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Abstract 
 
Non-sorted circles (NSCs) are important landscape components of Arctic tundra ecosystems as 
they determine small-scale vegetation patterns and regulate the buildup of carbon in deep soil 
layers. Lack of vegetation cover and insulation through snow cover in winter play key roles in the 
formation of these patterns by regulating frost heave and freeze-thaw cycles (FTCs) in the soil. 
Winter climate and snow cover changes are expected in the future, but the implications for plant 
performance and nutrient dynamics on NSCs are poorly understood. This hampers our ability to 
predict the responses of Arctic plant communities to changing soil frost conditions. Therefore, an 
experimental manipulation was set up on a NSC field in sub-arctic Sweden. Snow fences and 
artificial fleece insulation were used to simulate future snow and temperature patterns. Plant 
performance and soil nutrient responses were measured after two years of manipulation. Mean 
winter soil temperature was increased by 0.9 – 1.8 °C in the snow treatment, whereas the fleece 
treatment increased spring soil temperatures by 0.8 – 1.3 °C. FTCs were reduced in the snow 
treatment and showed variable responses to the fleece manipulation. Leaf green-up began about 
one week earlier under increased spring temperatures. Shoot growth, biomass and frost damage 
responses to the manipulations differed among species. Vaccinium vitis-idaea responded 
positively to the snow treatment with reduced leaf frost damage, enhanced shoot growth and 
increased biomass. Betula nana and Empetrum nigrum showed mostly negligible but sometimes 
negative responses to the treatments. The results suggest enhanced performance of V. vitis-idaea 
in NSCs under future snow conditions, leading to a shift in vegetation community composition. 
Changing vegetation patterns under climate change could therefore induce a shift into a new 
state of equilibrium in NSC ecosystems.      

   
Keywords: frost boil, soil insulation, snow cover, freeze-thaw cycles, spring warming 
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1 Introduction 
 
In the context of global climate change, Arctic regions have been reported to warm twice as fast 
as compared to lower latitudes, and this increase is expected to intensify (IPCC 2013). In 
addition, precipitation changes are predicted and subject to high regional variation. Whereas 
overall precipitation has decreased in the North American Arctic, northern Europe is likely to 
experience increasing precipitation, especially in winter (Saelthun and Barkved 2003). Resulting 
Arctic snow depth increases of up to 15% in winter are expected (Callaghan et al. 2011). 
Simultaneously, over most of the northern latitudes, earlier snowmelt and prolonged growing 
seasons have been described (Sparks and Menzel 2002). Winter snow cover plays a key role for 
vegetation in high latitude regions through its insulating capacity and the resulting effects on soil 
temperatures (Goodrich 1982). Despite the importance of summer temperatures for the 
phenology and growth of Arctic vegetation, the value of winter soil temperatures for Arctic plant 
performance has been highlighted (Aerts et al. 2006). Changes in winter soil insulation affect soil 
frost and cryoturbation activity in the Arctic and directly feedback on plant establishment and 
distribution. The interplay of soil frost processes and vegetation cover has triggered the 
formation of patterned ground in large parts of the Arctic (Frost et al. 2013; Walker et al. 2008). 
The importance of those features in the storage and redistribution of carbon has been 
highlighted (Kuhry et al. 2010; Horwath et al. 2008), and cryoturbation has been described as 
one of the primary processes responsible for the vertical transport of organic matter from the 
surface to deeper soil layers (Neef and Hooper 2002). Changing vegetation patterns as a result of 
climate change are likely to alter cryoturbation processes and hence carbon distribution and 
storage in patterned ground ecosystems. However, little is known about how predicted future 
temperature and snowfall patterns will influence soil frost processes and subsequent vegetation 
establishment in patterned ground systems. 
 
Non-sorted circles (NSCs) represent a type of patterned ground system that is characterized by 
an inner domain with little vegetation surrounded by a more densely vegetated outer domain. 
They range from 1-3 m in diameter where the center is typically raised in the winter months due 
to the formation of ice lenses (Jonasson 1986). NSCs cover large areas of sub-arctic regions 
(Washburn 1980), and their formation results from a complex interplay of soil, water, ice and 
vegetation. Various models describing their formation have been developed (Daanen et al. 2008; 
Peterson 2011), highlighting differential frost heave (DFH) as the dominating process that 
induces NSC development (Vonlanthen et al. 2008). With sufficient water supply in the winter 
months, the formation of ice lenses in the center is triggered. These expand and push the soil 
upwards whereas the outer domain remains stable. As a result, snow in the dome-shaped center 
is windblown and the soil lacks protective insulation. Aboveground plant structures are exposed 
to cold winter air temperatures and suffer severe frost damage (Wipf et al. 2009). Belowground 
nitrogen mineralization is hampered by the cold temperatures, reducing the plant available 
nitrogen in the following growing season (Durán et al. 2014). Furthermore, cryoturbation 
mechanically damages roots, reducing plant nutrient uptake capacity (Jonasson and Callaghan 
1992). Hence, the harsh conditions in the inner domain of the NSCs suppress plant 
establishment. The center remains isolated with shallow snow cover, which promotes further soil 
frost, stabilizing the NSC pattern. In spring and autumn, when soil temperatures are closely 
linked to air temperature, frequent freeze-thaw cycles (FTC) are triggered, further enhancing 
cryoturbation. Vegetation cover in the inner domain thus plays a fundamental role in the 
formation of NSCs by regulating cryoturbation activity and the resulting carbon and nutrient 
dynamics. Therefore, vegetation responses in NSCs to changing snowfall and temperature 
conditions are important indicators for future NSC formation and carbon storage in the Arctic.    
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Vegetation in NSC ecosystems has been subject to previous studies (Makoto and Klaminder 
2012; Vonlanthen et al. 2008; Kade et al. 2005). These have identified soil frost processes and 
soil moisture as the main drivers for plant establishment and succession in NSCs. However, most 
studies focus on present patterns of plant establishment and succession. Vegetation responses to 
changing climatic conditions have received relatively little attention. Different winter soil 
insulation in inner and outer domain are the main reason for the characteristic NSC pattern 
(Daanen et al. 2008). Insulation and snow trapping of the vegetation in the outer domain 
reduces exposure to cold air temperature and frost damages during winter (Groffman et al. 
2001). Shifting temperature and snowfall patterns are going to influence the insulation 
characteristics of the domains. Increasing winter precipitation is likely to deepen the winter 
snowpack in the inner domain, hence raising soil temperatures and hampering soil frost (Kade et 
al. 2005). Root damage and aboveground frost damage would be reduced and vegetation would 
start to establish in the center of the circles, further enhancing insulation in the following years. 
A result could be a changed equilibrium of the NSC ecosystem that would have implications for 
future plant communities and carbon and nutrient cycling in the Arctic.    
 
This paper analyzes the effects of increasing winter soil insulation on plant performance and 
nitrogen dynamics of NSCs. Aboveground vegetation characteristics and nitrogen dynamics are 
examined after two winter seasons of experimentally manipulated NSCs. Winter soil insulation 
was increased through natural snow and artificial fleece blankets, reducing temperature 
fluctuations in winter and increasing winter mean temperature by about 1 °C. I hypothesize that 
(1) increased winter insulation stimulates plant growth, resulting in earlier green-up and 
increased shoot growth (length and biomass) of the vegetation. Also, (2) leaf frost damage is 
expected to decrease as enhanced insulation protects vegetation from the cold winter air 
temperatures. I further hypothesize (3) nitrogen mineralization in the soil is to be stimulated, 
resulting in more plant available N after snowmelt and a lower leaf C/N ratio of the vegetation at 
the peak of the growing season. Finally, (4) changes are expected to occur mainly in the inner 
domain, whereas the outer domain is expected to remain more stable. 

