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Effects of climate change on freezing damage in three subarctic bryophyte species 

Marlene Kassel 

Abstract 

Climate change is expected to have a strong impact on subarctic ecosystems. Increased 
temperatures as well as altered precipitation and snow cover patterns are predicted to 
change species distribution and affect biogeochemical processes in the subarctic tundra. 
Bryophytes are an essential vegetational component in northern ecosystems, due to their 
high abundance and importance in many ecological processes. In this study the effects of 
elevation and altered snow cover on the temporal dynamics of freezing damage in three 
subarctic bryophyte species (Hylocomium splendens, Ptilidium ciliare, and Sphagnum 
fuscum) were studied in a snow manipulation field experiment in Abisko, during early 
spring. Soil temperature and field moisture of moss shoots were collected. A freeze-thaw 
incubation experiment was conducted to investigate the freeze-thaw cycle resistance of H. 
splendens and P. ciliare originating from habitats with two differing snow-cover 
thicknesses. Freezing damage differed significantly between the bryophytes species with P. 
ciliare experiencing the least and S. fuscum the highest damage. Damage was higher at the 
low elevation, possibly attributable to acclimation effects. Snow removal led to higher 
damage in moss shoots, but no interactions of the different snow cover treatments with 
elevation, species or time were found. Freezing damage increased over time and no 
recovery occurred, likely due to temporal patterns in soil freeze-thaw cycles during early 
spring. Soil freeze-thaw cycles were the main factor influencing damage in bryophytes 
after snow melt. Measured environmental parameters could not explain the entire 
variation in damage. Damage might additionally be attributable to increased UV radiation 
or disturbances by herbivores. 
 
Key words: freezing damage, bryophytes, subarctic, climate change  
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1 Introduction 

Climate change poses a major threat to arctic and subarctic ecosystems (IPCC 2001). The 
mean annual temperatures increased by 1-3°C from 1954 to 2003 in artic regions, which is 
twice the rate compared to other parts of the world. An additional increase of 4-7 °C is 
projected for the next 100 years (ACIA 2005). 
 
Climate change will also induce range shifts of species distributions and whole ecosystem 
zones (Vos et al. 2008). Plants are likely to shift their range poleward (Körner 1994), while in 
mountain ecosystems the shift will be directed upwards to higher elevations (Pauli et al. 
1996) in order to escape increasing temperatures and to avoid competition from other plant 
species (Callaway et al. 2002). Cold-adapted plants in tundra and high-altitudinal areas are 
characterized by slow growth, high longevity and a low competitiveness. Their capacity to 
adapt to changing climatic conditions is low (Jägerbrand et al. 2011). Especially at high 
latitudes the main stress factors for vegetation are abiotic factors, in particular climate, which 
makes the effects of climate change more pronounced on vegetation above the treeline 
(Körner 1994, Pauli et al. 1996). Therefore, arctic and alpine ecosystems are highly 
threatened by climate change (Jägerbrand et al. 2011). 
 
Bryophytes represent an essential component of the vegetation in northern boreal and 
subarctic ecosystems and have a higher relative abundance compared to vascular plants 
(Jägerbrand et al. 2011). They contribute considerably to the carbon sink of these systems by 
producing recalcitrant organic matter and take part in a variety of ecological processes, such 
as primary production, nutrient cycling, biogeochemistry, biodiversity, competition and 
facilitation, and are important for general biodiversity (Turetsky 2003, Lindo and Gonzalez 
2010). Bryophytes insulate the underlying soil and thereby influences soil temperature, 
thawing depth, season length and nutrient availability (Tenhunen et al. 1992). Due to the 
great abundance of bryophytes and their important role in subarctic regions, it is crucial to 
investigate possible effects of climate change on this plant group. 
 
In arctic ecoregions snow cover has a high importance for many ecosystem functions and 
provides insulation from cold air temperatures for plants and soil processes. It usually lasts 
for 8-10 months affecting soil properties, such as moisture and temperature, permafrost, 
hydrological and ecosystem processes (ACIA 2005). The duration of snow cover is mainly 
determined by elevation and air temperature (Callaghan et al., 2011). 
 
Climate change is expected to alter the timing, extent and duration of snow cover in many 
northern regions, most pronouncedly in winter (Christensen et al. 2007). Overall, an increase 
in winter precipitation of 5-20% in Northern Europe is projected for the future, influencing 
snow cover patterns and many ecosystem functions in the subarctic Tundra. Climate change 
model projections for the subarctic also indicate a high increase in winter temperature, 
varying from 2.0 to as much as 14.0 °C (McCarthy et al. 2001, Räisänen 2008). An increase in 
winter precipitation would lead to a thicker snow cover and thus more insulation from 
freezing temperatures and lower damage. However, with rising temperatures in the course of 
climate change, snow melt could be enhanced leading to a decreased amount of precipitation 
falling as snow (Räisänen, 2008). Shorter snow cover duration in combination with higher 
overall temperatures will result in a longer growing season and would be beneficial to the 
vegetation (Kreyling et al. 2012a). Earlier snow melt in combination with late spring frost, on 
the other hand, may lead to an increased freezing damage on the vegetation due to the 
lacking insulation by snow and a dehardening of plants (Augspurger 2013, Bjerke et al. 2014, 
Cooper 2014). Thus bryophytes would mainly profit from insulation by snow cover at still 
quite low minimum temperatures. Due to the decreased insulation by snow an increase in the 
soil freeze-thaw frequency is predicted. In Sweden, for example, an increase in the frequency 
of soil freeze-thaw events by more than 30% is expected as a result of decreased snow cover 
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(Mellander et al. 2007, Kreyling 2010). Snow cover also influences soil-moisture gradients 
during the growing season. A thick snow layer results in more snow melt water, while early 
snow melt could lead to soil moisture deficits later in the growing period (Anisimov et al. 
2001). 
 
Bryophytes usually occur in habitats where the growing season is relatively short and only 
little vascular vegetation is present. Thus evergreen mosses are adapted to initiate 
photosynthesis and growth as soon as snow melt starts and temperature, light and humidity 
conditions rise above a certain threshold level. Particularly the young, freeze-susceptible 
shoot apices are sensitive to damage when snow has already melted away but temperatures 
still drop below 0 °C (Kallio and Saarino 1986, Kappen and Valladares 2007). This adaption 
makes bryophytes potentially more susceptible to climatic changes in the spring and autumn 
seasons (Rütten and Santarius 1992, Bjerke et al. 2011). 
 
Arctic and subarctic bryophyte species are known to withstand minimum freezing 
temperatures of around -8°C (Glime 2007). Some species (among others Polytrichum 
alpestre, Atrichum undulatum, etc.) are even able to tolerate temperatures down to -20°C 
(Kennedy 1993) to -25 °C after freeze-thaw treatments (Rütten and Santarius 1992). 
However, air temperatures in the Arctic can drop even lower for long periods of time. It has 
been suggested that multiple freeze-thaw cycles (FTCs) in a short time span independent of 
the cycle length inflict greater damage in an Antarctic bryophyte species than constant 
freezing at the same temperature. This finding might also be applicable to subarctic 
bryophytes. The recovery from damage, however, depended on the absolute depth of low 
temperature experienced (Kennedy 1993). When subjected to mild freezing (-4°C) the 
photosynthetic activity recovered completely, while after more severe freezing, bryophytes 
recovered only partially (Rütten and Santarius 1992). 
 
Freezing temperatures can be accompanied by the formation of ice crystals in the cells (Glime 
2007). In order to survive this, bryophytes can avoid dehydration of the protoplast by rapidly 
transferring water to the intercellular space (Kennedy 1993, Körner 2003, Lenné et al. 2010). 
To do so, bryophytes might use a similar mechanism as vascular plants by developing a 
characteristic phospholipid composition during cold hardening and retaining the plasma 
membrane in a fluid state (Sakai and Larcher 1987, Körner 2003). As the process of freezing 
avoidance depends on the removal of water from cells, it was suggested that freeze-thaw 
might disrupt membrane integrity and increase the loss of cell solutes in bryophytes more 
pronouncedly under moist conditions (Melick and Seppelt 1992). Therefore bryophytes with 
a higher water holding capacity such as Sphagnum (Hayward and Clymo 1982) may be more 
prone to freezing damage. 
 
Increasing frost tolerance was also linked to the accumulation and maintenance of certain 
levels of cell solutes including lipids, amino acids, and soluble carbohydrates, especially in 
late autumn and early winter (Farrar 1978, Melck and Seppelt 1994). The accumulation of 
carbohydrates in the cells of certain bryophytes (Rütten and Santarius 1992) is likely induced 
by the stress hormone abscisic acid (Nagao et al. 2005). 
 
