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Abstract 
 
Plants have an important role in the tundra carbon (C) cycle by storing C in primary 
production and thus potentially counteract the C released from thawing permafrost. 
Tundra vegetation is limited by nitrogen (N), which is predicted to increase with rising 
temperatures and increased snow depth. In permafrost systems, rooting depth will 
determine whether plants can access N in the deep soil which, with increasing snow 
depth, has the potential to turn into a significant N source. Increased plant-available N is 
thus expected to affect both plant productivity and vegetation composition. This study 
aims to investigate vegetation responses to increased temperature and snow depth in a 
permafrost system of moist tussock tundra by combining open-top chambers with a 
realistic snow manipulation (snowfences). The shallow-rooted shrubs, Betula nana and 
Rhododendron tomentosum, and the deep-rooted sedge Eriophorum vaginatum were 
analyzed for responses in growth and reproduction effort. Also, vegetation responses in 
terms of normalized difference vegetation index (NDVI) were investigated. Winter 
warming increased flower density of E. vaginatum while B. nana showed an increased 
shoot growth in response to winter warming, but only during mid-growing season. 
Although winter warming increased winter soil temperature and generated a trend of 
increased thaw depth, there were no responses in NDVI or further species-specific 
responses in reproduction effort, leaf and shoot growth, leaf production or leaf dry weight 
to warming treatments. These results indicate that E. vaginatum respond in reproduction 
effort while B. nana respond in (mid-season) growth to winter warming. In total, the 
warming treatments generated a weak response in tundra plants which indicate that 
tussock tundra might not be very responsive to short-term warming. These results 
suggest that tundra plants have a low ability to counteract increased releases of soil C in 
response to short-term warming. 
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1 Introduction  
 
 
Plants have an important role in the tundra carbon (C) cycle as they can store C in 
primary production (McGuire et al. 2009). Plant growth could thus counteract the 
predicted C release (i.e. greenhouse gases) from thawing permafrost in Arctic ecosystems 
(Shuur et al. 2008, Salomon et al. 2016), where 50% of the global below-ground C pool is 
stored (Tarnocai et al. 2009). Arctic ecosystems are expected to be highly vulnerable to 
warming, which is predicted to continue during the next century in terms of rising 
temperatures and changes in precipitation patterns (ACIA 2004, ICPP 2013). Such 
climatic changes can cause soil warming in summer and winter, which affects both timing 
and the spatial distribution of plant nitrogen (N) availability (Shimel et al. 2004). Tundra 
vegetation is generally considered to be N-limited (Chapin et al. 1995) and the availability 
of N is therefore of great importance when determining plant growth responses to a 
changing climate (Salomon et al. 2016). Consequently, increasing temperature and 
precipitation (mainly snow) are expected to affect both plant productivity, phenology, and 
vegetation composition (Aerts et al. 2004, Wipf and Rixen 2010, Elmendorf et al. 2012a, 
Keuper et al. 2012), which might affect the amount of plant primary production and, 
hence, the balance between uptake and release of C from tundra systems. Thus, the 
response of tundra vegetation to increased temperature and precipitation is of great 
importance when determine whether the tundra ecosystem becomes a carbon sink or 
carbon source. 
 
So far, vegetation responses to simultaneously increasing summer temperature and 
winter precipitation (i.e. snow depth) are uncertain. Increased summer temperatures 
have resulted in higher abundance of shrubs (Elmendorf 2012a and 2012b, Sistla et al. 
2013, Fraser 2014), while increased snow depth, which is sparsely tested, has generated 
contrasting vegetation responses (Walker at al. 1999, Wahren et al. 2005, Wipf and Rixen 
2010, Natali et al. 2012, Johansson et al. 2013, Leffler et al. 2016). These contrasting 
responses could be an effect of different rates of snow manipulations and highlights the 
need of realistic snow manipulations in order to investigate vegetation responses to the 
combination of summer air warming and increased snow depth. Further, in permafrost 
systems, summer air warming enhances N availability in shallow soil, while increased 
snow depth may generate an increased N availability along the thaw front into the deep 
soil (Shimel et. al 2004, Semenchuck et al. 2016). This implies that niche differentiation 
in rooting depth could affect the ability of different plant species to access N in deep soil 
(Oulehle et al. 2016, Keuper et al. 2017, Wang et al. 2017). However, responses of species 
with different rooting depth to increased snow depth and summer air warming in 
permafrost systems have so far not been tested.  
 

1.1 Vegetation responses to increased summer temperature  
Tundra vegetation is sensitive to changes in air temperature (May et al. 2017) and 
predicted temperature increases of 2–9 °C during the next century (ICPP 2013) are 
expected to affect both plant productivity (Salomon et al. 2016) and phenology (Aerts et 
al. 2006). Increased temperature during growing season (summer warming) can affect 
the vegetation directly, by increased air temperature, and indirectly by warming the upper 
soil layers which enhances microbial activity and, hence, N availability in shallow soil 
(Sistla et al. 2013). A direct response to summer warming is increased photosynthetic 
activity (Doiron et al. 2014), while increasing plant productivity is likely to be both a 
direct and indirect response to increased air temperature (Chapin et al. 1995, Natali et al. 
2011, Sistla et al. 2013). Further, several studies have shown that increases in temperature 
early in the growing season have resulted in an earlier ‘green up’ of vegetation (i.e. 
phenology; Walker et al. 1999, Sullvian et al. 2004). Most studies of summer warming 
indicate that vegetation will respond in terms of increased biomass and earlier ‘green up’; 
however, the combined effect of summer warming and increased snow depth is still 
unknown. 
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1.2 Vegetation responses to increased snow depth 
Arctic ecosystems are characterized by a long winter season where precipitation falls as 

snow. The expected increase in precipitation in the Arctic will thus likely result in a 
thicker snow depth (ICCP 2013, Mankin et al. 2015), which has both direct and indirect 
effects on tundra vegetation. The short growing season makes tundra vegetation sensitive 
to changes in snow depth and timing of spring snowmelt (Cooper et al. 2011). A delay in 
snow melt can have a direct effect on the vegetation by protecting it from frost damage 
(Wheeler et al. 2015), but also affect the vegetation phenology towards a delayed peak of 
greenness (Borner et al. 2008, Cooper et al. 2010, Wipf and Rixen 2010). However, the 
indirect effects of increased snow depth on tundra vegetation, by enhancing soil N 
availability, are among the most discussed effects. Snow insulates the soil from low 
temperatures in winter and an increased snow depth will generate better insulation and 
thus a warmer soil environment (Zhang et al.  1997 and 2005, Park et al. 2015). Increased 
snow depth will henceforth be referred to as ‘winter warming’. Higher winter soil 
temperatures will likely enhance microbial degradation of soil organic matter during 
winter season. This generates an increase N availability along the thaw front, which 
progresses downward the soil profile throughout the growing season (Aerts et. al 2006, 
Shimel et. al 2004, Semenchuck et al. 2016). Consequently, an increased snow depth 
would indirectly enhance plant N availability and thus plant productivity (Natali et al. 
2012). This is in line with results from studies along latitudinal gradients (Grippa et al. 
2005) and on the local scale (Pattisson et al. 2014), showing increased vegetation 
greenness with greater snow depth. Since enhanced N availability favors plant 
performance but delayed snowmelt delays the vegetation ‘green-up’, winter warming will 
probably cause a later, but greater, peak of vegetation greenness.  