 

2 Materials and Methods 

2.1 Site description 

 
The field site was located ca. 20 km southeast of Abisko, Northern Sweden (68°18´N, 19°10´E). 
Mean annual temperature and mean annual precipitation in Abisko for the period from 1990-
2013 were recorded at 0.29 °C and 336.70 mm, respectively (Abisko Station Meteorological 
Data: www.polar.se/abisko).  Snow is typically present from November to May. The field site is 
situated at roughly 850 m a.s.l. and spans an area of 150 x 100 m. The vascular plant community 
is characterized by the evergreen dwarf shrubs Empetrum nigrum and Vaccinium vitis-idaea 
and the deciduous dwarf shrubs Betula nana and Vaccinium uliginosum. The site contains a 
large number of NSCs that are seen as light grey circles or elongated stripes with a diameter of 1-
3 m. The site was chosen as it represents a homogeneous, undisturbed plateau with a large 
number of NSCs. Furthermore, strong cryogenic activity in the NSCs at the site has been 
reported (Klaus et al. 2013). 
 
 

 

http://www.polar.se/abisko
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2.2 Experimental setup 

 
The experiment was established in autumn 2012, and manipulations were present in the winter 
seasons between September and May in both 2012/13 and 2013/14. Snow fences (hereafter, 
“snow treatment”) were built from rocks perpendicular to the upwind side (westerly) of three 
NSCs and remained there during the entire study period. Fences were approximately 60 cm in 
height and 2 m long, following the luv site of the NSC in a crescent-shaped pattern. Six further 
NSCs were covered with rectangular, four-layered polypropylene fleece blankets (Nelson Garden, 
Sweden; 17 m²) to provide additional insulation in early autumn and late spring, when there is 
no natural insulation through snow cover (hereafter, “fleece treatment”). Fleeces were fixed with 
rocks close to the ground at just 2-3 cm in height. Both the inner and outer domains were 
entirely covered by the fleece blankets. Fleeces were installed in late September (2012: 
September 28; 2013: September 18) and removed about two weeks after the natural snow melt in 
spring (2013: May 31; 2014: June 3). Six circles served as a control, making for a total number of 
15 investigated circles. Measurements were made during the growing season of 2014, following 
two winter seasons of manipulations, between the approximate date of snowmelt (May 20) and 
the approximate peak of the growing season (July 21).  

 

2.3 Soil temperature, freeze-thaw cycles and snow depth 

 
Temperature in the upper soil layer was measured in the center of each circle at approximately 1 
cm depth with “Tiny Tag Talk 2” temperature loggers (Intab Interface-Teknik AB, Sweden). The 
loggers were installed in early autumn (2013: October 14; 2014: September 19) and removed in 
late spring 2013 (May 31) and summer 2014 (July 21), respectively. In both seasons, some 
loggers had been pushed out of the soil due to soil movement. As a result, four loggers (two from 
control and two from the fleece treatment) had to be excluded in 2013. In 2014, one logger from 
control and one from the fleece treatment were excluded from the analysis.  

 
The number of freeze-thaw cycles was determined by the number of 0 °C crossings from thaw to 
freeze. According to Dale et al. (1980), temperatures > 0 °C were considered a thaw and 
temperatures ≤ 0 were considered a freeze. Each season began in autumn with temperatures > 0 
°C and each time temperatures fluctuated from thawed to frozen, a cycle was counted.  

 
For better comparison, temperature data was split into four periods (Table 1). For each of the 
periods, mean temperatures were computed and the number of FTCs compared. The four 
periods chosen were autumn, midwinter, late-winter, and spring, each representing a fraction of 
time with characteristic patterns of temperature, sunlight, and snow conditions (Table 2). In 
order to create comparable datasets, the 2013/14 period was cut to the exact dates of the 2012/13 
period.  
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Table 1. Periods of the temperature time series and their climatic characteristics. 

Name of the period Time Characteristics 

Autumn October 14th – November 1st Period with little snowfall but 

with fleece insulation installed. 

Midwinter November 1st – January 15th Period with little sunlight and 

snowfall. 

Late-winter January 16th – March 31st Period of increasing sunlight and 

most snowfall. 

Spring April 1st – May 30th   Period of warming and increasing 

sunlight. 

Summer June 1st – July 21st  Only available for 2014; period 

with maximum sunlight; not 

included in the analysis. 

 

 
Snow depth was measured each year in springtime (late March / early April). In 2014, an 
additional snow depth measurement was made at the end of April, following a period of heavy 
snowfall. Additionally, in the 2012/13 season, air temperature sensors taped onto a stick were 
placed in the center of the control and snow treatment plots in 5, 12.5, and 20 cm heights. The 
sensors were only used as an estimation of snow height, using the daily temperature amplitude 
as a proxy. Hence, no shade caps were installed on the sensors to obtain a maximum difference 
between a free and a snow covered sensor.  
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Table 2. Mean temperature (± SE) in °C and number of freeze-thaw cycles (FTCs) of the treatments for 
the two seasons (October 14th – May 30th). Temperature amplitude is calculated as mean daily maximum 
temperature minus mean daily minimum temperature. “Winter total” calculates the results again for the 
whole period from October 14th – May 30th each year. Significant differences between the treatments are 
marked with letters in each row (Analysis of Variance and subsequent Tukey HSD posthoc analysis, 
α=0.05).  

  Control Snow Fleece 

Autumn 

Temperature 2012 -2.9 ± 1.4 a -1.2 ± 0.9 b -1.6 ± 0.9 b 

Temperature 2013 -2.5 ± 1.3 a -0.6 ± 0.3 b -1.4 ± 0.8 c 

Temperature amplitude 2012 1.6 ± 0.9 0.6 ± 0.6 0.8 ± 0.5 

Temperature amplitude 2013 1.5 ± 0.7 0.4 ± 0.2 1.1 ± 0.4 

Daily FTC 2012 0.0 ± 0.0 0.3 ±0.6 0.0 ± 0.0 

Daily FTC 2013 0.8 ± 0.5 2.7 ± 2.1 1.0 ± 0.0 

Midwinter 

Temperature 2012/13 -7.5 ± 3.0 a -5.8 ± 2.7 b -6.2 ± 2.6 b 

Temperature 2013/14 -4.9 ± 1.6 a -3.2 ± 1.7 b -4.1 ± 1.5 c 

Temperature amplitude 2012/13                          2.3 ± 1.1 1.3 ± 0.7 1.5 ± 0.7 