Another strategy to avoid exposure to low temperatures is the selection of a suitable 
microhabitat. For vascular plants a differentiation in frost tolerance was observed when 
comparing open vs. sheltered sites or snow beds vs. ridge-tops (Larcher and Siegwolf 1985). 
Bryophyte species that usually grow in rather exposed habitats, such as P. ciliare, are 
therefore likely more robust to freezing damage compared to Hylocomium splendens which 
prefers microsites with deep snow (>30 cm) usually in understories of birch woodland 
(Callaghan et al. 1978, Kreyling et al. 2012a). 
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Purpose and questions 

The aim of this study was to test the effects of time, elevation, as a space-for-time substitute 
for expected changes in temperature, as well as the duration and thickness of snow cover on 
freezing damage in the three common subarctic bryophyte species. The bryophyte species 
were Hylocomium splendens, Ptilidium ciliare and Sphagnum fuscum. The high elevation 
represented typical climate conditions of the tree-less tundra in this region. The low elevation 
simulated increased temperatures under a future climate scenario. Especially the temporal 
dynamics of freezing damage and recovery after snow melt were observed to see if snow 
manipulation changes the absolute damage or only changes the damage-repair timing. 
Therefore, a repeated sampling was conducted on five sampling occasions. In order to assess 
the freezing resistance of bryophytes an additional freeze-thaw-incubation experiment in 
climate chambers was conducted. The species H. splendens and P. ciliare were collected from 
two different snow cover regimes and were subjected to three freezing treatments, to assess if 
the absolute minimum temperature or rather repeated freezing and thawing causes freezing 
damage. The freezing treatments included repeated freezing-thawing, consistent freezing and 
a control group. The following hypotheses were formulated: 
 
 
Hypotheses of the snow manipulation experiment 

1. Freezing damage will decrease over time after snowmelt due to increasing temperatures 
and recovery from freezing damage, but the level of maximum damage and timing of 
recovery will depend on the snow cover thickness and duration. 

a) In the control plots, freezing damage will be high shortly after snow melt due to 
missing insulation by snow and still low temperatures. Over time bryophytes will 
continuously recover from tissue damage until it has reached a minimum level. 

b) In the snow removal plots, bryophytes will show the highest damage due to 
missing insulation and being exposed to low temperatures. As a result of earlier 
development of freezing tolerance due to missing insulation, bryophytes will 
recover earliest from damage, as soon as temperatures rise. 

c) In the snow addition plots, bryophytes will show a very high freezing damage 
shortly after snowmelt, as they are suddenly exposed to low temperatures. As soon 
as temperatures rise, bryophytes will recover slower from freezing damage 
compared to the control plots. 

d) Overall, the recovery from freezing damage will start earlier at the low site due to 
higher temperatures. In the snow removal plots this effect will be more 
pronounced, due to an even earlier start in the growing season. 

2. Shortly after snow melt, freezing damage will be generally higher at the high site due to 
lower minimum temperatures. As temperatures are still low, freezing damage will be 
significantly highest in the snow removal and lowest in the snow addition plots at both 
elevations. 

3. In the later period after snow melt, freezing damage at the high site is expected to 
decrease in the order snow removal, control, snow addition treatment due to still low 
temperatures. At the low site bryophytes mainly profit from snow removal due to already 
higher temperatures and an elongated growing season showing a reversed pattern in 
damage for the snow treatments. 

4. The degree of freezing damage will differ significantly between the three bryophyte 
species. 

a) P. ciliare is adapted to exposed sites and will show the lowest freezing damage. 
b) S. fuscum will show a significantly higher moisture content resulting in the 

highest freezing damage, especially in snow removal plots. 
c) In the early season the mosses H. splendens and S. fuscum will profit more from 

snow addition than P. ciliare. 
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Hypotheses of the freeze-thaw incubation experiment 

5. The degree of freezing damage will differ significantly for mosses coming from different 
snow cover thicknesses as well as for different species and freezing treatments: 

a) Repeated freeze thaw cycles (FTCs) will result in an overall higher freezing damage of 
moss shoots than consistent freezing over the same period of time. 

b) Bryophytes coming from patches with a thin snow cover will be less affected by both 
repeated FTCs and consistent freezing, as they likely experienced a higher number of 
FTCs in their natural environment and are better adapted to it. 

c) P. ciliare usually growing at exposed sites will be better adapted to repeated freezing 
and thawing and show a higher resistance to freezing damage. 

d) H. splendens is expected to profit more from a thicker snow cover than P. ciliare 
when repeatedly freeze-thawed. 

 
 

2 Material and methods 
 

2.1 Site and experimental design 

The field experiment is located in a subarctic tundra environment at two different elevations 
in close proximity to the Stordalen mire in Abisko. The low site is situated at an elevation of 
350 m a.s.l. (68°20′50,84″N, 18°56′35,40″O), below the treeline, in a tree-less area. 

The high elevation is situated at approximately 700 m a.s.l. (68°19′38,16″N, 19°5′6,87

″O) above the treeline. The mean temperature in Abisko in the winter months ranges 

between -12 °C and -7 °C and in the summer months between 3 °C and 11 °C. The mean 
annual precipitation in 2015 was 400-500 mm (www.smhi.se). The vegetation at both sites is 
dominated by Empetrum hermaphtoditum and Betula nana, as well as different bryophyte 
and lichen species. 
 
The experimental setup was established in 2013 and consisted of five experimental blocks at 
each site at approximately the same elevation and with similar landscape features to avoid 
microclimatic effects. Each block included one snow addition, one snow removal and one 
control plot of approximately 1 m². Each plot consisted of four soil cores containing one of 
the three bryophyte species H. splendens, P. ciliare, or S. fuscum. The moss soil cores were 
taken from a site close to the high elevation site at approximately 700 m a.s.l. and were 
transplanted to all plots. P. ciliare typically grows on rather exposed sites and in higher 
elevations (Signe Lett, personal communication), while H. splendens usually prefers 
microsites with deep and long lasting snow cover (Kreylig et al. 2012a, Rasmus et al. 2011), 
and can often be found in birch forests around the study area (Callaghan et al. 1978). S. 
fuscum on the other hand is found in mires and moist heath sites and grows well in moist but 
not submerged habitats. As a hummock species, it can also persist on drought-exposed 
mounds (Kivinen 1948, Hájek et al. 2011). 
 
For the snow addition plots, insulating fleeces were placed on top of the soil and vegetation in 
late autumn in order to increase insulation before snowfall. At the same time, small enclosing 
snow fences (1.2 × 1.2 m) with an open top were placed to allow passive snow accumulation. 
The snow fences at the high site were installed on the 2nd of November and at the low site on 
the 16th of November 2015. After the fourth sampling occasion of the bryophytes (see below), 
when all snow had melted away and it was unlikely that snow would fall again on the addition 
plots, the experimental fleeces and snow fences were removed (May 17th at the low and May 
16th at the high site). For the snow removal treatment, snow cover was shovelled away for two 
weeks in November 2015 and again once every week in early spring 2016, starting April 12th 
at the low and April 14th at the high site. This experimental setup was executed in a similar 
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way in the winters of 2013/2014 and 2014/2015. This year was the third experimental winter 
in a row. When snow was removed, a few cm of snow cover were left on the plots to avoid 
damaging the mosses. Snow removal was applied until all snow had completely melted away 
(May 17th at the low and May 16th at the high site). 
 
 
2.2 Sampling of bryophyte shoots to measure freezing damage 

At each sampling occasion, from each plot and for each bryophyte species, 5 shoots of 
approximately 2.5 cm were collected at random from the middle part of the moss cores (at 
least 5 cm distance from the edge of the cores). In total there were 5 sampling occasions. 
However, on the first sampling occasion snow addition and control plots were still covered 
with snow and moss shoots were only collected from the removal plots. The first sampling of 
the snow removal plots took place on the 25th of April at the high elevation and on the 26th of 
April 2016 at the low elevation (Table 1). The fifth sampling occasion was intentionally 
chosen to be later, to capture the effect of higher temperatures later in spring on freezing 
damage recovery. 
 
Table 1. Sampling dates (day.month.year). 