 
1.3 Effects of summer and winter warming on shallow and deep-rooted 
plants 
In tundra ecosystems, thaw depth in combination with rooting depth regulate plant 
access to N (Wang et al. 2017). This means that in early season at shallow thaw depth, 
both plants with shallow and deep roots can access N, provided there is N in the soil. In 
late growing season, the shallow-soil N has been taken up by plants and microbes, but in 
recently thawed deeper soil, N becomes available. Here, only deep-rooted plants have 
access to N (Oulehle et al. 2016, Keuper et al. 2017, Wang et al. 2017). Since the tundra is 
N-limited, and root density is higher in shallow soil (Iversen et al. 2015), competition for 
N is expected to be higher in shallow soil than in deep soil. Summer warming, which can 
enhance N availability in shallow soil (Sistla et al. 2013), should therefore favor 
competitive species that respond fast to fertilization. Winter warming, on the other hand, 
should favor plants with deep roots since it can generate a large release of N in the deep, 
newly-thawed soil (Keuper et al. 2012). Although the active layer reaches its maximum 
depth after most of the above-ground vegetation has senesced, roots remain active much 
longer than the above-ground plant tissue (Blume-Werry et. al 2016), which support that 
deep-rooted plants would be able to access the enhanced N availability in deep soil.  
 
A recent study of vegetation responses to deep soil warming found that vertical root 
distribution differed among responding and non-responding species (Wang et al. 2017). 
Graminoids, which among plant functional groups are known to have deep roots (Shaver 
and Cutler 1979), were the most favored, while shallow rooted shrubs did not respond to 
deep soil warming (Wang et al. 2017). Furthermore, it has been shown that the sedge 
Eriophorum vaginatum, dominant in tussock tundra, can take up N from deep soil in late 
growing season and store it over the winter (Keuper et al. 2017). This may explain the 
increase in biomass and flower density of E. vaginatum to deep soil warming (Wang et 
al.2017) and long-term winter warming (Wahren et al. 2005, Johansson et al. 2013). 
However, negative responses in deep-rooted graminoids to winter warming have also 
been found (Borner et al. 2008), which is probably an effect of unrealistic snow 
manipulations. For example, in snow manipulations generating a 300-400% increase in 
snow depth and a significant delay in snow melt, graminoids decreased in abundance, 
and deciduous shrubs increased (Walker et al. 1999). In contrast, winter warming with 
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spring snow removal favored graminoids (Natali et al. 2012). This indicates that 
graminoids are favored by a moderate increase in snow depth, but not by drastic 
increases with a dramatic delayed snowmelt. In conclusion, contrasting responses of 
graminoids highlight the need of realistic snow manipulations.  
 
Several studies of experimental summer warming in the Low Arctic have shown positive 
responses of deciduous shrubs (Elmendorf et al. 2012a), which are very competitive for 
nutrients in shallow soil (Chapin et al. 1995, Bret-Harte et al. 2001). Furthermore, it has 
been shown that long-term shallow soil fertilization decreases abundance of evergreen 
shrubs (Chapin et al. 1995, Bret-Harte et al. 2001) and graminoids (Chapin et al. 1995, 
Sistla et al. 2013). Similar patterns were found in reproduction effort, where the 
deciduous shrub Betula nana produced more flowers in fertilized areas, while the 
evergreen shrub Rhododendron tomentosum decreased in flower density (Bret-Harte et 
al. 2001, Maulton et al. 2001). This indicate that deciduous shrubs are the most 
competitive plant functional group for N in shallow soil, while evergreens and graminoids 
are less competitive. However, it is unknown weather deciduous shrubs are the most 
competitive plant functional group in a combined summer- and winter-warming 
treatment. 
 
In permafrost areas, rooting depth seems to impact on the possibility of plants to respond 
to winter warming while the capacity to compete for N in shallow soil seems to be 
important in a summer-warming treatment. So far, plant responses to N availability in 
different soil depths have been studied by deep-soil fertilizing (Keuper et al. 2017), 
experimental deep-soil heating (Wang et al. 2017), or increased snow depth in 
combination with snow removal (Oulehle et al. 2016). Hence, it is unknown whether 
deep-rooted or competitive shallow-rooted species would respond to increased 
temperatures and realistic increases in snow depth. In this study, I aimed to investigate 
vegetation responses to summer- and winter warming in a permafrost system of moist 
acidic tussock tundra, by combining open-top chambers with a realistic snow 
manipulation (snowfences). I will focus on responses of the whole vegetation community, 
in terms of greenness (normalized difference vegetation index; NDVI), as well as on the 
responses of deep- and shallow-rooted species, in terms of reproduction effort and 
‘growth performance’ (shoot length, leaf length, and leaf biomass) to investigate 
differential responses due to variation in root depth.    
 
The following hypothesis will be addressed: 

1) Both summer- and winter warming will increase the greenness (NDVI) of the 
vegetation. This is expected because warming enhances N availability, which will 
stimulate plant growth in N-limited tundra.  
 

2) Summer warming will generate an earlier peak of greenness (NDVI), while winter 
warming will delay the peak of greenness. This is expected because increased air 
temperature speeds-up the ‘green-up’ of vegetation, while increased snow depth 
with delayed snowmelt inhibits early season developments of the vegetation.  
 

3) Summer warming will increase growth performance and reproduction effort of B. 
nana, while winter warming will increase growth performance and reproduction 
effort of E. vaginatum. Furthermore, R. tomentosum is hypothesized to not respond 
to either summer or winter warming. This latter hypothesis is based on the 
expectation that increased N availability in shallow soil favors competitive species 
(i.e. B. nana) while N increase in deep soil favors species with deep roots (i.e. E. 
vaginatum). 
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2 Materials and methods 
  
 

2.1 Study site 
The study was located in Ice Cut (69°048’ N, 148°836’ W, elevation 385 m), 58 km 
northeast of Toolik Lake, in the Low Arctic tundra of northern Alaska. The mean annual 
air temperature at closest metrological station, Toolik Lake Field Station, is -8 °C (1989-
1999), although, during summer months (June-August) mean temperature can reach to 
over 10 °C. Average precipitation is 312 mm (1989-2008), of which 60% falls during the 
summer months and 40% during winter (Hobbie 2014).  
 
