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Abstract In alpine zones, soil microbial biomass 
and activity are strongly dependent on the seasonal 
snow cover. Current models assume that microbial 
biomass reaches an annual peak in winter under the 
insulating snowpack with a subsequent sharp decline 
during snowmelt. In this study, we investigated the 
seasonal dynamics of the soil microbial biomass in 
the Central Alps, where usually early snowfall buffers 
winter soil temperatures. We conducted a large-scale 
survey in three mountains around Davos (Switzer-
land) along altitudinal gradients from approximately 
1900 to 2800  m above sea level. Using a space-for-
time approach during snowmelt, soil samples were 

taken (1) under, (2) at the edge of, and (3) one meter 
away from remaining snow patches. One additional 
sample per site was taken in summer to further evalu-
ate the seasonal dynamics. In total, 184 soil samples 
from 46 different sites were analyzed. We measured 
microbial biomass C and N, enzymatic activity and 
dissolved C and N. We observed an increase of micro-
bial biomass and dissolved C during and immediately 
after snowmelt, as well as an increase from spring to 
summer. We suggest that the absence of soil freez-
ing in winter and the growing amounts of dissolved C 
supported a continued growth, without a sudden col-
lapse of the microbial biomass. Our results underline 
the importance of the insulating effect of the seasonal 
snow cover for the microbial dynamics. Global warm-
ing is modifying the timing and abundance of the sea-
sonal snow cover, and our results will help to refine 
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models for the dynamics of soil microbes in alpine 
ecosystems.

Keywords Alpine grassland ecosystem · 
Snowmelt · Soil microbial biomass · Microbial 
seasonal dynamics · Biogeochemistry · Global 
warming

Introduction

Mountains cover more than 20% of the earth’s land 
surface (Barry 1992) and contribute significantly to 
the worldwide soil C stocks (Ni 2002; Bockheim and 
Munroe 2014). On a global scale, soils store more 
C than the atmosphere and vegetation combined 
(Eswaran et  al. 1993; Stockmann et  al. 2013), mak-
ing them of major interest in the context of global C 
fluxes and climate change. Soil microorganisms are 
thought to be the main drivers of stable soil organic C 
(SOC) formation by growing on labile plant-derived 
C and forming more stable microbial necromass C 
(Schimel and Schaeffer 2012; Liang et  al. 2017). 
Thus, understanding microbial dynamics in alpine 
soils becomes essential to predict and model how 
global warming will affect SOC stocks (Donhauser 
and Frey 2018).

Alpine regions are characterized by a consist-
ent snow cover throughout the winter, but they 
are disproportionately affected by global warming 
(Schröter et al. 2005), with a decrease of the snow 
cover (Gobiet et  al. 2014). The insulating effect of 
the snow cover, if deeper than ~ 50  cm, decouples 
soil from air temperature (Zhang 2005), providing 
a relatively moist, stable and protected environment 
for soil microbial activity (Brooks et al. 1998). Cur-
rent models assume that the soil microbial biomass 
in alpine grassland reaches its annual peak in winter 
under the snowpack just before snowmelt (Schmidt 
and Lipson 2004; Ernakovich et  al. 2014). Soil 
microbial biomass was observed to suddenly decline 
at snowmelt in response to warming and changes in 
C availability (Schmidt and Lipson 2004; Ernako-
vich et  al. 2014). Concomitantly, an abrupt transi-
tion from the cold-adapted winter soil microbial 
community to a summer community of different 
composition was observed (Buckeridge et al. 2013; 
Broadbent et al. 2021). In winter, soil microbes are 
assumed to obtain C mainly from litter, while root 