Sampling occasion High site Low site 

1 25.04.2016 26.04.2016 
2 02.05.2016 03.05.2016 
3 11.05.2016 10.05.2016 
4 16.05.2016 17.05.2016 
5 01.06.2016 02.06.2016 

 
 
2.3 Relative electrolyte leakage (REL) 

The freezing damage of the moss shoots was quantified via the relative electrolyte leakage 
(REL) method (Kreyling et al. 2012b). The collected samples were stored in the fridge at 4 °C 
for 20 hours, and REL was conducted the day after each sampling day. Initial conductivity 
was measured after 24 hours of soaking in 16 ml of 0.1% (v/v) Triton X-100 at room 
temperature (approximately 20 °C). Final, conductivity was measured again after the 
samples were in a water bath at 97 °C for one hour in order to lyse the cells, and then stayed 
at room temperature for 24 hours. For each sampling occasion, 3 blank samples were taken 
using the same procedure. REL of the samples from the freeze-thaw incubation experiment 
was conducted the same way. REL was expressed as the ratio of initial to final conductivity 
and was calculated using equation (1). 
 

𝑅𝐸𝐿 =  
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 − 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑙𝑎𝑛𝑘

𝑓𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 − 𝑓𝑖𝑛𝑎𝑙 𝑏𝑙𝑎𝑛𝑘
         (1)     

 
The field moisture content (% of dry weight) of the sampled bryophyte shoots was 
determined in order to investigate the effect of the moisture state on freezing damage. The 
shoots were weighed directly after each sampling and again after conducting REL and drying 
them at 60 °C for 24 h. Relative field moisture was calculated using equation (2). 
 

𝑓𝑖𝑒𝑙𝑑 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑚𝑜𝑖𝑠𝑡 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑑𝑟𝑦

𝑤𝑒𝑖𝑔ℎ𝑡 𝑑𝑟𝑦
   100     (2)     
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2.4 Climate data 

Soil temperature (°C) was measured every hour at approximately 5 cm depth in 3 of the 5 
blocks in the H. splendens plots at each site of the field experiment. TinyTag and EcH2O 
loggers were used. There were only enough soil temperature loggers for three blocks and for 
one species. Thus the plots containing H. splendens were chosen for the loggers, because they 
showed an intermediate temperature in previous observations. Loggers were installed on the 
12th of April at the low site and on the 14th of April at the high site. Temperature data were 
collected until the 1st and 2nd of June at the high and low site, respectively. The data were 
combined into one dataset and clipped to the experimental period: seven weeks from April 
15th (10 days before the first sampling started) to May 31th (one day before the last sampling 
started). For each site, treatment and time interval between sampling points, the number of 
FTCs, the mean daily temperature, as well as the absolute minimum temperature were 
calculated. The first sampling period for the temperature measurements started one week 
before the first sampling. The periods before the second, third and fourth sampling all 
amounted to one week. The time interval before the fifth sampling amounted to two weeks 
and for the temperature calculation the time interval was adjusted to be one week, as well. 
 
 
2.5 Freeze-thaw incubation experiment 

For the freeze-thaw incubation experiment, bryophyte shoots of H. splendens and P. ciliare 
were collected on the 28th of April just before snow melt set in, from a half-open birch forest 
close to the Stordalen mire in Abisko. For each moss species, shoots were sampled from one 
site with thin snow cover (7-10 cm) and one site with thick snow cover (53-40 cm). For each 
treatment, 6 replicates of 5 shoots per snow regime and species of about 5 cm length were 
sampled. The freeze-thaw experiment was started right after sampling in order to avoid 
thawing of the moss shoots, and was conducted in climate chambers (SANYO, model “MLR-
350”). For the repeated freeze-thaw treatment, a total amount of 6 FTC was conducted to 
simulate recurring freezing and thawing under natural condition. The number of cycles is 
based on field observations in the previous year where six was the minimum number of FTCs 
experienced by H. splendens in the control treatment at the low site. For the freeze-thaw 
treatment, bryophytes were alternately frozen to -10 °C for 12 h overnight without any 
lighting and thawed at 5 °C for 12 h with light in climate chambers to simulate day and night 
conditions. Light intensity was set to medium, i.e. three out of six 40W-tube lights. For the 
consistent freezing treatment, mosses were first put in a climate chamber at +5 °C with 
alternating lighting every 12 h for a total amount of 72 h and then consistently frozen for 72 h 
at -10 °C. This way mosses were thawed and frozen for the same amount of time as mosses 
subjected to the repeated freeze-thaw treatment. For the control treatment, mosses were 
consistently subjected to +5 °C for the whole time (144 h) with alternating lighting every 12 h 
(Table 2). Freezing damage was quantified two hours after the last freezing cycles using the 
REL-method (this method requires non-frozen moss shoots in order for the conductivity 
measurement to work). 
 
Table 2. Experimental setup of the freeze-thaw incubation in climate chambers. 

Freezing 

regime 

 Temperature 

[°C] 

duration [h] Light 

6 freeze-thaw-
cycles 

Thawing +5 12 on 
Freezing -10 12 off 

Consistent 
freezing 

Thawing +5 72 on/off (every 12h) 
Freezing -10 72 off 

Control  +5 144 on/off every 12h 
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2.6 Data analysis and statistics 

Repeated measures analysis of variance (ANOVA) combined with linear mixed effects models 
were used to test for main and interaction effects of the four factors (site, snow treatment, 
bryophyte species and sampling time) on REL in the field experiment. Site, snow treatment 
and species were set as fixed factors, block was set as a random factor and sampling date was 
set as a repeated measures factor. To find the best-suited model, factors were omitted from 
the model with automatic stepwise model building using akaike information criterion (AIC). 
Post-hoc analysis was conducted using Tukey’s HSD to test for significant main effects and 
interaction effects among more than two groups. For data analysis, the first sampling 
moment was omitted from the data set, as only the snow removal plots could be sampled and 
the linear mixed effects model is unable to cope with missing replicates. 
 
Linear regression analyses of REL with field moisture content, temperature data and the 
number of FTCs were conducted to find general relations. Field moisture content was also 
included in the reduced REL model as a fixed factor to investigate possible effect on REL, as 
well as interactions with the other factors. To test for effects of site, elevation or sampling 
time on absolute minimum temperature and the number of FTCs, individual linear mixed 
effects models were conducted. 
 
The data of the freeze-thaw incubation experiment were analysed using a three-way ANOVA. 
Post-hoc analysis was conducted using lower order ANOVAs for the different treatment 
combinations and subsequent Tukey’s HSD tests for multiple comparisons of treatment 
effects. 
 
All statistical analyses were conducted with the free statistical software R-Studio, version 
3.0.2 (R Core Team 2016). The additional packages nlme (Pinheiro et al. 2013), multcomp 
(Hothorn, et al. 2008), lsmeans (Lenth and Hervé 2015), and sciplot (Moraless 2012) were 
used.  
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3 Results 

3.1 Snow manipulation experiment 

Overall, freezing damage differed significantly between the two sites, the snow treatments, 
the three bryophyte species, and in several cases also between the different time points (Table 
3, for multiple comparisons see appendix Table A). 
 
REL was 7% higher at the low compared to the high site (F=11.073, p=0.01) and marginally 
higher in the snow removal plots (pairwise comparison with addition and control both 
0.05<p<0.1, see appendix Table A). Freezing damage increased steadily over the observation 
period, averaged across species, sites and treatments (main effect of time: p<0.001, for 
multiple comparisons see appendix Table A). S. fuscum suffered the most and P. ciliare the 
least from freezing damage (see appendix Figure A), in terms of an increase in REL. 
 
Table 3. Results of the repeated measures factorial ANOVA combined with mixed effects model 
for the Relative Electrolyte Leakage as a measure of freezing damage. Numerator degrees of 
freedom, F-values and p-values are given. Significant effects in bold. 

Repeated measures mixed 

factorial ANVOA 

numDF denDF F-value p-value Corresponding 

figure 

site 1 8 11.07 0.010  
treatment 2 257 5.18 0.006  
species 2 257 297.34 <.001  
sampling time 3 24 27.56 <.001  
site  treatment 2 257 8.31 0.000 1 
site  species 2 257 0.43 0.649  
treatment  species 4 257 2.06 0.087  
site  sampling time 3 24 23.56 <.001 2 
species  sampling time 6 257 1.21 0.303  
site  treatment  species 4 257 2.08 0.084  
site  species  sampling 
time 

6 257 4.88 0.001 2 

 
A significant site x treatment interaction was found (Table 3), indicating that the effect of the 
different snow treatments on freezing damage differed between the high and the low site. A 
pattern of highest freezing damage in the removal and lowest in the addition plots was seen 
at the high site, but it was not statistically significant. At the low site freezing damage was 
highest in the removal and lowest in the control plots (appendix Figure B, Panel A; Table B). 
 
Furthermore, no significant treatment x species effect, treatment x sampling time, or any 
higher order interactions with treatment (e.g. treatment x sampling time x species) were 
found, suggesting that the snow treatment effect on freezing damage differed neither between 
species nor over time (appendix Figure C). Although, the three species differed significantly 
in all three treatments, the overall pattern in differences of REL between treatments was 
similar for all species (Figure 1). 
 