Temperature amplitude 2012/13 1.5 ± 0.9 0.7 ± 0.7 1.1 ± 0.6 

Daily FTC 2012/13 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

Daily FTC 2013/14 0.0 ± 0.0 0.7 ± 0.6 0.0 ± 0.0 

Late-winter 

Temperature 2013 -9.7 ± 3.4 a -8.2 ± 2.2 b -8.9 ± 2.6 c 

Temperature 2014 -8.2 ± 4.1 a -7.3 ± 3.5 b  -7.6 ± 3.4 c 

Temperature       amplitude 2013 3.6 ± 1.9 1.6 ± 0.8 2.3 ± 1.2 

Temperature       amplitude 2014 2.2 ± 1.3 1.3 ± 0.8 1.8 ± 0.9 

Daily FTC 2013 0.3 ± 0.5 0.0 ± 0.0 0.0 ± 0.0 

Daily FTC 2014 0.0 ± 0.0 0.0 ± 0.0 0.4 ± 0.6 

Spring 

Temperature 2013 0.3 ± 6.4 a 0.0 ± 6.4 a 1.1 ± 6.6 b 

Temperature 2014 -1.2 ± 4.0 a -0.8 ± 3.5 b  0.1 ± 4.5 c 

Temperature amplitude 2013 7.5 ± 3.8 5.2 ± 4.2 6.6 ± 3.7 

Temperature amplitude 2014 3.7 ± 3.5 2.7 ± 3.2 5.1 ± 3.8 

Daily FTC 2013 32.5 ± 2.1 a 20.3 ± 7.0 b 27.0 ± 3.4 ab 

Daily FTC 2014 9.2 ± 3.8 a  6.7 ± 5.5 a 25.6 ± 8.9 b 

Winter 
total 

Temperature 2012/13 -5.8 ± 0.1 a -4.7 ± 0.1 b -4.8 ± 0.1 b 

Temperature 2013/14 -4.8 ± 4.3 a -3.7 ± 3.9 b -3.9 ± 4.4 c 

Temperature amplitude 2012/13 4.0 ± 3.2 2.4 ± 2.8 3.0 ± 3.0  

Temperature amplitude 2013/14 2.3 ± 2.2 1.4 ± 1.9 2.4 ± 2.6 

Daily FTC 2012/13 8.19 ± 8.10 6.75 ± 6.75 5.17 ± 5.06 

Daily FTC 2013/14 9.8 ± 4.1 8.7 ± 7.2 28.0 ± 9.4 
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2.4 Aboveground vegetation measurements 

 
In order to quantify plant responses to the treatments, I observed changes in phenology, shoot 
growth, biomass, leaf frost damage, and nutrient dynamics of typical plant species in the NSCs. 
The species measured were Betula nana, Empetrum nigrum, and Vaccinium vitis-idaea, as they 
are present in both the inner and outer domain. Furthermore, they are the characteristic vascular 
plant species occurring in the NSCs at the site. Thus, they represent the most important species 
concerning plant cover and biomass. The species’ responses are expected to give a general 
estimation of how vegetation responds to different soil insulation in NSCs in the area. Also, in 
the case of distinct species responses, different growth form and ecology of the species can give 
further insights into individual future performance and community composition in NSCs. For 
the frost damage test, Diapensia lapponica was also included, as it is only present in the center 
of the NSCs, representing a species adapted to harsh, exposed habitat (Molau 1996). All 
sampling in the inner and outer domain was equally distributed within each NSC.  

 
Digital photography was used to observe changes in phenology over the growing season. In each 
of the 15 circles, a 50 x 50 cm square was selected in the inner and outer domain and marked 
with plot-marking sticks (adding up to a total of 15x2 = 30 photographs). Repeated pictures were 
taken approximately once a week for 8 weeks from end of May to the end of July. For 
comparable positions, a tripod was taken and the position of the tripod for each square was 
marked. Constant zoom and aperture of f/5.6 was used. White balance was customized for every 
photo by the use of a light tent to create diffuse light. A gray card was used inside the tent to set 
the color balance of the camera. The camera model used was Canon EOS 1100D. Afterwards, 
pictures were cut to the exact square defined by the plot-marking sticks so that repeated 
photographs had a comparable area. Each photograph was then analyzed for the amount of 
green cover, defined as the percentage of green pixels in the image. For this, the “Select by Color” 
tool in GIMP (version 2.8.14) was used to visually select all green leaves in the picture. The 
number of selected pixels was then divided by the total amount of pixels in the image to get the 
percentage of green cover for each picture. Depending on the location of the squares in the NSCs, 
total plant cover of the selected area varied. In order to overcome this, the green cover at the last 
date (July 21) was taken as the maximum green cover of each square (=100%). Using this value, 
the percentage of greening of the plants at the previous dates over the growing season was 
calculated.    

 
Shoot growth was measured by marking shoots of B. nana, E. nigrum, and V. vitis-idaea with 
colored wires in the inner and outer domain. The shoots were marked at a fixed point and 
repeated measures of shoot length above that point were made approximately once a week for 8 
weeks. In each NSC, one individual per species was marked in the inner and outer domain. At 
the peak of the growing season (July 21), the newly grown shoots were cut off. Biomass was 
determined after drying the samples for 48h at 105°C.  
 
Of the biomass, dried leaves were separated from the stems and analyzed for C and N content. 
For this, the dried leaves were ground and samples were analyzed using an element analyzer 
(measurements conducted at BayCEER Analytical Chemistry, Bayreuth; device: C/N-Analyzer 
Thermo Quest, Flash EA, 1112).  
 
Furthermore, relative electrolyte leakage (REL) was measured on overwintered leaves (at least 1 
year old) of selected species to assess winter induced leaf frost damage (Saarinen and Lundell 
2010). Leaves of E. nigrum and V. vitis-idaea were taken from the inner and outer domain of 
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each plot right after snowmelt (May 20). No leaves of B. nana were present at that time. Leaves 
of D. lapponica were taken from the inner domain only, as this species could not be found in the 
outer domain. One week later (May 27), the analysis was repeated for the leaves of E. nigrum, V. 
vitis-idaea, and D. lapponica. At this time, emerging buds of B. nana as a fourth species were 
included in the analysis. After the sampling, large leaves of V. vitis-idaea and D. lapponica were 
cut into 0.5 cm long pieces, whereas the small leaves of E. nigrum and buds of B. nana were 
taken as a whole. 100 mg of fresh leaf material were taken for each sample. Samples were rinsed 
with deionized water and incubated in 16 ml 0.1% (v/v) Triton X-100 for 24 h. Samples were 
shaken at the beginning and end of the incubation for 5 minutes. After the initial conductivity 
was measured, samples were put in boiling water for approximately 55 minutes to lyse all cells 
that had not been damaged by frost. After another 24 h samples were shaken hard by hand and 
final conductivity was measured. REL was calculated as the ratio  [%] of the conductivities prior 
relative to after the boiling.  

 

2.5 Plant available nitrogen 

 
Soil inorganic nitrogen (NH4

+ and combined NO3
-/NO2

-) was measured using flow injection 
analysis (FIA). Soil samples were sieved through a 2 mm sieve to remove roots and stones. 10 g 
of fresh soil were mixed with 40 ml distilled water and then shaken for 1 h at 200 rpm. Samples 
were allowed to settle for 1 h. Thereafter, samples were filtered (Whatman No. 1 filter paper) and 
supernatant was collected. Filters were prewashed with distilled water twice and a fresh funnel 
was used for each sample. Supernatant was analyzed in the FIA (FIAstar 5000, FOSS, Denmark) 
for soil NH4

+ and NO3
-. 

 

2.6 Statistical analyses 

 
Differences in temperature, FTCs and snow depth were tested using linear models in 
combination with Analysis of Variance (ANOVA) and subsequent Tukey HSD post-hoc tests. 
Aboveground vegetation measurements and nutrient dynamics were tested with ANOVA in 
combination with linear mixed models. Treatment, domain, species (if available), and date (in 
the case of repeated measures) were included as fixed effects, where plot number was a random 
effect, in order to account for the nesting of the two domains. In the phenology and shoot growth 
analysis (repeated measures), a test for treatment:date interaction was carried out to account for 
variable treatment effects over the season. For shoot growth, an additional test was done for the 
overall growth of the season, comparing the final growth at the end of the growing season among 
treatments. Hereby, the overall response over the growing season among the treatments could be 
quantified (otherwise, treatment effects could arise from differences in the early or mid-season 
only, but may be irrelevant for the final response of the treatments at the peak of the growing 
season). For the REL analysis, data from both sampling periods were tested for treatment:date 
interactions. As no interactions could be found, both tests were combined and analyzed in one. 
Tukey HSD was used for all post-hoc analyses. 
 
