (solid line) for the south-exposed slopes of the three re-
gions Gemsstock, Nätschen/Oberalp, Sedrun under the three RCP scenarios and for three time 
periods of the 21st century. The lines represent the median of all simulations per RCP scenario 
and 50% of the simulations lie in the shaded ribbon. The horizontal lines indicate the snow relia-
bility at 70% and 90%, respectively, the vertical lines the critical access elevation. At a probabil-
ity of 1, the lines of the three scenarios overlap
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Figure S4.5 The probability of 100 operable days with and without snowmaking at the end of 
the century under RCP8.5. Areas depicted in white are not serviceable for snowmaking and the 
red line is the critical access elevation 
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Figure S4.6 The probability that the resort is operable over the Christmas holidays on technical 
snow (solid line) and with natural snow only (dashed line) for the north-exposed slopes of the 
three regions Gemsstock, Nätschen/Oberalp, Sedrun under the three RCP scenarios and for 
three time periods of the 21st century. The lines represent the median of all simulations per RCP 
scenario and 50% of the simulations lie in the shaded ribbon. The horizontal lines indicate the 
snow reliability at 70% and 90%, respectively, the vertical lines the critical access elevation. At a 
probability of 1, the lines of the three scenarios overlap 
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Figure S4.7 The probability that the resort is operable over the Christmas holidays on technical 
snow (solid line) and with natural snow only (dashed line) for the south-exposed slopes of the 
three regions Gemsstock, Nätschen/Oberalp, Sedrun under the three RCP scenarios and for 
three time periods of the 21st century. The lines represent the median of all simulations per RCP 
scenario and 50% of the simulations lie in the shaded ribbon. The horizontal lines indicate the 
snow reliability at 70% and 90%, respectively, the vertical lines the critical access elevation. At a 
probability of 1, the lines of the three scenarios overlap 
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Concluding discussion 

My PhD thesis with its transdisciplinary addresses multiple consequences of climate change for 

alpine regions. These comprise the impact of rising temperatures and increased winter precipita-

tion on high-elevation snowmelt dates, including a projection of future snowmelt dates through-

out the 21st century, which were identified in chapter 1. In a unique snow manipulation and sum-

mer drought experiment with snow shovelling in late winter/early spring and rainout shelters 

during the growing season, my co-authors and I created future climatic conditions by shifting 

snowmelt dates and recurring summer droughts in a late-successional alpine grassland at 2500 m 

asl. I explored whether photoperiodism hinders the main species of the grassland to profit from 

earlier snowmelt and longer growing seasons. I therefore examined photoperiod, thermal sums, 

and the time elapsed since snowmelt as potential drivers of flowering phenology (chapter 2). 

Longer growing seasons could potentially result in increased biomass production, but any bene-

fits may be revoked by recurring summer droughts. Drought may affect plant growth and shift 

plant allocation patterns, as well limit the nutrient availability and accessibility (chapter 3). Be-

sides ecological consequences, a highly evident economic consequence of climate change in alpine 

regions is the dwindling snow in skiing regions. In chapter 4, the future snow reliability for winter 

sports and tourism (in terms of a snowpack that allows skiing) is projected for the 21st century, 

including estimates for the future water demands for artificial snowmaking.  

 

Advancing snowmelt dates at high elevations 

As a result of the work presented in chapter 1, I was able to show that the air temperature has a 

1.5-fold higher impact on the timing of snowmelt than the mean height of the snowpack. Never-

theless, a higher snowpack height generally delays the snowmelt date, an effect that is less pro-

nounced at higher elevations, where the snowpack already is high. Clearly, the anticipated in-

crease in winter precipitation, which will be falling as snow at high elevations, will not compen-

sate for the rising air temperatures and thus, snowmelt dates will advance at a similar speed at el-

evations between 1000 and 1500 m asl.  