The site x sampling time interaction and also the site x species x sampling time interaction 
were both significant (p<0.001; Figure 2). Freezing damage increased over time at both sites, 
but with a drop in damage on the 3rd sampling occasion at the low site, and a sudden increase 
in damage at the high site. Shortly after snow melt on the 2nd sampling occasion, damage was 
counter expectation significantly higher at the low site (appendix Figure B, Panel B). 



9 

 

Figure 1. Mean ± 1 SE for the Relative Electrolyte Leakage (REL) as a measure of freezing damage 
at the low site at 350 m (left) and the high site at 700 m (right) for different snow treatments and 
species, averaged across all sampling moments. 

 

Figure 2. Time series of mean ± 1 SE for the Relative Electrolyte Leakage (REL) as a measure of 
freezing damage for the two different elevations, averaged across all snow treatments. Dashed 
lines indicate when plots were snow free and when insulating fleeces were removed from snow 
addition plots. 

snow melt 

removal fleece 

(snow addition) 

H. splendens 

P. ciliare 

S. fuscum 

H. splendens 

P. ciliare 

S. fuscum 



10 

Field moisture content of moss shoots was highly significantly highest in S. fuscum, while H. 
splendens showed an intermediate, and P. ciliare the lowest, moisture content. Higher values 
were found at the high site than the low site, and moisture decreased continuously over time 
(Figure 3; for pairwise comparisons see appendix Table D). The differences in field moisture 
between the species depended on both the site and the sampling time, and higher order 
interactions with treatments, sites and sampling time (appendix Table C). Linear regression 
revealed a weak but significant dependence of REL on the field moisture content, averaged 
across sites, species, treatments and over time (p=0.0002; R²= 0.0414). Moisture seemed to 
increase damage in bryophytes at the high site and could explain around 20-30% of variation 
in damage, especially later in time (3rd sampling: R²= 0.340, 4th R²= 0.230 and 5th 
R²=0.160). At the low site, only a marginally significant relationship was found. Linear 
regression was highly significant for each species separately (H. splendens: p<0.001, R²= 
0.201; P. ciliare: p<0.001, R²=0.167; S. fuscum: p<0.001, R²=0.139). Small negative slopes 
showed that REL decreased slightly with increasing field moisture content in all three species 
(appendix Figure F). When moisture was included as a factor in the model for REL, field 
moisture was not a significant factor, nor was the interaction between species and field 
moisture content. Furthermore, the main effects and interactions found in the model not 
including field moisture stayed the same after including field moisture as an additional factor 
(appendix Table F). 
 

  

Figure 3. Time series of mean ± 1 SE for the field moisture content of shoots from the three 
observed species for the two different elevations, averaged across the snow treatments in the 
snow manipulation experiment. Dashed lines indicate when snow melt set in and when insulating 
fleeces were removed from snow addition plots. 

The absolute minimum soil temperature for each time interval was generally higher at the 
low site and generally higher in the snow addition plots. Absolute minimum soil temperature 
increased with time in the first part of the sampling periods. Significant interactions were 
found for all combinations of the observed factors (Figure 4, appendix Table F). Overall, 
minimum temperature influenced REL significantly, but the explanatory power was rather 
low (linear regression: p=0.008, multiple R²=0.022). Shortly after snow melt on the 2nd 
sampling occasion, minimum temperature was significantly lower at the high site compared 

snow melt 

removal fleece 

(snow addition) 

H. splendens 

P. ciliare 

S. fuscum 
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to the low site (by 1.96 °C), without a significant influence on freezing damage (Linear 
regression on 2nd sampling: p= 0.124, R²=0.030). 
 
Similarly, the number of FTCs differed significantly between the sites, treatments, and 
sampling times (Figure 5) and significant interactions for all combinations of the observed 
factors were found (appendix Table F). Overall, only a trend (p<0.1) for the linear 
relationship between REL and the number of FTCs was found. When the two sites were 
analysed separately, a significant dependence of freezing damage on the number of FTCs was 
found at the high site, but not at the low site (linear regression high site: p<0.001, multiple 
R²=0.068; low site: p>0.1, multiple R²=9.55*10-5; see appendix Table G or compare Figures 
2 and 5). Thus, only at the high site the number of soil FTCs could explain the variation in the 
degree of damage in moss shoots across the treatments and through time. 
 

 

Figure 4. Timeline of the mean ± 1 SE of the absolute minimum soil temperature at the low site at 
350 m (left) and the high site at 700 m (right) for different snow treatments. Dashed lines indicate 
when snow melt set in and when insulating fleeces were removed from snow addition plots. 

snow melt 

removal fleece 

(snow addition) 
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Figure 5. Timeline of the mean ± 1 SE of the number of soil freeze-thaw cycles at the low site at 350 
m (left) and the high site at 700 m (right) for different snow treatments. Dashed lines indicate 
when snow melt set in and when insulating fleeces were removed form snow addition plots. 

  

snow melt 

removal fleece 

(snow addition) 
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3.2 Freeze-thaw incubation experiment 

Table 4. Results of the three-way ANOVA for the Relative Electrolyte Leakage as a measure of 
freezing damage in moss shoots for the Freeze-thaw incubation experiment. Numerator degrees 
of freedom, sum of squares, F-values and p-values are given. Significant effects in bold. 

 numDF Sum Sq F-value p-value 

species 1 0.271 89.08 <0.001 

treatment 2 0.267 43.95 <0.001 

snow regime 1 0.052 17.03 <0.001 

species  treatment 2 0.028 4.55 0.014 

species  snow regime 1 0.013 4.20 0.045 

treatment  snow regime 2 0.010 4.78 0.012 

species  treatment  snow regime 2 0.044 7.26 0.002 

 

  

Figure 6. Mean ± 1 SE for the Relative Electrolyte Leakage (REL) as a measure of freezing damage 
for the snow thickness*freezing treatment interaction, for each bryophyte species. 

Overall, repeated FTCs strongly damaged the shoots of both bryophytes (increase in REL by 
around 40%), while consistent freezing at the same temperature (1FTC) had a much smaller 
and non-significant impact on freezing damage. Bryophytes sampled from under thin snow 
cover showed an overall significantly higher REL (by around 17%) than those sampled from 
thick snow cover. Shoots of H. splendens showed a 35% higher freezing damage than those of 
P. ciliare (p<0.001). Furthermore strong interactions between all main factors were found 
(Table 4). 
 

H. splendens P. ciliare 
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A significant snow regime x species interaction indicated that shoots coming from thin snow 
showed in general higher freezing damage than shoots from thick snow for P. ciliare, but not 
for H. splendens (across all treatments; appendix Figure H, Panel A). 
 
The significant snow regime x treatment interaction showed that, across species, 6 FTC lead 
to an increase in freezing damage for mosses from both snow depths (34% for thin, 47% for 
thick). 1 FTC caused slightly (p<0.1) higher REL values compared to the control in mosses 
sampled under thin snow, but not in mosses sampled under thick snow (appendix Figure H, 
Panel C; Table H). 
 
A significant species x freezing treatment interaction (averaged across snow regimes) 
indicated that the effect of the freezing treatments differed between the two species. P. ciliare 
showed much stronger responses to both 1 FTC and 6 FTC than H. splendens. While 6 FTC 
caused highest freezing damage in both species (increase by 25% in H. splendens, 60% in P. 
ciliare), 1 FTC caused a higher freezing damage in P. ciliare (by 42% compared to control), 
but not in H. splendens. (appendix Figure H, Panel B; Table I). 
 
The significant species x snow regime x treatment interaction (Table 4) indicated that the 
impact of the different freezing treatments differed between the two bryophyte species and 
depended on the previous snow cover thickness from which they were sampled (Figure 6). 
When subjected to 6 FTC, freezing damage differed between the two species, but not between 
the two snow regimes. Therefore, when repeated freezing and thawing occurred, the degree 
of damage was independent of how well bryophytes were previously isolated by snow, as the 
overall freezing damage was highest for the 6 FTC treatment (Figure 6). When subjected to 1 
FTC the degree of freezing damage in moss shoots of P. ciliare depended very strongly on the 
snow cover thickness, but not for H. splendens (for P. ciliare: p<0.001; for H. splendens: 
p>0.1; see appendix Table H).  
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4 Discussion 

The aim of this study was to determine the effects of elevation, as well as the depth and 
length of snow cover, on the temporal dynamics of freezing damage in H. splendens, P. 
ciliare and S. fuscum in early spring. The degree of freezing damage in bryophytes varied 
strongly over time, between snow cover treatments, elevations, and among species. In the 
field experiment there was no species-specific response to snow cover, but in the incubation 
experiment the two species H. splendens and P. ciliare showed a clear difference in their 
reaction to damage depending on how well they were previously isolated by snow. The effect 
of FTCs on damage depended on the snow cover thickness and the observed bryophytes 
species, as seen in the incubation experiment. Significant interactions between all factors in 
the incubation experiment and numerous interactions in the field experiment show that 
freezing damage only occurred under certain conditions, i.e. under a reduced snow cover 
where bryophytes experience a higher number of FTCs and are unable to recover from 
previous damage. 
 