All data were tested for normality (qq-plot) and heteroskedasticity (fitted values vs. residuals 
plot). Data were log- or square-root transformed if model assumptions were not met. If 
assumptions could not be met after transformations, data was rank transformed. All results are 
reported with a significance level of α < 0.05. All statistical analyses were done using the 
statistical software R (R Development Core Team, version 3.1.0) with additional packages sciplot 
1.1-0 for graphical illustrations, lmerTest 2.0-11 (function lmer for the linear mixed models) and 
multcomp 1.3-3 (function glht for the post-hoc Tukey HSD test). 
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3 Results 

3.1 Soil temperature and snow depth 

 
Mean soil temperature at 1 cm depth showed a consistent pattern in both years with 
temperatures coldest in the late-winter period and warmest in spring (Figure 1). The colder 
periods (autumn, midwinter, late-winter) showed a treatment effect (p < 0.001) in both seasons 
with temperatures coldest in the control and warmest in the snow treatment (Table 2). With the 
snow gone in spring (approximate date of snowmelt: May 20), temperatures of the snow 
treatment and control started to align and warmer temperatures were only detected in the fleece 
treatment (p < 0.001). Temperature fluctuations were reduced in both snow and fleece 
treatment. Fluctuations were smallest in the snow treatment throughout the manipulation 
period (p < 0.001). The fleece treatment also showed fewer fluctuations compared to control, 
with the exception of spring 2014, when fluctuations were highest in the fleece treatment (Table 
2).    
 

 

 

Figure 1. Daily mean soil temperature at 1 cm depth for the (a) 2012/2013 season and the (b) 2013/2014 
season. “*” indicates significant differences between the treatments for the respective season (see Table 2 
for details). Number of temperature sensors is 4, 3, 4 (a) and 5, 3, 5 (b) for control, fleece, and snow, 
respectively. 
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The number of FTCs showed a distinct pattern in both seasons. In the first season, loggers had 
been installed too late to detect any of the FTCs in autumn. The same applies to the second 
season when adjusted to the dates of the first season (see Table 2). However, with the additional 
time (September 19 – October 13) the loggers had been in the soil in the second season, some 
FTCs in autumn could be detected. Control, snow, and fleece treatment had 7.2 ± 1.9 SE, 4.7 ± 
2.1 SE, and 4.0 ± 1.0 SE FTCs, respectively. This showed a reduced number of FTCs in autumn 
for both manipulations (p = 0.028), but there was no difference between the two treatments. 
With temperatures constantly below zero during the colder months in both years, no FTCs were 
found during midwinter and late winter. The spring period showed reduced numbers of FTCs in 
the manipulations in 2012/13 although only significant in the snow treatment (p = 0.026). In 
2013/14, there were fewer FTCs overall and a reduced number in the snow treatment. 
Interestingly, the fleece treatment showed a strongly increasing frequency of FTC (p < 0.001; 
Table 2).  
 
Snow was measured at the end of the late-winter period each year (Figure 2). Snow depth was 
highest directly behind the snow fences and declined with increased distance from the fence. At 
ca. 100 cm eastwards of the fence, snow depth was no longer different from that of the control. In 
2014, the differences were only significant next to (0-50 cm) the snow fence.   
 
Data from the air temperature sensors revealed snow heights for the 2012/13 period (Appendix 
Figure S1). No temperature differences were found between the treatments in the autumn and 
spring period, when little snow was present. Significant temperature differences between snow 
treatment and control were found in midwinter (p < 0.001). Treatments were different at 5 cm 
height, but not at 12.5 cm. In late winter, significant differences could be found in 5 and 12.5 cm 
height (p < 0.001). The data showed increasing snow accumulation over most of the winter 
period in the snow treatment. Most pronounced in the late-winter period, the snow treatment 
was covered under a deeper snow pack compared to control. 

 

 

 

Figure 2. Snow depths in the treatments in March 2013 (a), early (b) and late (c) April 2014 (hand 
measurements). “*” indicates significant differences between the snow treatment and the other 
treatments. Number of plots is 6, 6, 3 for control, fleece, and snow, respectively.  
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3.2 Aboveground vegetation measurements 

 
Figure 3 shows the timeline for the vegetation green-up in inner and outer domain for all 
treatments (no domain effect could be found, p = 0.260). Differences between the treatments 
were found (p = 0.039; ANOVA table Appendix Table S1). The fleece treatment responded with 
earlier green-up. Leaves started to turn green already at the beginning of June, about one week 
earlier as compared to control and snow treatments (time:treatment interaction p < 0.01).  This 
higher percentage of green plants lasted over most of the season until at the beginning of July 
greening in the treatments aligned. Green-up response of the snow treatment was non-
significant when compared to control (p = 0.982).  
 
All treatments showed a decline in green cover between June 19 and June 26, suggesting weather 
anomalies. Temperature records revealed lower temperatures in this period (mean and SE of 
3.15 ± 3.18 °C compared to 5.37 ± 3.87 °C and 10.60 ± 4.06 °C in the week prior to and 
afterwards, respectively). Furthermore, on June 17 and 19, two short frost events were detected 
at night in the control and fleece treatments. During these events, temperatures dropped to a 
minimum of -0.2 and -0.4 °C in the control and fleece treatment, respectively.  

 

 

 

Figure 3. Mean ± SE green-up of vegetation in inner and outer domain combined as documented by 
digital photography in spring and summer 2014. Green-up on July 21 (= 100%) was taken as the maximum 
reference green-up for every plot (assumed peak of the growing season). Percentages prior to that date are 
calculated based on this value. Data shows mean green-up ± SE for control (n=12), fleece (n=12), and snow 
(n=6) treatment.  
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Comparison of shoot growth at the end of the season showed no treatment effect (p = 0.782; 
ANOVA Table S2), but significant treatment:species interactions could be found (p = 0.042). 
Figure 4 shows growth of the species under investigation over the course of the growing season 
for the inner and outer domain. No main treatment effect could be found (p = 0.846, ANOVA 
Table S3), but significant interactions between treatment, species, and date were found (p < 
0.001), indicating different temporal responses of the species to the treatments. The snow 
treatment showed the strongest response for B.nana and V. vitis-idaea. B. nana showed a 
negative response to the snow treatment, slowing down growth later in the growing season. This 
effect was more pronounced in the inner domain. V. vitis-idaea showed the opposite response, 
with enhanced growth later in the growing season, both in the inner and outer domain. For E. 
nigrum, no treatment differences could be found except for a slightly negative response to the 
snow treatment in the outer domain, which occurred continuously throughout the season.  No 
effect of the fleece treatment was found for either species.   

 

 

Figure 4. Mean (± SE) shoot growth of three species B. nana, E. nigrum, and V. vitis-idaea in the 2014 
growing season. Upper part shows growth of the species in the inner domain, the lower part in the outer 
domain. Number of individuals in the inner (and outer) domain is 10 (15), 14 (15), and 11 (12) for B. nana, 
E. nigrum, and V. vitis-idaea, respectively.   