The study was conducted in moist acidic tussock tundra, which is the most widespread 
vegetation type of the North Slope of Alaska (Walker et al. 1982). Tussock tundra is 
characterized by the dominating tussock-forming graminoid Eriophorum vaginatum, 
which modify both surface topography and shallow soil properties such as bulk density 
and thermal stability which results in higher summer temperatures within the tussock 
(Chapin et al. 1979). In between tussocks, the vegetation is dominated by the deciduous 
shrub Betula nana and the evergreen shrub Rhododendron tomentosum. Other common 
species are Vaccinium vitis-idaea, Rubus chamaemorus, Salix pulchra and Carex 
bigelowii. The inter-tussock surface is covered by mosses, mainly Aulacomnium sp. 

Hylocomium sp., Sphagnum spp., Dicranum spp., Polytrichum sp. 
 
2.2 Experimental design  
The experimental set up has a block design (n = 6) with one snowfence plot (10x10 m) 
and one control plot in each block. The snowfences (1 m high and 10 m wide) were 
established in autumn 2014 on a westward slope, to investigate the effects of increased 
winter insulation through an increased snow depth. The dominating wind direction in the 
area is southwest, which leads to snow accumulation on the northern side of the fences. 
Control plots without snowfences were placed at least 25 m south or north of each 
snowfence plot to avoid influence of the snowfences on the snow in the control plots. 
Snowfences were taken down in the summer season to avoid shading effects. The 
snowfence treatment is hereafter called ‘winter warming’ and the corresponding control 
treatment ‘winter control’. From the growing season 2016 onwards, open-top chambers 
(OTCs), n=12, were placed in each winter warming and winter control plot from approx. 
mid-June until mid-August, to investigate the effect of increased summer air temperature 
(fig. 1). The OTCs (1.5 m diameter and 40 cm high) had a hexagon shape and were placed 
2-3 meters from the fence in the winter warming plots, and at a random location in the 
winter control plots. An un-manipulated hexagonal control subplot was marked adjacent 
to the OTCs in each winter warming and winter control plot (fig. 1). The OTCs and 
hexagonal control subplots are further called ‘summer warming’ and ‘summer control’, 
respectively. In the growing season 2017 when the measurements for this study were 
taken, OTCs were placed in the plots on June 16th and removed in mid-August. Over all, 
the experimental set up has thus a full-factorial combination of two treatments: summer 
warming treatments (subplots) nested inside winter warming treatments (plots). This 
generates, at a subplot-level, three combinations of treatments enabling me to study the 
effect of summer warming alone, winter warming alone, the interaction between summer 
and winter warming together, and compare it with controls (subplots without treatment).   
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Fig. 1. Experimental set-up with summer warming treatment (OTC; to the right) within a winter warming 
treatment (snowfence; red) in moist acidic tussock tundra. The summer control subplot (marked with a white 
string) can be used to study the effect of winter warming, while the summer warming subplot can be used to 
study the effect of summer and winter warming. In the upper left background, the winter control plot is 
visible. The summer warming subplot within the winter control can be used to study the effect of summer 
warming. In the winter control there is also a summer control (not visible in the figure), which represents 
ambient conditions. In the summer control subplot, a spectrometer attached to a tripod is used to measure 
the surface reflectance of the vegetation (NDVI).  
 
2.3 Environmental measurements 
Summer air temperature was measured hourly 5 cm above the soil surface in summer 
warming and summer control subplots (n=4), using a temperature sensor (Tiny Tag Talk 
2, Gemini Data Loggers. Sussex, UK), in 2016 and 2017, to investigate the effect of OTCs 
on air temperature. The temperature sensors were covered by shade caps, which allowed 
free airflow around the probe. Due to practical circumstances, only data from the period 
July 11th-25th in 2016 was accessible for analysis. Mean of diurnal temperature and mean 
of maximum daily temperature were calculated for each subplot and used in further 
analyses.     
 
Snow depth measurements were done in March of 2015 and 2016, when snow depth 
reaches its peak, by repetitive probing with an aluminum probe at 1 m intervals along 
south-north transects at 2.5 m distance from each other. Mean snow depth was calculated 
across all transects in each winter-warming and winter-control plot.  
 
Soil temperature and soil moisture were recorded at 5 and 30 cm depth (ECH2O 5TM 
sensors attached to a EcH2O EM50 logger, METER ENVIRONMENT, München) in inter-
tussock areas in the summer warming and summer control subplots (n=4). The loggers 
were installed in autumn 2015, and temperature and moisture were measured hourly. The 
following analyses are based on data from the period August 16th, 2016 - July 25th, 2017 
only. To better understand the effect of winter warming and summer warming on soil 
temperature, temperature data were divided into four seasons. Summer season was 
defined from an experimental aspect and started the same day as the OTCs were placed 
(June 16th, 2017) and lasted until July 25th, which was the last day of environmental 
measurements 2017. The initiation of spring season (April 16th) was derived from when 
soil temperatures at 5 cm depth began to increase in mid-April and lasted until the 
initiation of the OTCs. The start of winter season (October 16th, 2016) was defined by the 
early cold transmission, which is the period when soil starts to freeze (Olsson et al. 2003) 
and start of autumn season (August 16th, 2016) was determined as the date when the 
OTCs were removed. Mean soil temperature was calculated for each season and 

Winter warming (plot) 

Summer warming (subplot) Summer control (subplot) 

Winter control (plot) 

Summer warming (subplot) 
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treatment, while mean soil moisture was only calculated for the summer season, since the 
moisture sensors are not working properly in frozen conditions.  
 
To investigate the effect of winter warming on soil thaw, thaw depth was measured four 
times during growing season (June 16th, July 5th, July 23rd, and August 19th) in each winter 
warming and winter control plot. The thaw depth was considered as the distance from the 
moss surface down to the thaw front where the soil is still frozen. At the time of the last 
measurement, August 19th, the thaw was relatively close to its maximum depth, and can 
thus indicate the thickness of active layer. The depth of thaw was measured with a 
probing technique where an aluminum probe with an engraved cm scale was inserted by 
force into the ground and when the probe hit the frozen soil the scale was read at the 
moss surface. The probing was done repetitively at 1 m intervals along south-north 
transects at 2.5 m distance from each other. Mean thaw depth was calculated across all 
transects in each plot. The probing of the south-north transect did not include 
measurements within summer warming and summer control subplots, since the area of 
the subplots is too small. Although, thaw depth in summer-warming and summer-control 
subplots was measured separately on July 23rd and August 19th by three repetitive 
probings in each subplot, and the average of these measurements was calculated.        

 
2.4 Vegetation measurements 
To investigate vegetation responses to treatments, several observations were done to 
capture growth performance for the whole vegetation community and for specific species. 
Responses in reproduction effort to the treatments were also estimated at species level. 
 