exudates are the main source in summer (Schmidt 
and Lipson 2004). The microbial biomass C/N ratio 
(thereafter MB-C:N) was found to decrease at the 
early stages of snowmelt due to microorganisms 
taking up N from the melting snow (Brooks et  al. 
1998; Lipson et  al. 1999). Following snowmelt, a 
pulse of available N, linked to the sudden die-off 
of the winter microbial community, was observed 
at sites where the winter snow cover had been shal-
low and shorter (Brooks et  al. 1998; Brooks and 
Williams 1999); however, the N-pulse was not con-
sistently observed (Buckeridge et al. 2010; Lazzaro 
et  al. 2015). Thus, it appears that in environments 
with harsh winter conditions where soils freeze 
before the snow cover is established (Brooks et  al. 
1998; Lipson and Schmidt 2004; Edwards et  al. 
2006), such as the intensively studied Niwot Ridge 
in the Rocky Mountains (Colorado, USA) and the 
arctic tundra (e.g. Manitoba, Canada), a cryogenic 
winter microbial community develops (Ley et  al. 
2004). This microbial community dies when soil 
temperatures rise above 0 °C in spring (Lipson et al. 
2000; Edwards et  al. 2006). Observations at these 
sites were generalized to predict the responses of 
arctic and alpine ecosystems to altered seasonality 
under climate change (Ernakovich et al. 2014).

In the Central Alps, however, the snow cover is 
usually deep and often falls before the soil freezes, 
thus soil temperatures remain around 0 °C through-
out most of the winter (Meteoswiss Federal Office 
of Meteorology and Climatology 2022). Biogeo-
chemical responses under such conditions can be 
expected to differ profoundly from observations in 
harsher environments.

To investigate the soil microbial biomass and 
nutrient dynamics during snowmelt and in sum-
mer, we conducted a large-scale survey in the Cen-
tral Alps (Davos, Switzerland). In spring, soils were 
sampled using a space-for-time approach to detect 
changes during snowmelt at 46 sites in three moun-
tains. One additional sample per site was taken in 
summer to analyze seasonal changes (184 soil sam-
ples in total). We hypothesize that the seasonal 
changes we will observe would not be as dramatic 
as those previously reported from regions with a 
harsher climate and freezing soils in winter. We dis-
cuss the implications of our results for modelling 
the effects of global warming for alpine ecosystems.
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Materials and methods

Study area and sampling design

The study was conducted in three mountains, Jakob-
shorn, Schwarzhorn and Wannengrat, around the city 
of Davos in the eastern Central Alps in Switzerland 
(Fig. 1a–c). The climate in this region is characterized 

by a mean annual temperature of 4.0  °C, 187  days 
of frost, a total annual precipitation of 1046  mm 
and snow fall on 68  days per year (data from 1991 
to 2020) (Meteoswiss Federal Office of Meteorol-
ogy and Climatology 2022). The mineral bedrock is 
composed of acidic rocks, mostly gneiss and mica 
schists (Koordinationsorgan für Geoinformation des 
Bundes 2022). The sampling was designed with two 

Fig. 1  Maps of the collection sites and sampling scheme. 
a The Alps and Davos in Europe. b The three mountains 
where the study took place. c View of the sites at the top of 

the Jakobshorn during the spring sampling. d A scheme of the 
sampling design per site. e Sites and dataloggers position along 
the altitudinal gradient in each mountain
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sampling campaigns, to capture the biogeochemical 
changes (1) during snowmelt and (2) from spring to 
summer in alpine grasslands. For this, we sampled 15 
sites along an altitudinal transect on each mountain 
(16 on Jakobshorn), covering altitudes between 1972 
and 2816 m above sea level (Fig. 1c, e). The spring 
sampling took place during the snowmelt period in 
late spring 2020 (mid May to beginning of July) when 
sites with remaining snow patches were selected. At 
each site, we collected three soil samples, constitut-
ing a space-for-time series along a straight line of 
2 m (Fig. 1d). These three samples reflected different 
stages of snowmelt, (i) “under snow”, (ii) “edge”, at 
the edge of the melting snow patch and (iii) “snow-
free”, in an area recently freed from snow, i.e., since 
one to a few days, depending on the previous snow 
height and the weather. In the summer sampling cam-
paign, between the 20st and the 25th of August 2020, 
we collected another sample (“summer”) on the same 
spot that had been under the snow in spring (Fig. 1d). 
These two samples (“under snow” and “summer”) 
were compared to assess the seasonal differences. In 
total, we collected 184 soil samples (4 samples on 46 
sites each).