 

 

 



 

 13 
 

Analysis of shoot biomass showed no treatment (p = 0.988, ANOVA Table S4) or domain (p = 
0.162) effect. Visual inspection of Figure 5 suggests species-specific responses to the treatments 
in the inner and outer domain. V. vitis-idaea seemed to respond with increased biomass to the 
snow treatment in both domains. B. nana showed reduced biomass in the snow treatment, 
especially in the inner domain. However, upon testing the species separately, no treatment (p = 
0.368, 0.830, 0.236 for B. nana, E. nigrum, and V. vitis-idaea, respectively) or domain (p = 
0.644, 0.305, 0.190 for B. nana, E. nigrum, and V. vitis-idaea, respectively) effect was found for 
any of the three species. 

 

 

Figure 5. Mean (± SE) shoot biomass of the species for the inner (a) and outer (b) domain. Biomass was 
harvested at the peak of the growing season (July 21), dried and weighed. No statistically significant 
differences between the species or the treatments could be found.  Number of individuals in the inner (and 
outer) domain is 13 (15), 16 (13), and 13 (14) for B. nana, E. nigrum, and V. vitis-idaea, respectively.  
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Leaf C/N ratio was lower (p < 0.001, ANOVA Table S5) in B. nana (average C/N ratio over all 

treatments: 20.88) compared to V. vitis-idaea (47.82) and E. nigrum (52.77; Figure 6). 

However, no treatment or domain effect could be found for any of the species.  

 

 

Figure 6. Mean (± SE) leaf C/N for the species for the inner (a) and outer (b) domain of the treatments. 
No statistical differences between the treatments could be found for any of the species. Letters above bars 
indicate significant differences between the species, based on posthoc tests. Number of individuals in the 
inner (and outer) domain is 13 (15), 16 (13), and 13 (14) for B. nana, E. nigrum, and V. vitis-idaea, 
respectively. 

 
For leaf frost damage, no treatment:date interaction (p = 0.409) could be found for the two tests 
(May 20 and May 27). Hence, data were combined and are depicted in Figure 7. The resulting 
analysis showed no treatment effect (p = 0.338; ANOVA Table S6). A marginally significant 
domain effect (p = 0.069) was found, showing reduced damage in the outer domain compared to 
the inner domain across the treatments. Also, different species showed distinct leaf frost 
damages (p < 0.001), with highest damage for B. nana (mean ± SE across treatments and 
domains: 32.58 ± 1.01 %), followed by D. lapponica (26.87 ± 1.46 %), E. nigrum (17.56 ± 0.77 
%), and V. vitis-idaea (15.16 ± 0.97 %). Although treatment:species interactions were non-
significant (p = 0.113), Figure 7 suggests different responses of the species to treatments. B. nana 
showed the lowest damage in the snow treatment and highest damage in the fleece, however 
differences were very small. E. nigrum leaf frost damage was lowest in the fleece treatment and 
V. vitis-idaea showed least frost damage in the snow treatment. When the model was simplified 
(eliminating all domain interactions, since no domain interactions were found in the original 
model), treatment:species interactions was marginally significant (p = 0.097; ANOVA Table S7). 
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Figure 7. Mean (± SE) leaf frost damage measured by relative electrolyte leakage (REL) for the species in 
the (a) inner and (b) outer domain of the treatments from May 20 and May 27. D. lapponica could not be 
found in the outer domain of the NSCs.  Letters above bars indicate significant differences between the 
species and treatments. Number of individuals in the inner (and outer) domain is 15 (15), 30 (30), and 30 
(30) for B. nana, E. nigrum, and V. vitis-idaea, respectively. Number of individuals for D. lapponica in the 
inner domain is 30.  

 

3.3 Plant available nitrogen 

 
In all treatments, the concentrations of NH4

+ and combined NO3
-/NO2

- showed no significant 
differences. Mean ± SE NH4

+ concentrations for the control, snow and fleece treatment were 
0.04 ± 0.012 %, 0.03 ± 0.003 %, and 0.03 ± 0.004 %, respectively. For NO3

-/NO2
-, average 

concentrations were 0.02 ± 0.002 %, 0.03 ± 0.005 %, and 0.02 ± 0.003 % for control, snow and 
fleece treatment, respectively. Concentrations showed no treatment (p = 0.918 and 0.649 for 
NH4

+ and NO3
-/NO2

-, respectively; ANOVA Table S8 and S9) or domain (p = 0.588 and 0.228 for 
NH4

+ and NO3
-/NO2

-, respectively) effect.  
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4 Discussion 
 

4.1 Plant performance  

 
The hypothesis of earlier leaf green-up in the manipulations could partly be confirmed in the 
fleece treatment. Since no earlier green-up could be found in the snow treatment, and because 
the fleece and snow treatment did not differ in FTCs, a reduced number of FTCs or enhanced 
winter soil temperatures do not seem to be the reason for the earlier onset, as was expected. In 
addition, the inner and outer domain showed the same response. With both domains 
representing a very distinct type of habitat, identical responses show that overall improved 
growing conditions are likely to be the trigger for the positive response in the fleece treatment. 
The additional spring warming, caused by the warming effect of the fleece, was probably 
responsible for the earlier leaf onset. Earlier green-up of vegetation in the northern hemisphere 
has been observed in several experimental studies (Natali et al. 2012; Buizer et al. 2012) and has 
been widely attributed to increasing air temperatures (Peñuelas and Filella 2001; Menzel and 
Fabian 1999). With the phenology responding to spring warming only, cold temperatures seem 
to be the main limiting factor for leaf onset at this high altitude site. Results from the fleece 
treatment highlight the importance of spring temperatures for vegetation green-up after 
snowmelt. In contrast, warmer winter temperatures (in the snow treatment) do not seem to play 
a key role for the spring phenology of tundra heath plants. This may be attributed t0 a delayed 
snowmelt in the snow treatment, which shortens the growing season and offsets the beneficial 
effects of warmer winter temperatures (Rixen et al. 2010). The snow melt in the snow treatment 
occurred approximately one week later than that of the control, which is slightly less as 
compared to other studies using snow fence manipulations (Rumpf et al. 2014; Johansson et al. 
2013). Wipf and Rixen (2010) identified the timing of snowmelt as the main driver for the 
phenology of dwarf shrubs in tundra ecosystems, indicating that the shorter growing season is 
likely to be the reason for the lack of response in the snow treatment.  
 
A cold period in late June led to a decline in green cover. Mean temperatures dropped and two 
nighttime below-zero temperatures were recorded. A change in leaf color was observed, 
indicating frost damage from the late frost events. Vegetation damage after cold spells in spring 
has been observed and is most pronounced in the early stages of the annual plant life cycle 
(Inouye 2000). Phenology development at the end of June was no longer juvenile, nevertheless 
damages were observed. However, rising temperatures in the following weeks led to the rapid 
recovery of the vegetation, indicating that late spring frost events do not affect plant survival 
(Petraglia et al. 2014).  
 