2.4.1 Whole canopy measurements 
The normalized difference vegetation index (NDVI) is derived from vegetation surface 
reflectance of near-infrared and red light. The index is calculated as follows: NDVI = 
(R800-R660)/(R800+R660), where R800 is the reflectance of near-infrared light (wavelength 
800 nm) and R660 is the red-light reflectance (wavelength 630 nm) (Tucker et al. 1986). 
NDVI gives an estimation of surface greenness and has been used widely to investigate 
the vegetative phenology and intensity of ‘green-up’ of tundra vegetation (Stowe et al. 
2004). In each summer-warming and summer-control subplot, NDVI was measured with 
a portable spectrometer (NDVI spectral reflectance sensors, Meter Group Inc., USA) 
attached to a tripod one meter above the ground surface (fig. 1). The measurements 
covered a surface area of 0.282 cm2 (60 cm in diameter) and were, in the summer-
warming treatment, placed so the transparent “walls” of the OTCs would not shade the 
surface. The spectrometer was logged once every minute and the mean value of 5-minute 
measurements was then calculated and used in further statistical analysis. NDVI 
measurements were repeated five times over the growing season (June 22nd, June 27th, 
July 3rd, July 13th, and July 19th). The position of the measured area was marked to ensure 
that exactly the same position was used the following measurements. All subplots were 
measured between 10:30 and 18:00 within the same day. Days with rain, snow, or heavy 
clouds were avoided. 
 
2.4.2 Species specific growth measurements  
Three species, E. vaginatum, B. nana and R. tomentosum, were chosen to investigate 
responses in growth performance (shoot and leaf lengths, leaf weight, and leaf 
production) and reproduction effort to treatments. The species were chosen because of 
their dominance in biomass and canopy cover in moist acidic tussock tundra. Also, they 
present different rooting depths and different plant functional groups, which enable me 
to study how potential responses change with different root depth and growth strategies.  
 
Four tussocks of E. vaginatum and four branches of both B. nana and R. tomentosum 
respectively, were marked in each subplot. Plants that grew in the area beneath the 
hexagon wall were avoided, since the angled walls can reduce precipitation falling on the 
surface straight beneath. Because of the small area of the subplots, there was no 
possibility to select for a certain tussock size. The tussocks in this study are therefore of 
different size, but extremely small and big tussocks were avoided. Leaf length was 
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measured by carefully grabbing the tillers and visually selecting the three tallest leaves. 
Length was measured from the ligule to the top of the leaf with a ruler. Leaves that had 
started to senesce in the top were avoided. Individual shrub plants are very hard to 
distinguish (especially for B. nana) because of overgrowth of the lower parts of the shoots 
by the moss carpet. Growth of B. nana and R. tomentosum was therefore estimated by 
measuring the length of the apical shoot, which was determined by the distance from 
previous year growth scar to the top if the shoot. The apical shoot length represents thus 
the growth of 2017 and was carefully measured with a caliper. Leaf length of E. 
vaginatum and shoot length of B. nana and R. tomentosum were measured three times 
over growing season, on June 24th, July 10th and July 21st. 
 
The top of the apical shoots of R. tomentosum was covered by leaves emerging from the 
buds early in the season, which complicated the measurements of shoot length on June 
24th. Due to lower confidence, the measurements of R. tomentosum apical shoot growth 
on June 24th were not included in further analysis. Further, current-year and previous-
year growth-scars of B. nana and R. tomentosum can sometimes be hard to distinguish. 
Comparison of apical annual shoot lengths between the measurement dates indicated that 
for some shoots, some measurements had erroneously been made from the previous-year 
bud scar, especially earlier in the season (table A1 and A2). Such invalid measurements 
were excluded from further analyses, i.e. 18 of 96 shoots of B. nana and 9 of 96 shoots of 
R. tomentosum. Mean B. nana shoot length per subplot is therefore based on 2-4 shoots 
(except for one subplot, where only one shoot remained). For R. tomentosum, mean shoot 
length per subplot is based on 3-4 shoots (except for one subplot, where two shoots 
remained). 
 
Growth rate in mid-season (June 24th–July 21st) of E. vaginatum leaves and B. nana 
shoots was calculated to investigate effects of warming treatments in the most intensive 
period of ‘green-up’, i.e. from bud break (visually confirmed in field June 24th) to peak 
NDVI in late July (May et al. 2017). Leaf and shoot length, respectively, measured on 
June 24th was subtracted from the leaf and shoot length measured July 21st and the sum 
was divided by number of days (21) between June 24th and July 21st. 
 
On July 21st, around peak biomass, the number of leaves per apical annual shoot were 
counted to investigate leaf production of B. nana and R. tomentosum. Sometimes, apical 
annual shoots of R. tomentosum develop side branches. In these cases, leaves on side 
branches were also counted. Side branches on the apical annual shoot of B. nana were not 
observed. Also, on July 21st, 10 leaves per species (B. nana, E. vaginatum and R. 
tomentosum) were collected in each subplot to estimate biomass per leaf. Fully developed 
leaves of B. nana and R. tomentosum were collected just above the scar of the annual 
shoot and leaves of E. vaginatum were collected from different tussocks by carefully 
grabbing the tillers and picking the tallest leaf. The leaves were dried for 24h at 70 °C and 
thereafter cooled down for 2h in a desiccator to avoid moisture absorbance before 
measuring leaf dry weight.  
 
2.4.3 Reproduction measurements 
To investigate reproduction effort, flower density was estimated for E. vaginatum, B. 
nana and R. tomentosum by counting the number inflorescences per subplot. 
Henceforth, flower refers to the number of inflorescence, which means number of flower 
stalks of E. vaginatum and number of flowering top shoots of R. tomentosum. For B. 
nana, only female catkins were calculated to avoid touching the male catkins which easily 
fall off. Flower density of R. tomentosum and B. nana was estimated in mid-July, when 
peak flowering of R. tomentosum takes place and while B. nana flowers are still visible on 
the plants. Flower density of the early flowering E. vaginatum was estimated on both 
June 18th and 29th to avoid underestimating flower density in plots with potentially later 
flowering due to differences in snowmelt timing. Mean values of the two measurements 
were calculated for each subplot before further analysis. 
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2.5 Statistical methods 
To analyze effects of summer- and winter-warming treatments on flower density, growth 
rate, leaf production, and leaf weight, linear mixed-effect models in combination with 
Analysis of Variance (ANOVA) were conducted. Summer warming and winter warming 
were set as fixed factors, while block, plot (winter warming or winter control) nested in 
block, and subplot (summer warming or summer controls) nested in plot were set as 
random factors.  
 
Measurements of NDVI, leaf length and shoot length were repeated over growing season; 
thus, the effects of summer warming, winter warming, and interactions between these 
treatments and time were analyzed. Subplots were nested in plots to take into account the 
repeated sampling over time. All species were tested separately, since we were interested 
in species-specific responses. Mean values for leaf length, shoot length, leaf production, 
and leaf weight were calculated for each subplot before statistical analyses to avoid 
pseudoreplications. If significant interactions between treatments or treatments and time 
(if repeated measurements over time) were found, post-hoc analyses were done with 
Tukey’s HSD. 