Coordinates and altitudes were recorded with a 
GPS (Trimble Geo XH 6000, Trimble Inc. Sunny-
vale, CA, US), with a precision of a few cm. For each 
sample, about 200 g of soil were collected just below 
the grass roots at 5–8 cm depth for the determination 
of edaphic properties, using a clean metal spoon, and 
stored at 4  °C in thin polyethylene bags (air-perme-
able). Samples were shipped in a thermal box to the 
University of Cologne, where they were sieved at 
2 mm before the analysis. All samples were stored at 
4 °C and analyzed within 4 weeks upon arrival.

One-year soil temperature records

In September 2019, ten data loggers (ibutton 
DS1922L, Maxim Integrated Products, San Jose, 
CA, US) were set up in each of the three mountains 
along the altitudinal gradients (c. every 50 m of alti-
tudinal difference) to record soil temperature in 2  h 
intervals with a precision of 0.0625 °C over one year. 
They were inserted in a rubber balloon for protec-
tion, attached to a 10 cm screw and placed at 5–8 cm 
below the soil surface. Data loggers were recovered 
during the summer sampling.

Edaphic properties

Gravimetric water content was measured immedi-
ately after returning to the lab, by taking a sample 
of c. 4 g of wet soil and drying it at 60 °C for 48 h 
before being reweighted. Four grams of sieved dry 
soil were mixed into 40 ml of distilled water, shaken 
for 1 h and after a short standstill period the pH was 
measured using a pH meter (pH/ION 340i with Sen-
tix 4T electrode, WTW GmbH, Germany). SOC and 
total N (TN) content of dried and milled soil from 
the spring samples were measured with a C/N ele-
ment analyzer (Flash 2000, Thermo Fisher Scientific 
GmbH, Germany). Soil microbial biomass C (MB-C) 
and N (MB-N) were determined by the chloroform 
fumigation-extraction method (Vance et  al. 1987). 
Four grams of fresh soil were used for fumigated and 
non-fumigated samples and C and N was extracted 
with 16 ml of 0.5 M  K2SO4. Soil extracts were sub-
sequently analyzed for dissolved organic C (DOC) 
and total dissolved N (TDN) with a C/N analyzer 
(Multi N/C 2100S, Analytik Jena, Jena, Germany). 
Soil microbial biomass C and N were estimated as 
the difference of the DOC and TDN content of fumi-
gated and non-fumigated samples, respectively, and 
corrected by the extraction efficiency factors of 0.45 
and 0.54 for C and N, respectively (Joergensen 1996; 
Joergensen and Mueller 1996). Results from the non-
fumigated samples were used as estimates of TDN 
and DOC in the soils.

Microbial enzyme activities

To estimate the microbial nutrient acquisition we 
measured the potential activities of four commonly 
used indicator enzymes (Sinsabaugh et  al. 2009), 
i.e., ß-1,4-glucosidase (GLU), acid phosphatase 
(PHO); leucine aminopeptidase (LAP), and ß-1,4-N-
acetylglucosaminidase (NAG), using the microplate 
fluorimetric method (Marx et al. 2001). The enzyme 
substrates (Sigma-Aldrich Chemie GmbH, Munich, 
Germany) were diluted in 0.05  M sodium acetate 
buffer (pH 4). Two hundred μl of soil slurry (1 g fresh 
soil in 50 ml deionised water) and 50 μl of substrate 
solution (500 µM), with four technical replicates per 
soil sample, were incubated (2  h, RT) and used to 
measure fluorescence on a microplate reader (Vari-
oskan™, Thermo Electron Corporation, Germany) 
at 365  nm wavelength. A quenching coefficient was 
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calculated for each soil. The amount of processed 
substrate (substrate conversion, SC) per hour was 
calculated from calibration curves of the fluorescent 
markers of the substrates (4-methylumbelliferone or 
7-amino-4-methyl coumarin). We summarized the 
four analyzed enzyme activities to total enzyme activ-
ity because they showed the same trends (Table S1). 
For better comparison, biomass-specific enzyme 
activity was calculated by dividing the enzyme activ-
ity by MB-C.