The found results partly or entirely contradicted various a priori assumptions. Hypothesis 1 
including all sub-hypotheses was rejected, as no recovery from damage over time was 
observed for any of the species. However, the part of hypothesis 1b) stating that bryophytes in 
snow removal plots overall would show highest freezing damage was supported. In contrast 
to hypothesis 2, freezing damage was higher at the low site. Furthermore, hypothesis 3 had to 
be rejected. As expected, freezing damage tended to decrease from removal to control and 
addition plots at the high site, but at the low site damage tended to be the highest in the 
removal and lowest in the control plots, which was not as expected. In the field manipulation 
experiment the three moss species responded rather uniformly to the snow treatments. 
Hypotheses 4b) and 4c), that S. fuscum would show different freezing damage in the different 
treatments and that S. fuscum and H. splendens would profit from the addition treatment in 
the early season, were therefore rejected. 
 
 
4.1 Importance of Freeze-thaw cycles (FTCs) 

The number of FTCs seemed to have a bigger influence in the beginning of the observation 
period and at the high site only. Nevertheless, it is likely the main factor affecting the 
temporal dynamics of freezing damage and the differences between the two elevations. The 
higher damage at the low site, as well as the drop in damage on the 3rd sampling occasion at 
the low site, could not be explained by the two measured temperature parameters. Most 
surprisingly, damage right after snow melt was high at the low site, although both the mean 
and minimum temperatures were quite high and even significantly higher at the low than the 
high site (appendix Table E). Further, absolute minimum temperatures did not differ much 
between the sites, especially later in the observation period. It has been suggested that an 
increase in air temperature under future climate conditions will not counteract the effect of 
reduced snow cover on soil frost (Mellander et al. 2007; Henry 2008). However, the 
generally higher damage at the low site and the drop on the 3rd sampling can likely be 
explained by the number of FTCs, of which more were experienced at the low site. The 
significant relation between damage and the number of FTCs on the 2nd and 3rd sampling 
(appendix Table F) also support this claim. 
 
The found effects of FTCs in the field experiment are also in line with the results of the 
incubation experiment. Six FTCs overall caused higher damage than 1 FTC, confirming 
hypotheses 5 and 5a. Similarly, a study on the Antarctic moss Polytrichum alpestre found 
that repeated FTCs, independent of their length, inflicted greater damage on carbon fluxes 
than consistent freezing at the same temperature (Kennedy 1993). In the incubation 
experiment this relationship, however, only applied to shoots of P. ciliare sampled from 
patches with a thick snow cover. For shoots from thin snow, no difference between 6 FTCs 
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and 1 FTC was found. This might be the result of a hypersensitisation to freezing of shoots 
growing under thin snow and that have experienced frost in the past. Even if damage seemed 
to be repaired, one freezing event might be enough to invoke damage again. For shoots from 
thick snow patches and therefore might not have a similar history, this is likely not the case 
(Ellen Dorrepaal, personal communication). This might also explain why damage did not 
decrease over time in the field experiment. Although the number of FTCs decreased until the 
5th sampling at both sites, recovery from damage might not have been possible, as still too 
many FTCs occurred until the end of the observation period. Later in the summer, mosses 
might be able to recover from damage as soon as no more FTCs occur. However, at the end of 
this study, in June, the growing season only just started in the subarctic. 
 
The suddenly higher damage in all addition plots at the end of the observation period 
(appendix Figure C) is likely also the result of more FTCs. The removal of the experimental 
fleeces covering the plots until the 4th sampling point, in order to simulate insulation from a 
prolonged snow cover, probably led to the same exposure of the addition plots to FTCs as the 
control and removal plots. 
 
 

4.2 Damage over time 

A possible reason for the increasing damage over time might be a decrease in cell solutes as 
soon as snow melt sets in, affecting frost resistance. Although the temporal dynamics of frost 
tolerance in bryophytes is not yet well understood, several studies found that subarctic 
bryophytes usually accumulate cell solutes in late autumn and early winter (Hicklenton and 
Oecel 1977, Karunen and Salin 1982). This accumulation at cold temperatures in plant cells is 
thought to result from a cessation or decrease of the growth process (Melick and Seppelt, 
1994). In contrast, with initiation of growth due to higher temperatures, the levels of cell 
solutes might decrease, leading to a loss of frost resistance and thus higher freezing damage. 
However, at least for vascular plants, it seems that loss of frost resistance in spring might not 
be as easy to reverse as it is to build up frost resistance in autumn. Neuner (2014) found that 
some alpine plants are able to reacclimate after losing their snow cover and partially 
deacclimating in spring (Sakai and Larcher 1987, Körner 2012). However, little is known 
about the species-specific ability or the rate at which frost-rehardening takes place in plants 
(Neuner 2014). It is also unclear to which extent this is applicable to bryophytes and it cannot 
be concluded that the increase in damage was associated with a loss of frost hardiness. Thus, 
further research is needed regarding the seasonal changes of cell solutes in bryophytes and 
their effect of frost resistance. It appears that frost resistance was still maintained in moss 
shoots on the first sampling occasion, as much lower damage was observed compared to the 
time after snow melt, at least in the removal plots. Likely, as soon as moss shoots started 
growing, the young, freeze-susceptible shoot apices could have suffered greater damage than 
older shoots (Kallio and Saarino 1986, Kappen and Valladares 2007), adding to the 
increasing damage. 
 
Very little is still known about the reliability of the REL method to quantify freezing damage 
in bryophytes, as most studies rather focus on photosynthetic responses (Kennedy 1992, 
Bjerke et al. 2011, etc.) or use REL to measure electrolyte leakage in bryophytes after heat 
treatment (Lösch et al. 1983). Thus, it is unclear if perhaps a “natural” increase in solutes 
with onset of the growing period might have increase REL, not reflecting freezing damage. 
Further research is needed to test the reliability of this method for bryophytes. However, 
under more controlled conditions in the incubation experiment, the range of measured REL 
values was in line with those of the field experiment for both H. splendens and P. ciliare. This 
suggests that the measured REL values indeed represent freezing damage in the field 
experiment. 
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4.3 Elevation effects 

Beside the number of FTCs, the overall higher damage at the low site, which is in accordance 
with previous observations (van Zuijlen 2015), might also be the result of acclimation effects. 
Since the moss-soil cores of the experiment were transplanted from the same elevation as the 
high site, mosses were likely initially adapted to conditions at higher elevations. It has been 
shown before that growth parameters of bryophytes were strongly correlated with early 
summer temperatures and the length of the growing season (Dorrepaal et al. 2003, Callaghan 
et al. 2011). As elevation dictates these two factors, the transplantation of the bryophytes 
likely caused a mismatch. Due to the long duration of the experiment (3 winters), mosses 
could have already acclimated to the generally milder climatic conditions at the low site 
during the preceding 2 summers and 3 winters. This might have led to a loss of frost 
hardiness due to more favourable conditions and resulting in higher damage at the low site, 
because still too many FTCs were experienced. In addition, mosses might have grown too 
quickly in the previous year leading to a lack of sufficient freezing resistance. It has been 
proposed that an advanced plant development after early snow melt would increase the risk 
of frost damage (Inouye 2000). 
 
 
4.4 Snow cover effects 

Freezing damage was as expected to be highest in the snow removal plots, and at the high site 
lowest in the addition plots. Thus, parts of hypotheses 1 stating that freezing damage would 
generally depend on the snow cover thickness were supported. The fact that no difference 
between the control and addition treatments was found was rather unexpected, as snow 
cover is known to be an important feature in the protection of subarctic vegetation from frost 
(Kreyling et al. 2012a, Augspurger 2013, Bjerke et al. 2014). This might be due to the lack of 
differences in snow thickness between the treatments during the observation period, because 
no fresh snow accumulated on the plots after snow melt (between sampling occasion 1 and 2). 
 