 
To investigate how warming treatments effect soil temperature and soil moisture, 
additional linear mixed-effect models were done followed by ANOVAs. Summer warming 
and winter warming were set as fixed factors while block, plot (winter warming or winter 
control) nested in block, and subplot (summer warming or summer controls) nested in 
plot were set as random factors. Seasons were analyzed separately because the treatments 
likely have different effects in different seasons. Effects of winter warming on thaw depth 
was also tested with a linear mixed-effect model in combination with an ANOVA with 
winter warming set as fixed factor, and block, plot (winter warming or winter control) 
nested in block, and subplot (summer warming or summer controls) nested in plot were 
set as random factors. The effect of summer warming on thaw depth and air temperature 
was tested in the same way, but instead of winter warming, summer warming was set as 
the fixed factor. 
 
All data were tested for homogeneity (qq-plot, F-test and Bartlett’s test), and if 
assumptions were not met, data were log- or square-root transformed. All analyses were 
performed in R in the statistical software R-Studio 1.0.136 (R Core Team 2016) with the 
additional packages “nlme” (Pinheireet. al 2016) for linear mixed models (lmer), 
“lsmeans” (Russell V. Lenth 2016) for Tukey’s HSD, “gplots” (Gregory et. al 2016) to 
create the bar graphs, and “sciplot” (Morales 2017) for line graphs with error bars. All 
results are reported with the significance level of α < 0.05. 
 
 

3 Results  
 
 

3.1 Environmental effects to warming treatments 
 
3.1.1 Air temperature 
The summer-warming treatment increased mean diurnal temperature with 
approximately 0.3 °C in the OTCs during July 11th-25th, 2016 (p=0.044) (table A4.1). Also 
the daily maximum temperature was higher in the summer-warming treatment, 22.7 ±0.1 
°C, compare to summer control, 21.2 ±0.2 °C (p= 0.0053, mean ± 1 SE) (table A4.2). 
 
3.1.2 Snow depth 
The snowfences accumulated snow in winter season of 2014/2015 and 2015/2016 
resulting in a mean snow depth (± 1 SE) in March of 93.7 ± 2.19 cm and 104.4 ± 2.15 cm, 
respectively. This was 24-47 cm deeper snow layer (not statistically tested) than the 
ambient snow conditions in the winter control plots which measured 69.6 ± 0.75 cm and 
57.2 ± 1.71 cm in March 2015 and 2016 respectively. 
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3.1.3 Effects of winter warming on the soil environment 
Snowfences had the strongest warming effect in soil during winter season (fig. 2 and table 
1), when air temperatures are very low and snow thickness reaches its peak. To meet 
assumptions of homogeneity, winter soil temperature at 5 and 30 cm depth was analyzed 
together where soil depth was set as an additional fixed factor. Winter warming increased 
soil temperatures both at 5 cm (p=0.021) and at 30 cm depth (p=0.030) (table A5) with 
approximately 3 °C across the whole winter season (table 1). In contrast, the extra snow in 
the winter-warming plots slowed down soil warm-up in the spring season, resulting in 
lower spring-soil temperatures at 5 cm depth (p=0.009) (table A6). Data of spring-soil 
temperature at 30 cm depth did not meet the assumptions for normal distribution and 
were therefore not tested for effects of warming treatments, however mean values did not 
reveal any drastic differences between treatments (table 1). In conclusion, end of April 
seemed to be a threshold for the positive effect of winter warming at both 5 and 30 cm 
depth. Snow addition had a warming effect until May, but thereafter a cooling effect 
throughout spring season (fig. 2). No effect of winter warming was found on soil 
temperatures in autumn. 
 
Table. 1. Mean soil temperature (± 1 SE) in °C at 5 cm and 30 cm depth. The mean value of soil temperature 
in different treatments were calculated from four plots per treatment where temperature had been measured 
every hour. Significant differences between the treatments are indicated with different letters in each row. 
Data that was not tested (due to assumptions for statistical test were not fulfilled) are marked with the 
following symbol: ¤.  

Season Period Soil 
depth  

Control Summer 
warming 

Winter 
warming 

Summer and  
winter warming 

Autumn August 16th - 
October 15th 2016 

5 cm 1.87 ± 0.17a 2.16 ± 0.19b 1.75 ± 0.15a 1.99 ± 0.19b 

  30 cm 
 

0.85 ± 0.05 0.62 ± 0.04 0.67 ± 0.03 0.75 ± 0.05 

Winter October 16th 2016 
- April 15th 2017 

5 cm -9.60 ± 0.16a -9.91 ± 0.16a -6.35 ± 0.10b -6.48 ± 0.10b 

  30 cm 
 

-7.92 ± 0.17 a -7.85 ± 0.17 a -5.00 ± 0.12b -4.89 ± 0.11b 

Spring April 16th -  
June 15th 2017 

5 cm -2.91 ± 0.34a -2.83 ± 0.34a -3.83 ± 0.27b -3.48 ± 0.28 b 

  30 cm ¤ 

 

-4.49 ± 0.27 -4.59 ± 0.26 -4.35 ± 0.22 -4.26 ±0.22 

Summer June 16th –  
July 25th 2017 

5 cm 7.33 ± 0.20 8.41 ± 0.17 6.52 ± 0.18 6.66 ± 0.16 

  30 cm 
 

0.09 ± 0.03a -0.25 ± 0.03b -0.01 ± 0.03a -0.15 ± 0.01 b 

 
Snow melt-out date (i.e. the date when all snow has melted) in the winter-warmed and 
winter-control plots was approximated from the soil temperature data at 5 cm depth. 
Mean soil temperature was averaged across treatments and melt-out date was determined 
as the first day in spring with a soil temperature above 0 °C, which occur after the 
prolonged thaw event, ‘zero-certain’ isocline, generated by infiltration of snowmelt water 
(Kane et al. 1991, Kane et al. 2000). The melt-out date was approximately on May 25th in 
ambient snow conditions and on June 4th in snow additional plots (fig. 2). Since soil 
temperature data at 5 cm depth was used to define snow melt-out date, the true melt-out 
date was probably slightly earlier. However, the approximations indicate that the winter 
warming treatment delayed the snowmelt with ca 10 days. 
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Fig. 2. Daily mean soil temperature (n=4) at a) 5 cm depth and b) 30 cm depth year 2016/2017. Vertical lines 
the divisions of seasons. Observe figure a and b have different scales. 