Statistical analyses

All statistical analyses and data visualization were 
carried out in R (R version 4.1.2, RStudio 2022.02.0 
Build 443) (R Core Team 2022; RStudio Team 2022). 
All graphs were created using the package “ggplot2” 
(Wickham 2016). There were missing values in only 
three samples and the sites (J01, W02, S02) to which 
they belonged were excluded from the corresponding 
analysis. Statistical tests were performed separately 
for the snowmelt samples (spring, space-for-time 
approach) and the spring (“under snow”) to summer 
seasonal comparison. A one-way-ANOVA (func-
tion: aov) followed by post-hoc Tukey tests (function: 
HSD.test; package: agricolae) (de Mendiburu and 

Yaseen 2021) was carried out to evaluate differences 
between spring samples. We evaluated whether alti-
tude (ANCOVA, and as a factor in a 2-way ANOVA) 
and mountain (2-way ANOVA) had an effect on the 
observed differences by showing interactions with the 
samples (function: aov) (Table  S2). Seasons (spring 
and summer) were compared by a repeated-measures 
t-test (function: t.test; paired = TRUE). For spring 
samples, under snow samples and relative changes in 
edge and snow-free compared to under snow samples 
were compared with altitude (function: lm).

Results

Soil temperature

In all sites, the snow cover was established before the 
soil temperature dropped below 0  °C (Fig.  2). Soil 
temperatures constantly remained above 0  °C under 
the insulating snowpack in all sites except for the 
highest elevations, where they dropped slightly below 
0 °C, yet stayed above − 1 °C (Fig. 2). After snow-
melt, no freeze–thaw cycles occurred in the soils, as 
temperatures quickly increased.

Fig. 2  Soil temperature 
recorded every 2 h from 
autumn 2019 to summer 
2020, averaged by altitude 
categories. In winter the 
soil remained at a constant 
temperature just above 
zero degrees, except in the 
highest sites, where tem-
peratures dropped slightly 
below 0 °C but stayed 
above − 1 °C
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Dynamics during snowmelt

We observed MB-C to increase by 27% during 
snowmelt from under snow to snow-free, with inter-
mediate values at the snow edge (Fig.  3a). MB-N 
also increased during snowmelt, although not sig-
nificantly (Fig. 3b). MB-C:N showed high variation 

but did not show any significant pattern among the 
snowmelt gradient or seasonally. Both MB-C and 
MB-N decreased with increasing altitude (Fig.  3c, 
d). This did not affect the trend of increasing MB-C 
(and MB-N) during snowmelt, which was consist-
ent along the altitudinal gradient (Fig.  3e, f) and 
among the three mountains (Table  S2). DOC and 
TDN showed very similar patterns to MB-C and 
MB-N during snowmelt (Fig. 4). DOC increased by 
21% from under snow to snow-free (Fig. 4a) while 
TDN remained nearly stable (Fig.  4b). DOC/TDN 
ratio did not show significant changes during snow-
melt (Table S2). There was also no significant effect 
of snowmelt on biomass specific enzyme activity 
(Fig. 4c). Soil pH, SOC and TN showed no signifi-
cant differences among the spring samples over the 
snowmelt gradient (Table S2). Instead, large varia-
tions were observed between sites (Table 1).

Fig. 3  Variation of MB-C and MB-N during snowmelt. a 
MB-C during snowmelt in spring, from samples under the 
snow, at the snow edge and in the snow-free soil (n = 44). b 
MB-N during snowmelt (n = 44). c The relationship between 
MB-C in under snow samples and altitude. d The relationship 
between MB-N in under snow samples and altitude. e Relative 
change (%) of MB-C of edge and snow-free samples compared 
to the under snow samples. f Relative change (%) of MB-N of 
edge and snow-free samples compared to the under snow sam-
ples. Mean values are displayed as bar charts with standard 
error visualized as error bars. Different letters above bar charts 
indicate significant differences at the p < 0.05 level. The only 
significant differences were found between under snow and 
snow-free soils for MB-C. MB-C and MB-N in under snow 
samples negatively correlated with altitude. Relative change of 
MB-C and MB-N in edge and snow free samples did not show 
a correlation with altitude