The finding that all three species in the field experiment reacted similarly to the effect of the 
different snow cover treatments was not in line with the results of the more controlled 
incubation experiment. The latter suggests that a thin snow cover likely led to higher damage 
as a result of reduced insulation (Kreyling 2010, Bjerke et al. 2014). Snow cover thickness, 
however, only affected damage in both species if 1 FTC occurred. The indifference between 
snow regimes when subjected to 6 FTCs is likely due to the overall high damage. 
 
 
4.5 Bryophytes 

As expected, P. ciliare showed lowest and S. fuscum highest damage in the field experiment, 
partly confirming hypotheses 4, 4a, 4b and 5c. However, in the incubation experiment P. 
ciliare shoots from a thin snow cover showed a much stronger response to 1 FTC than H. 
splendens. H. splendens likely already experienced higher damage under natural conditions 
from the previous winter and might not be able to suffer any more damage. The higher 
damage in H. splendens could derive from the absence of translocation of photosynthates 
from more efficient younger segments to older ones (Callaghan et al. 1978) and might have 
negatively affected freezing resistance. P. ciliare on the other hand did not suffer as much 
previous damage, but might still be more sensitive in thin snow where it can be expected that 
more FTC were experienced. Thus one more FTC might already be enough to increase 
damage stronger than in H. splendens. Therefore, it cannot be concluded that the differences 
in damage between the species are due to a better adaption of P. ciliare to repeated freezing 
and thawing. 
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4.6 Field moisture content and S. fuscum 

There is no evidence that the high damage in S. fuscum is caused by its higher field moisture 
content, as no significant interaction of moisture with any moss species was found. Although 
there was a significant linear relationship between field moisture content and damage, its 
explanatory power was only 6.5%. The main effects and interactions of the REL model stayed 
the same after including field moisture as an explanatory factor, suggesting that moisture 
overall was not the main driver of any of the effects that were manipulated in this 
experiment. A decrease in field moisture was associated with an increase in damage when 
each moss species was analysed separately (appendix Figure D), which is the opposite of what 
was expected (hypothesis 4b). The higher water content might even act as a buffer for the 
effect of freezing (Rydin and Jeglum 2013). The hummock-forming S. fuscum is known to 
retain moisture at high levels above the water table, due to its dense structure and efficient 
external capillary system (Clymo and Hayward 1982, Dorrepaal et al. 2003). The buffering 
effect of water due to its high heat capacity is much higher for wet mosses and would reduce 
FTCs in living moss shoots of S. fuscum leading to less damage. 
 
As there was a negative relation between damage and moisture content within species, but at 
the same time damage and moisture were both higher in S. fuscum, the differences between 
species were likely not driven by moisture content. It is unclear if a different number of FTCs 
was experienced by S. fuscum, because FTCs could not be measured in all three species. 
However, it is unlikely that S. fuscum experienced more FTCs, due to its higher moisture 
content and the higher buffering capacity of moisture. It is possible that S. fuscum is 
inherently more frost sensitive than the two other mosses. For S. fuscum, a generally higher 
cation exchange capacity can be found (175µeq/g dry mass) compared to P. ciliare (165µeq/g 
dry mass) and H. splendens (109µeq/g dry mass) (Soudzilovskaia et al. 2010). This might 
suggest that the base level of electrolytes even in undamaged tissue is higher than for the 
other species. It is, however, unclear if these differences are large enough to account for the 
differences in damage in this study. Interestingly, S. fuscum gets closest to an REL value of 
0.5, which is a threshold typically associated with tissue mortality (in conifer trees, Strimbeck 
et al. 2007). Assuming that REL is a reliable method for the quantification of freezing 
damage in bryophytes, this might explain why it performed badly in all moss cores. 
 
The moisture content of S. fuscum decreased considerably over time, from 1571% in the 
beginning to around 224% at the end of the observation period. This end value is rather low, 
as Sphagnum mosses typically reach natural water contents between 600 and 2000% (as a 
percentage of dry weight; Schipperges and Rydin 1998). A possible reason for the substantial 
decrease in moisture over time might be the early snow melt and the missing re-
accumulation of new snow on the plots this spring (Anisimov et al. 2001). 
 
 
4.7 Other causes of damage 

Although the number of FTCs seemed to be the main contributor to the increase in damage, it 
could not fully explain the temporal patterns in freezing damage in this study. There are 
likely also other factors influencing damage in bryophytes. On some of the plots reindeer and 
lemming faeces were found, as well as some signs of trampling and grubbing. Bryophytes are 
rather sensitive to trampling (Van Der Wal and Brooker 2004) and some of the damage 
might be attributable to disturbances by herbivores. Due to the long running time of the 
experiment (3 years) some of the found damage could also be attributable to disturbances 
during previous observations. 
 
Another possible threat to bryophytes is high UV radiation at low temperatures, as their 
leaves are only one cell-layer thick (Glime 2007) and can be damaged easily. UV radiation 
has increased in the Arctic and Antarctic over the past decades due to arctic ozone layer 
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depletion. As a consequence UV is generally increased in spring (ACIA 2005). At the high site 
there could have been more cloudy or foggy days during the observation period, possibly 
causing the lower damage at higher elevations. The insulating fleeces on the addition plots 
could have also partly blocked UV, and by removing them UV damage could have increased 
(appendix Figure G). 
 
Lastly, snow cover manipulation experiments are widely used to investigate the ecological 
importance of snow cover. However, there are a number of artefacts possibly affecting the 
outcome of such experiment, such as an increased nutrient influx from snow fences, snow 
compaction or physical disturbance from shovelling (Wipf and Rixen 2010). 
 
 
4.8 Further Research 

In general, there was no indication that the REL-method is not suitable to quantify damage 
in bryophyte shoots. A flaw of this method, however, is that it is not possible to differentiate 
between damage caused by freezing or by drought, as both would lead to a disruption of the 
cell membrane integrity and to a leakage of cell solutes (Glime 2007, Kreyling et al. 2014). 
Thus, it would be interesting to apply different methods to determine freezing damage, e.g. 
by measuring changes in photosynthetic activity, growth or respiration of bryophytes. Also it 
would be necessary to measure the actual temperature limit frost hardiness of the observed 
species (see Kreyling et al. 2012b). 
 
Although this study already included more sampling points than the previous study (van 
Zuijlen 2015), it would be beneficial to expand the observation period in order to capture 
seasonal changes in freezing damage in mosses and a possible recovery from damage later in 
the year, when no more FTCs occur. It would be especially interesting to further investigate 
the effect of seasonally changing levels of cell solutes, e.g. carbohydrates, on changes in 
freezing tolerance throughout a year. Due to the early snow melt the spring of the study, it 
was not possible to observe the effect of the duration of snow cover in a way as initially 
planned. Before snow melt, only the moss shoots from the snow removal plots could be 
sampled, due to better accessibility. Therefore, it would be wise to set earlier sampling days 
in spring, when snow cover is still intact and to apply a better design in order to sample moss 
shoots beneath a thick snow cover without disturbing the snow structure too much. 
 
 
4.9 Concluding remarks 

My results indicate that freezing damage in the three bryophyte species is influenced by 
elevation, time, and length and thickness of snow cover. Freezing damage was highest in the 
snow removal treatment, but pairwise comparison between the snow cover treatments and 
interactions with elevation, species or time were not as pronounced as expected. Although the 
effect sizes of snow cover treatments were smaller than for the differences between species or 
over time, they were quite comparable to the site differences and thus in the range of what 
can be expected with spatial or temporal climate variability. A different reaction of species to 
varying snow cover thicknesses was only found in the incubation experiment, indicating that 
a thin snow layer leads to higher damage in P. ciliare. When subjected to several FTCs, 
freezing damage was independent of how well bryophytes were previously isolated by snow, 
due to the overall high damage. Thus, with a decreasing snow cover under future climate 
conditions, higher damage would be experienced. Both the field and the incubation 
experiment suggest that the main driver of freezing damage in bryophytes in the subarctic 
during spring is the number of FTCs. The overall higher damage at the low site, representing 
future climate conditions, also suggests that mosses will experience higher damage besides 
higher air temperatures, because FTCs still occur to a level where recovery is not possible. 
Overall P. ciliare was least affected by freezing damage, while S. fuscum showed the highest 
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damage, but not as a result of its higher moisture content. The higher moisture content might 
act as a buffer to repeated FTCs. Thus S. fuscum might be inherently more frost sensitive or 
might have a higher natural leakage of electrolytes.  
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8 Appendix 

 
Figure A. Mean ± 1 SE for the Relative Electrolyte Leakage (REL) as a measure of freezing damage 
in the snow manipulation experiment for the main effects: elevation (A), snow treatment (B), 
bryophytes species (C) and sampling time (D). The graphs show only one factor and are means 
over the other factors. 