The hypothesis of increasing shoot growth and shoot biomass in the manipulations could only be 
confirmed for V. vitis-idaea in the snow treatment. Rasmus et al. (2011) reported enhanced 
growth of V. myrtillus and V. vitis-idaea under thicker snow packs. In addition, enhanced 
growth in response to summer soil warming has been reported for V. myrtillus (Anadon-Rosell 
et al. 2014). However, as no effect of the fleece treatment could be found for either shoot growth 
or biomass, warming is not likely the sole cause for the response. Furthermore, V. vitis-idaea 
responded to additional snow in both domains, indicating that the outer domain also profits 
from additional winter insulation. Thus, a reduced number of FTCs does not seem to be the 
reason for the enhanced growth, since cryoturbation rate is strongly reduced in the outer domain 
(Romanovsky et al. 2008). There are two possible alternative explanations. Firstly, prolonged 
snow cover protects plants better from harsh conditions in early spring (Rixen et al. 2010). 
However, this does not explain the different responses of the three species. Secondly, increasing 
nutrient input and enhanced soil moisture conditions from additional meltwater may have 
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triggered the growth of V. vitis-idaea. The change from cold and dry soil in the winter months to 
warm and moist soil after snowmelt is most notably in the snow treatment. Soil moisture was not 
measured in the treatments, but a deeper winter snow pack has been found to increase soil 
moisture in summer (Johansson et al. 2013). Also, soils in NSCs are known to be rather fine-
textured (Mitchell and Soga 2005), indicating higher water retention capacity. V. vitis-idaea 
seems to profit from the nutrient input (see also discussion on leaf C/N ratio below) and 
enhanced moisture conditions more than other species. That confirms findings of Grogan and 
Jonasson (2003), who reported enhanced nitrogen acquisition capacity and higher shoot growth 
for V. vitis-idaea and V. myrtillus under thicker snow packs in a sub-arctic birch forest. In 
contrast, warming in the fleece treatment may have dried the soil and the fleece may have 
become saturated with meltwater, acting as an additional barrier for water to penetrate into the 
soil. The results showed that V. vitis-idaea may profit from increasing snow depths on NSCs in 
winter. In combination with the benefits from warmer summer soil temperatures on the growth 
and performance of the species (Welker et al. 2005; Shevtsova et al. 1997), V. vitis-idaea is likely 
to increase in abundance on NSCs in the future.  
 
No differences could be found for shoot growth or biomass of E. nigrum in the manipulations. 
This supports findings of Dorrepaal et al. (2006), who observed just minor growth increases of E. 
nigrum in response to summer warming and increasing winter snow cover. In contrast, findings 
of Buizer et al. (2012) and Shevtsova et al. (1997) indicated increased shoot and biomass growth 
of E. nigrum after year-round warming. These studies suggest that long-term temperature 
conditions might be more important for growth responses than the temperature and snow 
conditions of the previous winter, and can be confirmed by the responses from the fleece and 
snow treatment. As E. nigrum already produces buds in the previous autumn (Bell and Tallis 
1973), winter conditions are unlikely to have a strong effect on shoot growth in the following 
growing season. Shevtsova et al. (1997) furthermore reported increased shoot growth of V. vitis-
idaea in response to irrigation, but could not confirm these findings for E. nigrum. These 
findings can be supported by enhanced shoot growth of V. vitis-idaea in the snow treatment, 
whereas E. nigrum showed no response. E. nigrum is thus likely to suffer from increased 
competition with V. vitis-idaea under warmer summer temperatures and increased winter snow 
cover in the future.  
 
The negative shoot growth and biomass response of B. nana to the snow treatment came as an 
unexpected result and can hardly be explained. Competition from V. vitis-idaea in the NSCs is an 
unlikely cause after just two seasons of manipulation considering the scarcity of cover in the 
inner domain. Also, B. nana shows enhanced growth in the outer domain compared to the inner 
domain (Figure 4). As plant cover is higher in the outer domain, B. nana seems to be a strong 
competing species, as confirmed by Dorrepaal et al. (2006). Rather, being the only deciduous 
species under investigation, the shortened growing season in the snow treatment may have 
delayed bud opening in the species, as new buds have to be formed each spring after the snow 
has melted. In contrast, overwintering reproductive structures of the evergreen species were 
ready for emergence right after snowmelt. Also, with delayed leaf emergence, B. nana may have 
suffered increased frost damage during the late frost event in June, as its leaves were still in 
earlier life stages as compared to the evergreen species (Inouye 2000). However, shoot growth 
may not always be representative for overall plant growth, and with the data originating from 
only 3 replicates in the inner and outer domain, it is a possibility that the pattern emerged by 
chance. 
 
Frost damage on overwintering leaves of the vegetation showed, in accordance with my 
hypothesis, reduced damage in the outer domain compared to the inner domain across 
treatments. Findings of Groffman et al. (2001), who showed leaf frost protection through snow 
trapping and soil insulating capacities of the vegetation, could be confirmed. The response to the 
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treatments was species-specific. The response was strongest for V. vitis-idaea, which showed a 
reduction in frost damage in the snow treatment. This confirms findings of Saarinen and Lundell 
(2010), who found winter leaf damage to be reduced for V. vitis-idaea under a deep snow pack at 
a sheltered birch forest site. As shown above in the shoot growth analysis, V. vitis-idaea seems to 
benefit from the deeper snow. The higher shoot growth and biomass of V. vitis-idaea in the snow 
treatment may therefore be a consequence of reduced frost damage on overwintering structures. 
B. nana also showed slightly reduced damage in the snow treatment, whereas least damage for E. 
nigrum could be found under the fleece. However, neither was significant, indicating that these 
species profit less than V. vitis-idaea from a deeper snow cover. Compared to the other species, 
D. lapponica showed the highest frost damage. As a specialist for exposed sites, it can only be 
found in the inner domain of the NSCs, where snow cover is shallow and frost damage more 
pronounced (Molau 1996). Also, as an early flowering species, D. lapponica may be more prone 
to frost events that are still common at the time of snowmelt, when the leaves of the other species 
are still inactive (Kimball et al. 2014). With deeper snow cover favoring abundance and growth of 
V. vitis-idaea, it seems reasonable that the species will increase in abundance in the inner 
domain of NSCs, resulting in competition with D. lapponica.  

 

4.2 Nitrogen dynamics 

 
Soil nitrogen mineralization and leaf C/N ratio of the species showed no differences between the 
treatments. This was unexpected, but confirms findings of Kreyling et al. (2012), where plant 
available soil N and C/N ratios of V. myrtillus leaves were unaffected by different snow regimes. 
Moreover, Bombonato and Gerdol (2012) reported findings, where no difference in soil and leaf 
nitrogen content could be found in an alpine bog following experimental snow increase. With no 
difference between the treatments, findings of Kreyling et al. (2010), that showed decreasing 
plant available nitrogen and increasing C/N ratio in heathland plots with increased number of 
FTCs, cannot be confirmed. Also, Natali et al. (2012) reported enhanced tundra N mineralization 
rates under winter warming conditions. The fact that no differences in plant available N were 
found between the fleece and snow treatment during the growing season indicate that enhanced 
N mineralization rates after snowmelt do not last until the summer.  
 
Findings of Walsh et al. (1997) indicated reduced C/N ratios in plots of increased snow cover for 
B. nana. The C/N ratio in the species’ leaves was different among species, but not among 
treatments. However, increased growth and biomass of V. vitis-idaea in the snow treatment 
suggest enhanced N uptake, as the C/N ratio remained constant. This supports findings of 
Grogan and Jonasson (2003) that showed increased N uptake of V. vitis-idaea under deeper 
snow, as discussed above. For B. nana and E. nigrum, the lack of response of leaf nutrition to the 
treatments shows that meltwater nutrient input from the time after snowmelt is not reflected in 
later season leaves. Either the species were not able to take up the additional nitrogen, or larger 
leaves in the later growing season had offset the additional nitrogen acquisition by allocating 
more biomass, leaving the C/N ratio constant.  
 