For the period between 1958 and 2019, snowmelt dates advanced by 2.8 days per decade, a trend 

that was consolidated by a particular advancement in the late 1980s and early 1990s. Because of 

this strong shift, the magnitude of trends largely depends on the considered time period. Accord-

ingly, Klein et al. (2016) reported that between 1970 and 2015, snowmelt dates advanced almost 

twice as fast, with 5.8 days per decade.  

I found a high linear correlation (R2 = 0.78, p < 0.01) of snowmelt dates with the temperature 

measure T21d ≥ 5 °C. This measure stands for the first day (DOY) when the 3-wk mean of air tem-

perature exceeds 5 °C. Consequentially, snowmelt occurs once the atmosphere has heated up suf-

ficiently. This new metric for the temperature effect on snowmelt is particularly useful for under-

standing fluctuations of snowmelt dates over longer time periods and/or along elevational gradi-

ents. In chapter 1, I developed a model to project future snowmelt dates in the Alps based on cli-

mate change scenarios for temperature and precipitation. Without a reduction in greenhouse gas 

emissions, the advancement of snowmelt dates will accelerate to six days per decade by the end of 

the 21st century, with an alpine growing season that will be extended by one month or one third of 

its current length (RCP8.5). In this context, our experimental snow manipulations achieved a 

maximum advancement of snowmelt by nine days, which corresponds to a scenario in the early 

to mid-21st century. 
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Modulating effect of photoperiod allows species to profit from longer growing seasons 

Short photoperiods and a higher risk for recurring summer droughts may prohibit alpine plant 

species from profiting of longer growing seasons after early snowmelt (Keller and Körner 2003). 

The flowering phenology is a rather simple measure for how plants cope with shifts in snowmelt 

dates. However, the analysis of such phenology data is often not straight forward. The time-to-

event analysis adopted in chapter 2 revealed that four of the seven main plant species of the alpine 

grassland were highly opportunistic in their flowering behaviour. The main flowering period 

started after accumulating a species-specific amount of thermal energy (degree hours) or a certain 

time after snowmelt (days since snowmelt). This group comprised the dominant sedge Carex cur-

vula, but also the grass species Anthoxanthum alpinum and Helictotrichon versicolor, as well as 

the N2 fixing forb Trifolium alpinum. Even the extraordinary 3-week earlier snowmelt in 2017 in 

combination with snow removal led to substantially earlier flowering, with no evident restriction 

through photoperiod. Earlier flowering leaves more time for seed maturation and may therefore 

enhance plant reproductive fitness. On the other hand, a lacking sensitivity to photoperiod may 

increase the susceptibility to early frosts and lead to flower abortion. C. curvula is a species that 

starts flowering quickly after snowmelt and therefore it is particularly susceptible. However, this 

species also features a high spatial dominance and only one out of ten shoots flower each year 

(Erschbamer et al. 1994) – a strategy which may help to reduce the frost risk. During the field ex-

periment (2016-2018), there was one single frost event with air temperatures down to -3.5 °C in 

July 2016 (nearby ALPFOR weather station). Overall, earlier snowmelt goes along with an in-

creased frost risk (Inouye 2008), which may reduce the number of flowers, the seed production 

and the survival of alpine plant species (Kawai and Kudo 2018; Tonin et al. 2019).  

The photoperiod sensitive species in my study were the three forbs Geum montanum, Leontodon 

helveticus, and Potentilla aurea. I showed that after early snowmelt, photoperiodism induced 

higher thermal sums at the transition to flowering. This modulating effect of photoperiodism al-

lowed these species to slightly protract the transition to flowering after early snowmelt. But snow-

melt co-determined the transition to flowering and thus, even the photoperiod sensitive species 

can partly profit from longer growing seasons. On the other hand, the lower thermal sums accu-

mulated in years with snowmelt around summer solstice indicate an accelerated phenology in 

years with short growing season. The phenology of these photoperiod sensitive species is well 

adapted to the large yearly fluctuations in snowmelt dates. With the anticipated earlier snowmelt 

dates in the future, the increasing delay of flowering will bear an advantage for avoiding early sea-

son frosts. For high-elevation and high-latitude plant species, the evidence for photoperiodism so 

far was mostly restricted to greenhouse studies with fixed daylength treatments (e.g., Heide 2001; 

Keller and Körner 2003). Here, we supplement this compelling evidence for photoperiodism with 

in situ field data, which further consolidates our understanding of photoperiod as one of the key 

factors for flowering development at high elevations. 