Fig. 4  Variation of DOC, TDN and enzyme activity during 
snowmelt. a DOC during snowmelt (n = 44). b TDN during 
snowmelt (n = 44). c Biomass specific enzyme activity during 
snowmelt (n = 45). Mean values are displayed as bar charts 
with standard error visualized as error bars. Different letters 
above bar charts indicate significant differences at the p < 0.05 
level. DOC significantly increased from under snow to snow-
free while TDN and enzyme activity showed no significant 
changes
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Spring to summer dynamics

From spring to summer, MB-C and MB-N more 
than doubled (Fig. 5a, b) resulting in relatively sta-
ble MB-C:N ratios (Table  S2) within sites, while 

variation between sites was high. DOC increased by 
81% and TDN by 68% (Fig. 5c, d) and DOC/TDN 
ratio did not change significantly (Table  S2). Bio-
mass-specific enzyme activity was the only meas-
ured parameter to decrease (−63%) (Fig. 5e).

Discussion

C and N dynamics during snowmelt and in summer

The steady increase of MB-C during snowmelt and 
from spring to summer indicated a smooth transi-
tion between seasons without any sudden die-off of 
microbes. With raising temperature and thus more 
plant activity, the increase in microbial biomass was 
likely supported by more dissolved C from root exu-
dates, which were shown to be the major C sources 
for microbes in alpine grassland in spring and sum-
mer, in contrast to litter-C in winter (Schmidt and 
Lipson 2004). The theory that microorganisms 
were supplied with sufficient C and N in summer 
was supported by a decrease of potential extracel-
lular enzymes activity. It is usually considered 
that microbes increase enzyme production when 
the nutrients are scarce (Rosinger et  al. 2022b), so 
that the observed decrease of enzyme activity can 
be explained by the increase of dissolved C and 
N (Fig.  5c–e). However, potential enzyme activi-
ties have to be interpreted with caution because all 
measurements were performed at room temperature 
and might not represent the actual enzyme activ-
ity in  situ (Nannipieri et  al. 2018). Even though 
atmospheric N from the melting snowpack has been 
shown to contribute substantially to ecosystem N 
input in spring in the Alps (Hiltbrunner et al. 2005), 
we could not observe a pulse of available N during 
or shortly after snowmelt in our study, consistent 
with the absence of a microbial die-off. In studies 
in the arctic tundra, a strong stability in dissolved N 
pool sizes was observed just after snowmelt, similar 
to our observations (Buckeridge et al. 2010).

Although pH, SOC and TN showed variation 
within some sites, there was no significant change 
along the snowmelt gradient in spring (Table  1 and 
Table S2). This justified our space-for-time approach, 
allowing us to attribute the observed changes to the 
dynamics occurring at snowmelt.

Table 1  Soil pH, SOC and TN in spring

Mean values, sd, min and max for soil pH, SOC and TN for all 
spring samples

pH SOC [%] TN [%]

Mean ± sd 4.1 ± 0.4 10.7 ± 4.8 0.74 ± 0.37
Range (min—max) 3.5–6.3 0.7–30.1 0.01–2.69

Fig. 5  Changes of microbial parameters and dissolved nutri-
ents from spring (under snow) to summer. a MB-C (n = 44). 
b MB-N (n = 44). c DOC (n = 44). d TDN (n = 44). e Biomass 
specific enzyme activity (n = 45). Mean values are displayed as 
bar charts with standard error visualized as error bars. Differ-
ent letters above bar charts indicate significant differences at 
the p < 0.05 level. All parameters showed significant changes 
between seasons. Enzyme activity decreased (63%). MB-C and 
MB-N more than doubled. DOC (81%) and TDN (68%) both 
increased
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Major impact of snow cover timing for seasonal 
biochemical dynamics in alpine ecosystems