 
3.1.4 Effects of summer warming on the soil environment 
Soil temperatures at 5 cm depth increased constantly throughout spring and summer 
season, except of the stagnation at 0 °C during snowmelt in the second half of May and 
first days of June (fig. 3). Further, in end of July, temperatures in the shallow soil 
decreased, which was probably because of a shorter period of colder weather rather than a 
seasonal change toward autumn. Soil temperatures at 30 cm depth increased 
considerably from late April until May 20th, but thereafter temperatures raised slowly and 
did not reach 0 °C until early July (fig. 3). Surprisingly, summer warming did not affect 
summer season soil temperature at 5 cm depth but had a cooling effect on soil 
temperatures at 30 cm depth (p=0.008) (table A6). In autumn there was a warming effect 
of summer warming on soil temperature, but only at 5 cm depth (p=0.025; table A6). The 
differences in shallow-soil temperature to the summer warming treatment seemed to 
primarily occur in early autumn (fig. 3). Winter and spring soil temperatures were not 
affect aby the summer warming treatment (table A5 and A6). 
 
Soil moisture at 5 cm depth showed three peaks where the first one was likely related to 
snowmelt and the two later ones caused by rainy periods (fig. A1). At 30 cm depth, soil 
moisture was lower due to frozen soil, but also showed an increase in soil moisture in late 
May which was likely caused by snowmelt. Although, in late July soil moisture increased 
considerably, which was probably due to rain in combination with increased thaw depth 
(fig. A1). Data from one of the moisture sensors at 5 cm depth were missing, but analysis 
based on the remaining seven sensors showed a marginally significant trend of lower soil 
moisture in the summer warming treatment (p=0.055) compared to summer controls 
(table 2, table A7). Summer season soil moisture at 30 cm depth was not affected by 
summer warming (table A7). 
 
 

b. 

a. 
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Fig. 3. Daily mean soil temperature at a) 5 cm depth and b) 30 cm depth in spring (April 16th–June 15th) and 
summer (June 16th–July 25th) 2017. Mean values are based on data from four temperature sensors in each 
treatment combination. The treatment summer warming (OTCs) was only applied for summer season, and 
not spring season. The vertical line marks when the summer warming treatment was introduced, which is also 
set as the boundary between spring and summer season. Arrows in a) show approximate melt-out date in 
winter warmed (snow addition) and winter control plots (ambient snow cover).  
 
Table 2. Mean soil moisture (± 1 SE) at 5 cm and 30 cm depth expressed as the volume water per volume soil 
(m3/m3) (where dry soil = 0 and water = 1). Soil moisture was measured every hour and the mean value in 
different treatments at 30 cm depth was calculated from four plots per treatment. Mean value of soil moisture 
at 5 cm depth was based on three subplots per treatment. 

 
Soil depth  Control Summer 

warming 
Winter 
warming 

Summer and  
winter warming 

5 cm 
 

0.22 ± 0.01 0.15 ± 0.01 0.21 ± 0.01 0.14 ± 0.01 

30 cm 
 

0.14 ± 0.01 0.12 ± 0.01 0.12 ± 0.01 0.12 ± 0.00 

 
3.1.5 Effects of warming treatments on thaw depth 
The pattern of lower temperatures in shallow soil in snow-additional plots in spring 
season can also be observed in the thaw depth data. The cooling effect from increased 
snow depth in spring slowed down the thaw in early summer season (June 16th), resulting 
in a shallower thaw depth in snowfence plots (p < 0.001) (fig. 3, table A8). On July 5th, 
there was no effect of winter warming, but later in the season (July 23rd and August 19th) 
there were marginally significantly deeper active layers in winter warmed plots (p=0.076 
and p=0.053) (table A8), resulting in a thaw depth of 51.8 ± 0.52 cm in winter warmed 
plots and 50.3 ± 0.79 cm in winter controls (mean ± 1 SE). Thaw depth measured within 
subplots did not show any effect of summer or winter warming (table A9). On July 23rd, 
mean thaw depth in the summer-warming treatment and the summer control was 35.5 ± 
1.5 cm and 36.7 ±1.2 cm (mean ± 1 SE), and on August 19th, thaw depth had reached 49.7 
± 1.9 cm and 48.8 ± 2.1 cm (mean ± 1 SE). However, the analysis is based on an average 
of 3 thaw depth measurements per subplot, while the analysis of the thaw depth in the 
winter warmed and winter control plots is based on 55 thaw depth measurements, which 
gives it a higher resolution and thus much more accurate result.  
 

a. 

b. 

Snowmelt in 

snowfence plots 

Snowmelt at ambient 

snow cover 
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Fig. 3. Mean thaw depth (± 1 SE) in winter warmed plots (snowfence causing snow addition in winter) and 
winter control plots (ambient snow depth) (n=6) in moist acidic tussock tundra, Alaska. Significant effects of 

treatment are marked in the graph (***p<0.001 and †p<0.1). 
 

3.2 Vegetation responses to warming treatments 
 
3.2.1 NDVI 
Vegetation greenness peaked in mid-July, when all treatments showed their highest mean 
NDVI (table A3, fig. 4). Because variation in NDVI was very small both within and across 
treatments at the peak on July 13th, only the three earliest measurements of NDVI (June 
22nd, June 27th and July 3rd) were analyzed together. This also represents the most intense 
period of vegetation ‘green-up’. However, no significant effects of winter or summer 
warming were found in early season (table A10). NDVI July 13th was tested separately and 
did not show any effects of warming treatments (table A11). No interactions between 
treatments and time were found in early season (June 22nd–July 3rd), indicating that 
warming treatments did not affect the timing of ’green-up’ (table A10). Time alone was, 
however, significant (p<0.001), which shows that the greenness of the vegetation 
increased over time.  

 
Fig. 4. Normalized Difference Vegetation Index (NDVI) in moist tussock tundra measured five times over 
summer season 2017, in response to summer warming (OTCs) and winter warming (snowfences) (n=6).  
 
3.2.2 Leaf and shoot length 
On June 24th, leaf length of E. vaginatum had already reached 68% of its peak season 
(July 21st) leaf length across all treatment (fig. A2). Summer warming seemed to increase 
leaf length throughout the summer season. However, neither the warming treatments, 
nor the interaction between treatments and time, had any significant effects on E. 
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vaginatum leaf length. Although, leaf length was marginally significantly enhanced by 
summer warming (p=0.081; fig. A2, table A12). Neither was leaf growth rate between 
June 24th and July 21st significantly affected by the warming treatments, but there was a 
marginally significant increase in growth rate with winter warming (p=0.082; fig. 5, table 
A14). 
 
B. nana had reached 27% of its peak season shoot length across all treatments on the 
June 24th (fig. A2). The shoot length throughout the season did not show any significant 
treatment effects, but an interaction between winter warming and time was found 
(p=0.039; table A12). Tukey’s HSD-test did not reveal any significant effects of 
treatments on shoot length at different times (table A11). Nevertheless, mid-season (June 
24th-July 21st) shoot growth rate of B. nana showed a trend of increasing growth rate with 
winter warming (p= 0.088; fig. 5, table A14). 
 