According to the escape strategy (Gugger et al. 2015), some species will advance their flowering 

under drought, as here observed for the grass A. alpinum. The overall effect of the experimentally 

induced drought on the flowering phenology in the alpine grassland was negligible. However, 

drought may impair seed maturation and therefore reduce the reproductive success of alpine 

plant species (Galen 2000).  

 

Drought increases the allocation of biomass to below-ground 

Neither earlier nor later snowmelt affected the above- or below-ground biomass production. As 

such, late successional grasslands do not seem to benefit from longer growing seasons in terms of 
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production. However, after 10.5 weeks of rain exclusion with rainout shelters, I observed a clear 

reduction in above-ground biomass formation. In line with the functional growth analysis 

(Körner 2014), there was a shift towards below-ground biomass allocation under drought, as pre-

viously also observed in drought experiments at lower elevations (e.g., Kahmen et al. 2005; 

Gilgen and Buchmann 2009). However, the overall response depended on the duration and in-

tensity of the drought. Rain exclusion for the first half of the growing season had no effect on the 

above-ground phyto- and biomass production, but strongly enhanced the below-ground produc-

tion (+19%; in-growth cores), resulting in an overall increase of the yield. In contrast, rain exclu-

sion for almost the entire growing season reduced the above-ground production (-16% phyto-

mass, -19% biomass) but remained without effect on the below-ground production, inducing an 

overall decrease in the community biomass. In a prior 6- and 12-wk drought experiment in the 

same region, Schmid (2017) observed increases in the below-ground biomass (+47 to +50%) and 

reductions in the above-ground biomass (-12 to -35%). However, the soil water content on the 

steep slopes (40° inclination) was constantly higher than in our experiment. The author high-

lighted that increases in the below-ground biomass and reductions in above-ground phytomass 

go along with a lower plant cover, most likely facilitating soil erosion. These results and the low 

above-ground biomass production (-20%) in the naturally dry year 2018 strongly underline the 

high relevance of the timing and intensity of droughts for alpine grassland.  

 

Nutrient uptake of C. curvula was unhindered by drought 

One of the main hypotheses of my thesis was that drought would primarily limit the nutrient 

availability and accessibility in the drying topsoil of the grassland. However, our field experiment 

with snow manipulations and summer drought revealed that most of the mass loss of on-site lit-

ter occurred over the nine winter months (37.1%), whereas there was no further mass loss over 

the subsequent growing season, independently of the litter type. The decomposition was only 

slowed down when on-site litter was provided at the start of the growing season, not before the 

winter months. Thus, drought did not significantly affect the provision of nutrients though a re-

duced decomposition in the topsoil. An additional nutrient layer placed in the root-free in-growth 

cores revealed that the nutrient induced increase in the root mass was lower under drought, even 

though this effect was not statistically significant. Nevertheless, by means of maize litter that was 

enriched in 15N, we could also show that nitrogen uptake of C. curvula was unhindered by 

drought, even in combination with early snowmelt dates. Due to its high spatial dominance, C. 

curvula is presumably a good competitor for soil nutrients. So far, these results are restricted to 

nitrogen uptake of C. curvula. In the future, soil cores could reveal patterns of nutrient allocation 

under drought, allowing further conclusions about the impact of climate change on the nutrient 

cycle of alpine grasslands.  