Nitrogen dynamics have been shown to occur over large time scales. For example, Rinnan et al. 
(2008) reported that the microbial community was only affected by changing plant performance 
and community following multiple years of manipulation. Thus, a lack of response after two 
years of manipulation does not necessarily indicate stationary nitrogen conditions on the long-
term. It is generally assumed that mineralization rates in tundra ecosystems increase under 
warmer temperatures after several years of manipulation (Aerts et al. 2006). Considering the 
NSC ecosystem, the inner domain is likely to profit from warmer soil temperatures by increasing 
N mineralization, improving the current unfavorable conditions in these soils. However, after 
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two years of manipulation, my hypothesis of increased N mineralization and a lower plant C/N 
ratio cannot be confirmed yet. 
 
4.3 Effect of the treatments 

 
Both snow and fleece treatment increased upper soil temperature, where the snow treatment was 
most effective in in warming in the winter months and the fleece treatment in spring. Under 
moderate emission scenarios, future projections for the 2080-2099 period in the Arctic region 
predict air temperatures to warm by 2.2 – 5.3 °C compared to 1980-1999 (Christensen et al. 
2007). Average soil temperature was enhanced by 0.93 – 1.78 °C (see Table 2) in the snow 
treatment, which is comparable to other snow manipulation studies (Dorrepaal et al. 2003; 
Johansson et al. 2013). In spring, the fleece treatment was warmest and upper soil temperature 
was increased by 0.81 – 1.26 °C as compared to control, indicating a greenhouse effect of the 
fleece blankets.  
 
A reduced number of spring FTCs in the snow treatment in both years confirmed the strong 
insulating capacity of a thick snow pack (Mellander et al. 2007). Precipitation in Scandinavia is 
expected to increase up to 15% by the year 2080, with increases in winter being twice as high in 
comparison to summer precipitation (Saelthun and Barkved 2003). The increases in snow depth 
in the snow treatment were higher than the projected increases in precipitation. However, this 
resulted mainly from the high snow accumulation directly behind the snow fences, whereas the 
main part of the plots experienced only small increases. The fleece treatment slightly reduced 
spring FTCs in the first season and strongly increased their number in the second season. This 
can probably be linked to different spring temperature regimes in both years. In 2013, May 
temperatures (when most of the FTCs usually occur) were on average 7.4 ± 5.4 °C SE, which is 
higher compared to a 1990-2012 average of 3.5 ± 3.2 °C SE. In 2014, the average temperature in 
May was 2.9 ± 4.0 °C SE (Abisko Station Meteorological Data: www.polar.se/abisko). 
Temperatures in 2014 thus remained below 0 °C for a much longer time in April and May. The 
fleece warming effect then caused temperatures to frequently rise above 0 °C during daytime, 
resulting in the high number of FTCs. In contrast, control and snow treatment did not experience 
as many FTCs because temperatures were still too low. In 2013, minimum and maximum 
temperatures both rose above 0 °C very quickly in spring and the warming effect of the fleece 
treatment did not lead to additional FTCs. The different responses of FTCs to the fleece 
treatment in both years make it difficult to determine a straightforward interpretation of the 
results. For the analysis it was thus assumed that the fleece treatment has increased the number 
of FTCs, according to the measurements in the second year. 
 
Thus, treatment effects of snow and fleece manipulation were comparable during periods with 
snow cover (autumn until late winter), with increased mean temperatures and reduced 
temperature fluctuations in both treatments. In spring, treatment responses varied. Whereas the 
snow treatment reduced temperature fluctuations and the number of FTCs, the fleece treatment 
increased mean temperatures, temperature fluctuations, and the number of FTCs (see Table 2). 
Different plant and soil responses to the manipulations can thus be related to these different 
spring conditions.  
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4.4 Future outlook 

 
The results showed species-specific responses to the treatments, with V. vitis-idaea showing 
positive reactions in terms of reduced frost damage, enhanced shoot growth and biomass 
allocation. V. vitis-idaea seems to profit from thicker winter snow packs in NSCs more than B. 
nana and E. nigrum. Reduced frost damage on overwintering structures of V. vitis-idaea is likely 
to enhance shoot growth and biomass in the following growing season. So far, V. vitis-idaea has 
been reported to cover only approximately 2.3 % of the inner domain, whereas B. nana and E. 
nigrum cover 22.4 % and 11.6 %, respectively (Makoto and Klaminder 2012). The negligible or 
even negative response of the two latter species to the treatments suggest that  increasing cover 
of V. vitis-idaea in the center of the plots may lead to an altered NSC community composition in 
the future. However, the results suggest highly complex, species-specific mechanisms related to 
differences in growth pattern and interactions between temperature, moisture and nutrient 
regimes of the soil. Belowground plant characteristics, the effects of changing summer climate, 
soil moisture and further nutrient conditions have to be taken into account when predicting 
future NSC development in the Arctic. Furthermore, site characteristics such as soil type and 
dominating plant functional groups may influence NSC responses to future winter conditions. 
For example, NSC sites in North America have been found to be dominated by deciduous 
vascular plants such as Dryas integrifolia and Salix arctica (Kade et al. 2005), compared to a 
higher percentage of evergreen shrubs at the study site in northern Sweden.  
 
Differences in the inner and outer domain were less pronounced than expected, with the 
exception of leaf frost damage. Hence, my last hypothesis cannot be confirmed. Although 
representing two very distinct types of habitat, responses to the treatments were often identical 
in both domains. However, the same responses are likely to have different implications for the 
vegetation in the domains. The direct relation of frost damage and shoot growth indicates 
changes of vegetation cover and abundance in the future. Warmer temperatures and enhanced 
insulation in the inner domain are likely to stimulate plant growth and increase vegetation cover 
(mostly V. vitis-idaea), further amplifying insulation and suppressing cryoturbation activity. 
This positive feedback may lead to complete vegetation cover of the inner domain in the future, 
relativizing the differences to the outer domain. However, also the outer domain will profit from 
warmer winter temperatures, responding with enhanced growth and earlier onset of 
phonological development. However, interspecific relations are more substantial in the outer 
domain and are likely to influence individual plant responses under future conditions.  

5 Conclusions 
 
Different winter insulation treatments showed effects on vegetation green-up, shoot growth and 
leaf frost damage in NSCs. Spring temperatures were the main factor regulating vegetation 
green-up after snowmelt, with warmer spring temperatures (+ 0.8 – 1.3 °C) initiating leaf green-
up about one week earlier as compared to control. Deeper snow cover in winter increased mean 
soil temperatures and reduced the number of spring FTCs in the center of the NSCs. Vegetation 
responses to deeper snow cover were species-specific; V. vitis-idaea showed the strongest 
positive response, suffering less frost damage and showing increased shoot growth and biomass 
allocation over the growing season, while reponses of B. nana and E. nigrum were negligible or 
sometimes negative. The results suggest enhanced performance of V. vitis-idaea under projected 
future snow conditions and a possible long-term shift in community composition in the NSC 
ecosystem. However, differences between the inner and outer domain of the NSCs were smaller 
than expected. This shows that the main reason for the responses did not primarily result from 
reduced cryoturbation activity in the center of the NSCs. Rather, overall improved growing 
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conditions resulting from increased winter insulation and spring warming triggered the 
enhanced performance of V. vitis-idaea. A changing climate could therefore induce a shift in the 
NSC equilibrium towards increased plant cover and reduced soil frost activity with further effects 
on carbon and nitrogen dynamics in NSCs. However, my results represent short-term responses 
after just two years of manipulation. Long-term research in the NSC ecosystem is needed, 
including consideration of the effects of extreme weather events such as winter warm spells and 
late frost on NSC vegetation under various climate change scenarios.  
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Supplementary information 
 

 

Figure S1. Mean (± SE) air temperature in height above ground for the autumn (a), midwinter (b), late-
winter (c), and spring (d) period for the 2012/2013 season. Sensors were used without shade cap to 
obtain maximum difference between snow covered and free sensors. “*” indicates significant differences 
between the treatments. Number of sensors is 6 and 3 for control and snow, respectively.  