Our study highlights the importance of early snow 
cover in autumn and constant snow cover throughout 
the winter for the microbial dynamics and thus nutri-
ent cycles in alpine soil ecosystems. The early estab-
lishment of the snowpack, before soil freezes, ensures 
constant soil temperatures above 0 °C during the win-
ter, which was observed at most of our sites (Fig. 2). 
Consequently, we assume that no cryogenic micro-
bial community developed at our sites during winter, 
contrary to what was described for other seasonally 
snow-covered ecosystems (Schmidt and Lipson 2004; 
Edwards et al. 2006). At the intensively studied sites 
in the Niwot Ridge in the Rocky Mountains, a sud-
den collapse in microbial biomass was consistently 
observed after snowmelt (Brooks et al. 1998; Schmidt 
and Lipson 2004). However, at these sites the snow-
pack usually formed after the soils had already fro-
zen, so they remained frozen throughout the winter 
(Brooks et  al. 1998). Under these conditions, only a 
cryogenic microbial community can develop, which 
will then quickly die off with increasing soil tempera-
tures during snowmelt (Schmidt and Lipson 2004). 
This was also reported for arctic grasslands (Edwards 
et al. 2006). Starvation of the winter community after 
consumption of all litter-derived C in winter has also 
been suggested to partly explain this sudden col-
lapse (Lipson et al. 2000; Edwards et al. 2006). In the 
aforementioned studies, microbial biomass reached 
its annual peak in late winter/early spring before 
snowmelt (Schmidt and Lipson 2004), supported by 
high litter-derived C availability due to a vegetation 
die-off in frozen soil. This is in contrast to our study 
where microbial biomass peaked in summer, as the 
early snow cover might have mitigated such strong 
effects on the plant community, thus reducing the 
input of labile C in winter. At our sites, the peak of 
microbial biomass in summer is supported by high 
availability of C and N (Fig.  4) linked to increased 
ecosystem activity, while in the Rocky Mountains, 
the microbial biomass in summer remains low due 
to strong C limitation and competition with plants 
for available N (Brooks and Williams 1999; Schmidt 
and Lipson 2004). To summarize, higher winter soil 
temperatures due to early snow cover and the greater 
amounts of available C and N in the studied ecosys-
tems in the Alps explain our observations in contrast 

to that in the Rocky Mountains. Generally, mountain 
ecosystems show great heterogeneity in climate and 
available nutrients depending on region, altitude and 
topography (Gruber and Haeberli 2009), complicat-
ing the establishment of a general model for annual 
microbial dynamics.

Current models and the effects of global warming on 
microbial dynamics in alpine regions

Due to the high vulnerability of alpine ecosystems 
to climate change (Schröter et al. 2005), it is crucial 
to establish reliable models of microbial dynam-
ics and how their contribution to C cycling may be 
affected by global warming. Our study showed that 
current models, which assume a die-off of the micro-
bial community at snowmelt, cannot be generalized 
to all alpine ecosystems (Ernakovich et  al. 2014). 
Our results suggest that thaw biogeochemistry is 
controlled by winter snow cover which is drasti-
cally decreasing in the Alps (Beniston 2012; Gobiet 
et  al. 2014; Matiu et  al. 2021). The absence of suf-
ficient snow cover or a later snowfall will lead to soil 
freezing and more freeze–thaw cycles (Edwards et al. 
2007) and these “colder soils in a warmer world” 
(Groffman et  al. 2001) will challenge the stability 
of the microbial communities and ecosystem nutri-
ent cycles (Buckeridge and Grogan 2008; Broadbent 
et  al. 2021; Rosinger et  al. 2022a). They could lead 
to the switch between winter and summer microbial 
communities that was observed in ecosystems with 
harsher climate (Schmidt and Lipson 2004; Edwards 
et al. 2006). If this scenario will apply to alpine grass-
lands, it will have consequences for soil C stocks 
(Sofi et al. 2016) but the exact effects are unpredict-
able with the current state of knowledge. Whether the 
soils of these ecosystems will turn into a C-sink or 
a C-source is highly depending on microorganisms 
and their respiration, growth and transition to necro-
mass C (Hagedorn et  al. 2010; Nikrad et  al. 2016). 
Our study showed, that only large-scale monitoring 
of seasonal microbial dynamics and biogeochemi-
cal cycles in different alpine ecosystems can improve 
the modelling of the expected changes due to global 
warming.
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