 

Increased water consumption calls for new water management strategies 

Our in-depth analysis of the ski resort Andermatt-Sedrun-Disentis revealed an overall high resili-

ence against climatic changes throughout the 21st century. This is mainly due to the recently in-

stalled snowmaking facilities and the multiple access points of the resort, but also due to the gen-

erally high natural snow reliability. Under a climate change scenario with unabated emissions, it 

is likely that in the mid-term (ca. 2050), the resort will profit because lower-elevation resorts are 

going out of business. However, over the whole century, the resort will anticipate economic losses, 

particularly over the currently profitable Christmas holidays. Moreover, the expenses for snow-

making will rise considerably, as the water consumption will increase by 23% in the mid-21st 
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century, and by 79% by the end of the century (RCP8.5). Although the increase in water con-

sumption is substantial, the international comparison shows that it is lower than in most ski areas 

(see Steiger et al. 2019). For the mid-century, increases in water consumption will rise by 46% to 

80% in China (Fang et al. 2019), by 45% to 65% in Austria (Steiger and Scott 2020), and by 12% 

to 86% in the US (Jones et al. 2008), highlighting the high snow reliability of Andermatt-Sedrun-

Disentis. 

Even though the Alps are often referred to as the water tower of Europe, water can get restrictive 

when competition amongst stakeholders arises. In Switzerland, when stakeholders are confronted 

with water deficits it is commonly not a consequence of an actual water shortage, but of inefficient 

water management strategies (Clivaz and Reynard 2008; Schneider et al. 2016). For alpine com-

munities such as Andermatt, Sedrun and Disentis, it is therefore important to develop water man-

agement strategies that incorporate the future availability, and the future water needs of the vari-

ous stakeholders in the region.  

 

Conclusions 

Snowmelt in the alpine vegetation zone will increasingly occur earlier in the season, which will 

prolong the alpine growing season substantially. Photoperiodism will primarily slow down the 

plant development after early snowmelt followed by low temperatures, but it will not completely 

prohibit the plant’s sprouting after early snowmelt. For my field site, I anticipate that snowmelt 

will occur one month earlier by the end of the 21st century. However, the year 2017 with three 

weeks earlier snowmelt clearly demonstrated the large inter-annual variability of snowmelt dates. 

Such a particular year at the end of the century may lead to a 2-month earlier snowmelt than to-

day’s average, and photoperiod restrictions will then play an important role for avoiding frost. 

However, in an average year by the end of the century (1-month earlier snowmelt), as studied 

here in 2017 with additional snow removal, will allow the opportunistic plant species of this al-

pine grasslands to profit from longer growing seasons and may increase their reproductive suc-

cess in years without early season frosts. However, the earlier start of the growing season will not 

allow for enhanced biomass production. Recurring summer droughts may cause an increased bio-

mass allocation to below-ground plant organs, but overall reductions in biomass are only ex-

pected when droughts span the majority of the growing season. At least for the dominant sedge C. 

curvula the availability and accessibility of nutrients will be provided even under severe drought, 

as high foliar δ15N (26.5‰) revealed the successful nutrient uptake of the sedge. However, it re-

mains unclear whether this is also true for the other plant species in this grassland. The successful 

root foraging of C. curvula for nutrients even under drought may cause shifts in the plant species 

composition in the longer term.  

Overall, late successional alpine grassland with clone ages of C. curvula of up to 4200 years (De 

Witte et al. 2012) is highly resilient against future climatic changes with earlier snowmelt and re-

curring summer droughts. This conclusion bases on observations of three years with snow ma-

nipulations, two of which were combined with summer droughts. 

A more direct impact of climate change in alpine regions is on the skiing industry. As most of the 

larger high-elevation ski resorts of the alpine arc, Andermatt-Sedrun-Disentis is well equipped to 

mitigate snow scarce winters by means of snowmaking. The increased water consumption caused 

by ski resorts and other stakeholders calls for an overarching water management strategy that in-

corporates the future development of water usage.   
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