 

 

Table S1. ANOVA results for the linear mixed model testing for differences in leaf green-up. Significance 
codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Factor                               
or interaction 

Sum Sq Mean Sq NumDF DenDF F.value Pr (>F) 

treatment 7.51 3.753 2 12.086 4.289 0.039130 * 
domain 1.46 1.457 1 177.030 1.276 0.260087 
date 1460.49 208.642 7 177.231 186.724 < 2.2e-16 *** 
treatment:domain 0.58 0.291 2 177.032 0.356 0.700737 
treatment:date 33.30 2.379 14 177.176 2.430 0.003809 ** 
circle:date 11.59 1.656 7 177.028 2.143 0.041487 * 
treatment:circle:date 7.29 0.521 14 177.031 0.533 0.911368 
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Table S2. ANOVA results for the linear mixed model testing for differences in shoot length at the end of 
the growing season. Significance codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Factor or interaction Sum Sq Mean Sq NumDF DenDF F.value Pr(>F) 
treatment 0.10316 0.05158 2 11.364 0.2507 0.78246 
domain 0.08675 0.08675 1 47.740 0.7344 0.39575 
species 1.40184 0.70092 2 47.799 3.5808 0.03555 * 
treatment:domain 0.00685 0.00343 2 47.886 0.1650 0.84840 
treatment:species 0.92481 0.23120 4 47.912 2.6831 0.04248 * 
domain:species 0.15822 0.07911 2 50.167 1.3835 0.26009 
treatment:domain:species 0.20398 0.05100 4 49.336 0.5863 0.67404 

 

 

Table S3. ANOVA results for the linear mixed model testing for differences in shoot length over the 
course of the growing season. Significance codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Factor or interaction Sum 
Sq 

Mean 
Sq 

NumDF DenDF F.value Pr(>F) 

treatment 0.0371 0.01857 2 11.71 0.1696 0.8460587 
domain 0.1748 0.17837 1 404.81 4.5141 0.0342218 * 
species 1.5729 0.78647 2 405.03 8.8272 0.0001768 ***  
date 5.5921 0.93201 6 400.36 19.0297 < 2.2e-16 *** 
treatment:domain 0.0520 0.02598 2 405.17 0.9587 0.3842417 
treatment:species 0.8524 0.21309 4 405.33 5.5986 0.0002416 *** 
domain:species 0.1635 0.08174 2 405.74 2.9100 0.0556127 . 
treatment:date 0.4500 0.03750 12 400.36 0.8430 0.6059116 
domain:date 0.0701 0.01169 6 400.36 0.5423 0.775995 
species:date 2.4414 0.20345 12 400.36 2.2531 0.0091507 ** 
treatment:domain:species 0.1108 0.02770 4 401.61 0.7126 0.5836558 
treatment:domain:date 0.2910 0.02425 12 400.36 0.6814 0.7696658 
treatment:species:date 2.0755 0.08648 24 400.36 2.2301 0.0008835 *** 
domain:species:date 0.4542 0.03785 12 400.36 1.3274 0.1999163 
treatment:domain:species:date 1.0767 0.04486 24 400.36 1.1543 0.2803891 

 

 

Table S4. ANOVA results for the linear mixed model testing for differences in shoot biomass. Significance 
codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Factor or interaction Sum Sq Mean Sq NumDF DenDF F.value Pr(>F) 
treatment 0.5910 0.2955 2 65.995 0.01247 0.9876 
domain 2.8039 2.8039 1 65.995 1.99678 0.1623 
species 4.3010 2.1505 2 65.995 0.16432 0.8488 
treatment:domain 1.2440 0.6220 2 65.995 0.50380 0.6065 
treatment:species 14.9018 3.7254 4 65.995 1.91252 0.1187 
domain:species 1.3151 0.6576 2 65.995 0.19088 0.8267 
treatment:domain:species 2.5229 0.6307 4 65.995 0.31786 0.8651 
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Table S5. ANOVA results for the linear mixed model testing for differences in leaf C/N ratio. Significance 
codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Factor or interaction Sum Sq Mean Sq NumDF DenDF F.value Pr(>F) 
treatment 0.0511 0.0256 2 64.969 0.856 0.4295 
domain 0.0501 0.0501 1 64.969 0.043 0.8371 
species 14.4128 7.2064 2 64.969 136.748 < 2e-16 *** 
treatment:domain 0.1671 0.0836 2 64.969 1.600 0.2097 
treatment:species 0.1306 0.0327 4 64.969 0.749 0.5625 
domain:species 0.0429 0.0215 2 64.969 0.435 0.6491 
treatment:domain:species 0.0600 0.0150 4 64.969 0.332 0.8555 
 

 

Table S6. ANOVA results for the linear mixed model testing for differences in REL (both tests from May 
20 and May 27 combined). Significance codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Factor or interaction Sum Sq Mean Sq NumDF DenDF F.value Pr(>F) 
treatment 0.3508 0.1754 2 14.143 1.171 0.33829 
domain 2.0470 2.0470 1 146.956 3.357 0.06894 
species 17.1538 5.7179 3 146.956 46.123 < 2e-16 *** 
treatment:domain 0.0212 0.0106 2 146.956 0.102 0.90269 
treatment:species 1.1874 0.1979 6 146.956 1.753 0.11266 
domain:species 0.1705 0.0853 2 146.956 0.612 0.54360 
treatment:domain:species 0.0605 0.0151 4 146.956 0.135 0.96937 

 

 

Table S7. ANOVA results for the simplified linear mixed model testing for differences REL (both tests 
from May 20 and May 27 combined; all domain interactions eliminated). Significance codes: ‘***’ 0.001 
‘**’ 0.01 ‘*’ 0.05. 

Factor or interaction Sum Sq Mean Sq NumDF DenDF F.value Pr(>F) 
treatment 0.3377 0.1689 2 14.175 1.061 0.37207 
species 18.6517 6.2172 3 154.953 47.917 < 2e-16 *** 
domain 0.5491 0.5491 1 154.953 5.073 0.02571 * 
treatment:species 1.1882 0.1980 6 154.953 1.829 0.09673 . 

 

 

Table S8. ANOVA results for the linear mixed model testing for differences in soil NH4
+. Significance 

codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Factor or interaction Sum Sq Mean Sq NumDF DenDF F.value Pr(>F) 
treatment 13.543 6.772 2 8.6572 0.08640 0.9180 
domain 32.464 32.464 1 31.1236 0.29995 0.5878 
treatment:domain 116.621 58.311 2 31.1475 0.73510 0.4876 
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Table S9. ANOVA results for the linear mixed model testing for differences in soil NO3
-. Significance 

codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Factor or interaction Sum Sq Mean Sq NumDF DenDF F.value Pr(>F) 
treatment 5.5020e-05 2.7510e-05 2 11.998 0.44889 0.6486 
domain 4.0833e-05 4.0833e-05 1 11.848 1.61847 0.2277 
treatment:domain 1.6125e-04 8.0625e-05 2 11.848 1.31558 0.3048 
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