 

Figure B. Mean ± 1 SE for the Relative Electrolyte Leakage (REL) as a measure of freezing damage 
in the snow manipulation experiment for the site:treatment interaction, averaged across 
bryophyte species and sampling_time (A), and the site:time interaction, averaged across 
bryophytes and snow treatments (B).   
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Figure C. Time series of mean ± 1 SE for the Relative Electrolyte Leakage (REL) as a 
measure of freezing damage for the two different elevations. 

 

Figure D. Mean ± 1 SE for the field moisture content of shoots from the three moss species in the 
snow manipulation experiment for the three snow treatments at both sites, averaged across the 
sampling time. 

H. splendens 

P. ciliare 

S. fuscum 

snow melt 

removal fleece 

(snow addition) 
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Figure E. Timeline of the of the daily mean temperature ± 1 SE at the low site at 350 m (left) and 
the high site at 700 m (right) for different snow treatments in the snow manipulation experiment. 
Dashed lines indicate when snow melt set in and when insulating fleeces were removed form 
snow addition plots. 

  

Figure F. Linear regression lines of REL with the field moisture content of moss shoots for each 
species separately, averaged across time, treatments and sites in the snow manipulation 
experiment.  

snow melt 

removal fleece 
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y = -0.0087 x + 0.582564 
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Table A. Post-hoc multiple comparisons test for differences in REL between significant main 
effects (sites, treatments, species and time points) for the field manipulation experiment. 

Multiple comparisons of 
means – Tukey contrasts 

Diff. in 

REL [%] 

Estimate SE t-value p-value 

site      
high – low  6.572 -0.028 0.008 -3.658 0.006 
treatment      
addition – control  0.712 0.001 0.009 0.125 0.991 
addition - removal 6.914 -0.020 0.009 -2.234 0.067 
control - removal 6.246 -0.021 0.009 -2.294 0.058 
species      
H. splendens - P. ciliare 36.905 0.150 0.009 16.488 <0.001 
H. splendens - S. fuscum 17.388 -0.089 0.009 -9.617 <0.001 
P. ciliare - S. fuscum 47.876 -0.239 0.009 -25.633 <0.001 
sampling_time      
2 - 3 3.959 -0.011 0.011 -1.017 0.741 
2 - 4 14.427 -0.056 0.011 -5.305 <0.001 
2 - 5 20.781 -0.090 0.011 -8.505 <0.001 
3 - 4 10.899 -0.045 0.011 -4.288 0.001 
3 - 5 17.515 -0.079 0.011 -7.484 <0.001 
4 - 5 7.425 -0.034 0.011 -3.184 0.020 
 

Table B. Post-hoc multiple comparisons test for differences in REL between significant 
interactions (site X treatment, site X sampling time) for the field manipulation experiment. 

Multiple comparisons of 
means – Tukey contrasts 

Diff. in REL 
[%] 

Estimate SE t-value p-value 

Site X treatment      
high,addition - high,control 7.080 -0.036 0.014 -2.619 0.101 
high,addition - high,removal 10.609 -0.032 0.014 -2.344 0.185 
high,control - high,removal 3.798 0.004 0.014 0.315 0.999 
low,addition - low,control 5.735 0.039 0.014 2.767 0.070 
low,addition - low,removal 3.384 -0.014 0.014 -1.005 0.915 
low,control - 
low,removal 8.925 

-0.053 0.015 -3.656 0.005 

high,addition - 
low,addition 13.096 

-0.060 0.014 -4.411 < 0.001 

high,control - low,control 0.784 0.015 0.014 1.071 0.892 
high,removal - 
low,removal 6.072 

-0.043 0.014 -2.963 0.042 

Site X time      
high,2 - high,3 21.741 -0.086 0.016 -5.369 0.002 
high,2 - high,4 19.378 -0.074 0.016 -4.645 0.006 
high,2 - high,5 20.301 -0.079 0.016 -4.923 0.004 
high,3 - high,4 2.931 0.012 0.016 0.724 0.994 
high,3 - high,5 1.807 0.007 0.016 0.446 0.999 
high,4 - high,5 1.144 -0.004 0.016 -0.278 0.999 
low,2 - low,3 -8.320 0.063 0.017 3.810 0.028 
low,2 - low,4 9.512 -0.040 0.016 -2.384 0.314 
low,2 - low,5 21.080 -0.103 0.016 -6.226 < 0.001 
low,3 - low,4 24.717 -0.103 0.017 -6.194 < 0.001 
low,3 - low,5 34.281 -0.166 0.017 -10.060 < 0.001 
low,4 - low,5 12.705 -0.063 0.017 -3.827 0.027 
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Table C. Results of the repeated measures factorial ANOVA combined with mixed effects model 
for the field moisture content of moss shoots in the snow manipulation experiment. Numerator 
degrees of freedom, F-values and p-values are given. Significant effects in bold. 

Repeated measures mixed factorial 
ANVOA 

numDF denDF F-value p-value 

site 1 8 85.37 <.001 
treatment 2 275 6.36 0.002 
species 2 275 863.59 <.001 
sampling_time 3 275 349.27 <.001 
treatment:site 2 275 5.72 0.004 
treatment:sampling_time 6 275 3.16 0.005 
site:sampling_time 3 275 11.61 <.001 
treatment:species 4 275 2.21 0.068 
site:species 2 275 5.59 0.004 
sampling_time:species 6 275 12.55 <.001 
treatment:site:species 4 275 2.54 0.040 
site:sampling_time:species 6 275 9.93 <.001 
 

Table D. Post-hoc multiple comparisons test for differences in the field moisture content between 
significant main effects (sites, treatments, species and time points) for the field manipulation 
experiment. 

Multiple comparisons of 
means – Tukey contrasts 

Diff. in REL [%] Estimate SE t-value p-value 

site      
high – low  30.916 1.876 0.214 8.775 <0.001 
treatment      
addition - control 4.618 0.467 0.179 2.617 0.025 
addition - removal 10.432 0.573 0.179 3.202 0.004 
control - removal 6.096 0.106 0.185 0.573 0.834 
species      
H. splendens - P. ciliare 1.687 -0.028 0.178 -0.157 0.987 
H. splendens - S. fuscum 66.556 -6.929 0.181 -38.270 <0.001 
P. ciliare - S. fuscum 65.982 -6.901 0.183 -37.724 <0.001 
sampling_time      
2 - 3 19.795 1.705 0.207 8.259 <0.001 
2 - 4 41.937 3.638 0.207 17.620 <0.001 
2 - 5 76.144 6.783 0.206 32.956 <0.001 
3 - 4 27.606 1.932 0.207 9.361 <0.001 
3 - 5 70.256 5.078 0.206 24.671 <0.001 
4 - 5 58.913 3.145 0.206 15.281 <0.001 
 

Table E. Results of the repeated measures factorial ANOVA combined with mixed effects model 
for the Relative Electrolyte Leakage as a measure of freezing damage, including field moisture 
content as a fixed factor. Numerator degrees of freedom, F-values and p-values are given. 
Significant effects in bold. 

Repeated measures mixed factorial 
ANVOA 

numDF denDF F-value p-value 

site 1 8 11.71 0.009 
treatment 2 254 5.11 0.007 
species 2 254 295.68 <.001 
sampling_time 3 24 27.39 <.001 
field_moisture 1 254 2.66 0.104 
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site X treatment 2 254 7.58 0.001 
site:species 2 254 0.65 0.524 
treatment:species 4 254 1.98 0.098 
site:sampling_time 3 24 22.91 <.001 
species:sampling_time 6 254 1.18 0.315 
species:field_moisture 2 254 0.09 0.911 
site:treatment:species 4 254 2.06 0.087 
site:species:sampling_time 6 254 5.12 0.001 
 

Table F. Results of the repeated measures factorial ANOVA combined with mixed effects model 
for absolute minimum temperature and number of FTCs in the snow manipulation experiment. 
Numerator degrees of freedom, F-values and p-values are given. Significant effects in bold. 

Repeated measures mixed factorial ANVOA numDF denDF F-
value 

p-value 

Absolute minimum temperature     
site 1 8 8.444 <.001 
treatment 2 293 9.925 <.001 
sampling_time 3 293 2.571 <.001 
site X treatment 2 293 7.717 <.001 
site X sampling_time 3 293 1.433 <.001 
treatment X sampling_time 6 293 8.941 <.001 
site X treatment X sampling_time 6 293 2.005 <.001 
Number of FTCs     
site 1 8 2.991 <.001 
treatment 2 293 4.216 <.001 
sampling_time 3 293 9.912 <.001 
site X treatment 2 293 2.377 <.001 
site X sampling_time 6 293 1.733 <.001 
treatment X sampling_time 3 293 2.647 <.001 
site X treatment X sampling_time 6 293 5.903 <.001 
 

Table G. Results of the linear regression analysis for the number of FTCs with REL as a measure of 
freezing damage in the snow manipulation experiment. Numerator degrees of freedom, standard 
error, F-values and p-values are given. Significant effects in bold. 