R. tomentosum shoot length seemed to increase with winter warming and summer 
warming in peak season (July 21st) (fig. A3), but warming treatments or the interaction 
between treatment and time (July 10th and 21st) did not have any significant effects on R. 
tomentosum shoot length, although there was a marginally significant (p=0.094) three-
way interaction between summer and winter warming and time (fig. A3, table A12).  
 
 

 
 
 
Fig. 5. Mean length growth rate between June 24th and July 21st (± 1 SE) of leaves of E. vaginatum and apical 
shoots of B. nana in response to summer warming (OTCs) and winter warming (snow addition) and their 
interactions (n=6). Observe the different units on the y-axes. 

 
3.2.3 Leaf dry weight 
It seemed like summer and winter warming had an additional effect on both E. 
vaginatum and B. nana leaf dry weight (fig. 5). However, no treatment effect was found 
on E. vaginatum leaf weight (table A15). Leaf dry weight data of B. nana did not achieve 
normal distribution and was therefore not statistically tested. Winter warming appeared 
to have a positive effect on leaf dry weight of R. tomentosum (fig. 5), although no 
treatment effect was found (table A15).  
 
3.2.4 Leaves on annual shoot 
No effect of warming treatments was found on the number of leaves per annual shoot of 
R. tomentosum (table A16, fig A5). Neither treatments effects on the number of leaves per 
annual shoot of R. tomentosum was found (table A16, fig A5). 
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Fig. 6. Mean (± 1 SE) of peak season (July 21st, 2017) leaf length and apical annual shoot length, leaf 
biomass, and flower density in response to summer warming (OTCs) and winter warming (snowfences) 
(n=6). Only female catcins were counted for B. nana. Flower density of E. vaginatum represent the mean 
value of flower density measured on June 18th and 29th.  

 
3.2.5 Flower density 
Winter warming, but not summer warming, had a positive effect on flower density of E. 
vaginatum (p < 0.001) (table A17), which increased dramatically compare to ambient 
snow conditions (fig. 6). Neither flower density of B. nana or R. tomentosum showed any 
significant response to warming treatments (table A17).  
 
 

4 Discussion 

 
Temperature and snow depth are important drivers of the tundra ecosystem and changes 
of these abiotic factors will very likely affect N availability, plant growth, and thus the 
tundra C balance (Shimel et al. 2004, Natali et al. 2011). In this study, I show that a snow 
addition of 20-50 cm significantly increases the soil temperature in winter season 
(October-April) with approximately 3 °C. Compared to earlier studies on the Alaskan 
tundra (Wipf and Rixen 2010), my snow manipulation generated a moderate increase in 
snow depth, which reflects a more realistic increase in winter precipitation. Further, the 
snow addition caused a delayed snowmelt (approximately 10 days) which delayed the 
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heating up of soil in early growing season. These results are similar to those of Borner et 
al. (2008) who revealed that a moderate snow depth slows down the thaw in early season 
(until late June), while a heavy snow addition limits soil thaw until mid-growing season. 
Even though my moderate winter warming treatment slowed down the thaw in early 
growing season, the effect of higher winter temperatures in deep soil enhanced summer 
thaw. This resulted in a trend  (p<0.1) of prolonged late growing season thaw depth in 
winter-warmed plots. In this study I show that an increased snow depth of 20-50 cm 
affects both the timing of thaw and the thaw depth, which supports results from previous 
studies (Zhang et al. 1997, Ling and Zang 2003, Borner et al. 2008). 
 
The summer warming treatment increased air temperature in July with 0.3 °C (based on 
previous years data) and tended to decrease moisture content in shallow soil (p<0.1) with 
approximately 30% during summer season. The decrease in soil moisture may have 
caused the cooling effect of approximately 0.24 °C of soil at 30 cm depth, since dry 
conditions of highly organic soils can inhibit heat transfer to the soil underneath and thus 
slow down thaw in deeper soil (Hinkel et al. 2001). Surprisingly, summer warming did 
not increase shallow soil temperature in summer season. On the other hand, shallow soil 
temperature increased with approximately 0.27 °C in the OTCs in autumn, while there 
was no difference in temperature at 30 cm depth. 
 

4.1 Responses in NDVI to summer and winter warming 
NDVI was hypothesized (1) to increase with summer and winter warming, but no effect of 
either warming treatments was found. This indicates that three winters with increased 
snow depth and two summers with OTCs did not affect biomass production on a whole 
vegetation basis. The absence of response in NDVI to winter warming is in line with a 
meta-analysis of short-term snow manipulations where a moderate delay in snowmelt (1-
2 weeks) did not affect whole vegetation community production (Wipf and Rixen 2010). 
This indicates that NDVI does not respond to short-term winter warming.  
 
The lack of response in NDVI to the summer-warming treatment is not in line with 
circumpolar short-term studies where growth performance of the vegetation increased 
with summer warming (Walker et al. 1999, Boelman et al. 2005). However, I did not find 
any increase in shallow soil temperature in the summer warming treatment, and 
therefore, N availability in shallow soil likely did not increase. This indicate that the 
OTCs, which significantly increased air temperature, mainly had a direct effect on 
vegetation. Further, the trend (p<0.1) of decreased moisture in shallow soil during 
summer season could have affected the observed response in NDVI to summer warming. 
In vegetation types with moss-dominated surface, it has been shown that watering 
changes the reflectance of mosses (Vogelmann and Moss 1993), which can increase the 
NDVI eightfold (Douma et al. 2007). Hence, a decrease in shallow soil moisture could 
have affected the NDVI negatively by drying up the inter-tussock moss cover, which, in 
turn, obscured a potential increase in NDVI due to increases in biomass.   
 
NDVI was also hypothesized (2) to peak earlier in the summer-warming treatment, while 
the winter warming would slow down the ‘green-up’ in early season and generate a later 
peak in NDVI. Graphically, both the summer and winter treatment seemed to cause a 
(non-significant) reduction in NDVI early in growing season (fig. 4), which would be in 
line with the shallower thaw depth in the snow-manipulated plots, and lower (deep) soil 
temperature or shallow drying in OTCs. However, in contrast to my hypothesis (2) I did 
not find any interaction between time and the warming treatments. This could partly be 
explained by the large variety in microhabitats and species composition over short 
distances in the tussock tundra, which generated a high spatial variation in NDVI, 
resulting in large variation in my NDVI measurements (fig. 4). This requires stronger 
responses of biomass to distinguish an NDVI response to the treatments. Thus, high 
variation in microhabitats could be the reason why I did not find any response in NDVI to 
warming treatments over time.  
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4.2 Species-specific growth and reproduction responses to winter 
warming 
I hypothesized (3) that a realistic snow addition would favor both growth and 
reproduction effort of the deeply-rooted sedge E. vaginatum, while the shallow-rooted 
species B. nana and R. tomentosum would not respond to winter warming. In line with 
my hypothesis winter warming increased flower density of E. vaginatum, generated a 
positive trend (p<0.1) of E. vaginatum leaf growth rate in mid-season, and did not affect 
R. tomentosum. However, in contrast to the hypothesis (3), E. vaginatum did not show 
any response in peak season leaf length or leaf weight to winter warming, while an 
interaction between winter warming and timing of B. nana shoot length was found as well 
as a trend (p<0.1) of increased mid-season shoot growth rate of B. nana. 
 