Linear regression analysis of 
the number of Freeze-thaw 
cycles 

Estimat
e 

SE F-value t-value p-value Multiple 
R² 

Averaged across species, sites, 
treatments and sampling 
times 

0.007 0.004 2.862 1.692 0.092 0.009 

Each sampling time separately  
(averaged across species, sites 
and treatments): 

      

2nd sampling 0.016 0.008 4.226 2.056 0.043 0.051 
3rd sampling 0.013 0.006 4.709 2.170 0.033 0.056 
4th sampling  -0.007 0.014 0.205 -0.453 0.652 0.003 
5th sampling -0.015 0.010 2.473 -1.573 0.12 0.030 
Each site separately 
(averaged across species, time 
and treatments): 

      

high site 0.017 0.005 12.05 3.471 0.001 0.068 
low site -0.001 0.007 0.015 -0.122 0.903 0.095 
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Each treatment separately 
(averaged across species, time 
and sites): 

      

removal 0.004 0.008 0.215 0.464 0.644 0.002 
control 0.009 0.009 1.003 1.002 0.319 0.010 
addition 0.009 0.009 1.049 1.024 0.308 0.010 
 

 

Figure G. Mean ± 1 SE for the Relative Electrolyte Leakage (REL) as a measure of freezing damage 
for the main effects in the incubation experiment: Snow thickness (A), freezing treatment (B) and 
bryophytes species (C). The graphs show only one factor and are means over the other factors. 
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Figure H. Mean ± 1 SE for the Relative Electrolyte Leakage (REL) as a measure of freezing damage 
in the incubation experiment for the species:snow thickness interaction, averaged across freezing 
treatments (A); the species:freezing treatment interaction, averaged across snow thicknesses (B); 
and the snow thickness:freezing treatment interaction, averaged over bryophytes species (C). 

Table H. Results of the two-way ANOVA for the snow cover X treatment interaction for REL in the 
6FTC incubation experiment. Numerator degrees of freedom, sum of squares, F-values and p-
values are given. As well as subsequent post-hoc pairwise comparisons test for significant effects. 
Significant effects in bold. 

 numDF SS F-value p-value 
treatment 2 0.267 16.40 <0.001 
snow_regime 1 0.052 6.36 0.014 
treatment:snow_regime 2 0.029 1.78 0.176 
Post hoc: 
Pairwise comparisons of 
means – Tukey contrasts 

Diff. in REL 
[%] lwr upr p-value 

treatments     
6FTC-1FTC 24.421 0.027 0.15 0.002 
6FTC-control 40.208 0.086 0.21 <0.001 
control-1FTC 20.888 -0.121 0.00 0.073 
snow_regime     
thin-thick 16.985 0.011 0.10 0.014 
treatment:snow_cover     
6FTC:thick-1FTC:thick 38.043 0.031 0.25 0.004 
6FTC:thick-control:thick 46.956 0.064 0.28 <0.001 
control:thick-1FTC:thick 14.386 -0.141 0.08 0.949 
6FTC:thin-1FTC:thin 10.985 -0.067 0.15 0.877 
6FTC:thin-control:thin 33.552 0.016 0.23 0.015 
control:thin-1FTC:thin 25.352 -0.192 0.02 0.221 
6FTC:thin-6FTC:thick 1.362 -0.103 0.11 1 
1FTC:thin-1FTC:thick 31.345 -0.005 0.21 0.069 
control:thin-control:thick 21.260 -0.056 0.16 0.714 
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Snow cover X treatment for 
only H. splendens (Hs) 

numDF SS F-value p-value 

treatment 2 0.070 11.72 <0.001 
snow_regime 1 0.007 2.20 0.148 
treatment:snow_regime 2 0.012 1.97 0.157 
Post hoc: 
Pairwise comparisons of 
means – Tukey contrasts 

Diff. in REL 
[%] lwr upr p-value 

treatments     
6FTC-1FTC 19.586 0.026 0.14 0.003 
6FTC – control 24.949 0.048 0.16 <0.001 
1FTC – control 6.670 -0.077 0.03 0.590 
Snow cover X treatment for 
only P. ciliare (Pc) 

numDF SS F-value p-value 

treatment 2 0.225 36.35 <0.001 
snow_regime 1 0.058 18.74 <0.001 
treatment:snow_regime 2 0.061 9.93 <0.001 
Post hoc: 
Pairwise comparisons of 
means – Tukey contrasts 

Diff. in REL 
[%] lwr upr p-value 

treatments     

6FTC-1FTC 30.537 0.043 0.16 <0.001 
6FTC – control 59.507 0.138 0.25 <0.001 
1FTC – control 41.706 -0.150 -0.04 <0.001 
snow cover     
thin-thick 29.972 0.042 0.12 <0.001 
treatment:snow_regime     
6FTC:thick- 1FTC:thick 59.792 0.092 0.29 <0.001 
6FTC:thick-control:thick 62.792 0.101 0.30 <0.001 
control:thick-1FTC:thick 7.461 -0.107 0.09 1 
6FTC:thin-control:thin 56.383 0.090 0.29 <0.001 
6FTC:thin- 1FTC:thin 2.720 -0.089 0.11 1 
control:thin- 1FTC:thin 55.164 -0.277 -0.08 <0.001 
6FTC:thin-6FTC:thick 4.914 -0.081 0.11 0.995 
1FTC:thin- 1FTC:thick 60.699 0.099 0.29 <0.001 
control:thin-control:thick 18.887 -0.070 0.13 0.954 
 

Table I. Results of the two-way ANOVA for the species X treatment interaction for REL in the 
6FTC incubation experiment. Numerator degrees of freedom, sum of squares, F-values and p-
values are given. As well as subsequent post-hoc pairwise comparisons test for significant effects. 
Significant effects in bold. 

 numDF SS F-value p-value 

treatment 2 0.267 27.55 <0.001 
species 1 0.270 55.82 <0.001 
treatment:species 2 0.027 2.85 0.065 
Species X treatment for only 
thin snow cover 

numDF SS F-value p-value 

treatment 2 0.097 13.82 <0.001 
species 1 0.083 23.75 <0.001 
treatment:species 2 0.056 8.08 0.002 
Post hoc: 
Pairwise comparisons of 
means – Tukey contrasts 

Diff. in REL 
[%] lwr upr p-value 
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treatments     
6FTC-1FTC 24.421 -0.019 0.10 0.226 
6FTC – control 40.208 0.065 0.18 <0.001 
1FTC – control 20.888 -0.143 -0.02 0.004 
species     
Pc – Hs  48.950 -0.136 -0.06 <0.001 
treatment:species     
6FTC: Hs – 1FTC: Hs 19.586 -0.031 0.18 0.304 
6FTC: Hs -control: Hs 24.949 -0.043 0.16 0.492 
control:Hs-1FTC: Hs 6.669 -0.092 0.12 0.999 
6FTC: Pc - 1FTC: Pc 30.537 -0.0945 0.11 0.100 
6FTC: Pc - control: Pc 59.507 0.084 0.29 <0.001 
control: Pc - 1FTC: Pc 41.706 -0.283 -0.08 <0.001 
6FTC: Pc -6FTC:Hs 20.928 -0.179 0.03 0.272 
1FTC:Pc- 1FTC:Hs 31.697 -0.115 0.10 0.999 
control: Pc - control: Hs 57.338 -0.306 -0.10 <0.001 
Species X treatment for only 
thick snow cover 

numDF SS F-value p-value 

treatment 2 0.200 38.63 <0.001 
species 1 0.201 77.58 <0.001 
treatment:species 2 0.015 2.96 0.067 
Post hoc: 
Pairwise comparisons of 
means – Tukey contrasts 

Diff. in REL 
[%] lwr upr p-value 

treatments     

6FTC-1FTC 38.043 0.088 0.19 <0.001 
6FTC – control 46.956 0.121 0.22 <0.001 
1FTC – control 14.386 -0.084 0.02 0.274 
species     
Pc-Hs 44.322 -0.1839 -0.11 0 

  



37 

 

 

Dept. of Ecology and Environmental Science (EMG) 

S-901 87 Umeå, Sweden 

Telephone +46 90 786 50 00 

Text telephone +46 90 786 59 00 

www.umu.se 