The increased flower density of E. vaginatum to winter warming can be an effect of 
enhanced late season N availability in deep soil, since E. vaginatum reaches the N that 
becomes available at the thaw front in late season and can store it over winter (Keuper et 
al 2017). Further, flower buds of E. vaginatum start to form in mid-July, i.e. almost one 
year before flowering, and high nutrient allocation to buds is found after fertilization 
(Shaver et al. 1986, Mark and Chapin 1989). This supports that enhanced N availability in 
late growing season could have increased the bud production of E. vaginatum and thus 
flower density the following season. My results are in line with a study in Abisko, Sweden, 
where a moderate snow manipulation increased the flower density of E. vaginatum 
(Johansson et al. 2013), but contrast to a snow manipulation experiment in Toolik, 
Alaska, where increased snow depth did not favor flower production (Borner et al. 2008). 
However, the decrease in reproduction effort in Toolik was likely caused by a dramatic 
delay in snowmelt, which can have a negative effect on early flowering species in 
ecosystems where growing season is short (Cooper 2011). Further, increased snow depth 
with a moderate delay in snowmelt can have positive effects on flower density since the 
snow protects the buds from frost damage (Wheeler et al. 2015), leading to higher bud 
survival. On the other hand, flower production of E. vaginatum increased significantly in 
a study where snow addition was combined with snow removal in spring (Natali et al. 
2012), which indicate that early frost events might not be a critical factor for bud survival 
of E. vaginatum. In the same experiment, Natali et al. (2011) found that winter warming 
increased active layer depth with 10%. Hence, the increase in flower production, found by 
Natali et al. (2012), could likely been driven by enhanced N availability in the deep 
thawed soil. As E. vaginatum is N limited in tundra ecosystems (Shaver et al. 1986), it is 
very likely that enhanced deep soil N availability favors flower density. However, since 
snowmelt in the winter warming treatment was delayed with approximately 10 days, I 
cannot distinguish which of the two factors (delayed snowmelt or enhanced N availability 
in deep soil) had the main effect on flower density. Furthermore R. tomentosum flower 
density seemed also to increase with winter warming (fig. 6), but this effect was not 
significant. Therefore, in line with my hypothesis (3), neither flower density of R. 
tomentosum or B. nana responded to winter warming. 
 
I found a trend of increased mid-season leaf growth rate of E. vaginatum to winter 
warming, which is in line with hypothesis (3). However, this was likely an effect of the 
delay in thaw depth deepening caused by delayed snowmelt since leaf length of E. 
vaginatum tended to be lowest (non-significant) in the winter-warmed subplots (fig. A3) 
on June 24th. This suggests that the shallow thaw depth in the winter warming treatment 
in June (fig. 3) could have delayed leaf length growth. Species that have their main 
biomass production in early growing season, like E. vaginatum, are adapted to take 
advantage of the N pulse at snowmelt and would therefore be negatively affect by a 
delayed snow melt (Shaver et al. 1986, Cooper et al. 2011) and a delay in thaw depth 
deepening. Further, the absence of response in peak season (July 21st) leaf length to 
winter warming, indicates that the trend of increased leaf growth rate in mid-season was 
probably a “catch-up” from hampered growth in June. However, E. vaginatum might also 
have responded in other growth parameters, for example tiller density (Johansson et al. 
2013) or leaves per tiller (Shaver & Laundre 1997), which was not measured in my study.   
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In contrast to hypothesis (3), an interaction between winter warming and time was found 
for B. nana shoot length. Although the pairwise comparisons remained inconclusive, the 
interaction suggests that winter warming favored B. nana shoot length in July, but not in 
June (fig. A3). This was further supported by the trend (p<0.1) of increased shoot growth 
rate of B. nana to winter warming in mid-season (June 24th–July 21st). Both shallow and 
deep soil temperature was higher during winter in the winter warming treatment, which 
may have enhanced N availability along the gradually deepening thaw front over the 
whole growing season (Shimel 2004, Aerts 2006, Semenchuck 2016). The indications of 
increased mid-season shoot growth of B. nana in the winter-warming treatment could 
therefore have been caused by an increase in N availability when the thaw front 
progressed through the shallow soil, where B. nana might be competitive for N. The 
response of B. nana shoot length to winter warming can thus be an effect of shallow soil 
warming in winter.  
 
In line with my hypothesis (3), none of the measured growth traits in R. tomentosum 
responded to winter warming. However, shoot length showed a weak trend (p<0.1) for a 
three-way interaction between summer and winter warming and time, which contrasts to 
long-term studies in tussock tundra where R. tomentosum has shown a negative response 
to winter warming (Wahren et al. 2005) and long-term shallow soil fertilization (Chapin 
et al. 1995, Bret-Harte et al. 2001). The absence of significant response to short-term 
warming treatments could in the long-term result in a negative response, since non-
responsive species might be outcompeted by responsive species (Hoffmann & Sgrò 2011). 
This was hypothesized in the long-term fertilization study in moist tussock tundra by 
Bret-Harte et al. (2001), where R. tomentosum likely became light-limited due to strong 
growth response of B. nana to fertilization. However, my result doesn’t show any 
tendencies of negative response of R. tomentosum to short-term winter warming, which 
emphasizes a need for long-term studies to determine the response of this species to 
increased snow depth. Further, in a broader perspective the response of R. tomentosum 
to winter warming might depend on site conditions, since it has been shown to respond 
positively to warming in dry heath (Wahren et al. 2005).  
 

4.3 Species-specific growth and reproduction responses to summer 
warming 
I hypothesized that B. nana, which is competitive for N in shallow soil, would be favored 
by summer warming, while E. vaginatum and R. tomentosum would not respond to 
summer warming. In contrast to my hypothesis and to other studies (Hobbie and Chapin 
1998, Bret-Harte et al. 2001, Elmendorf et al. 2012a), B. nana did not show any 
significant response in reproduction effort, number of leaves per shoot, shoot length, or 
shoot growth rate to summer warming, but a trend of increased leaf length of E. 
vaginatum was found (p<0.1). Since summer warming did not show any effect on soil 
temperature at 5 cm depth, N availability in shallow soil was likely not enhanced by the 
summer warming treatment, which could be a reasonable explanation to the lack of 
response of B. nana to summer warming. In a study by Natali et al. (2012), where 
summer warming did not affect soil temperatures, vegetation biomass responses were 
also absent, which indicate that air warming, without shallow soil warming, does not have 
a strong effect on vegetation. Consequently, the trend (p<0.1) of increased leaf length of 
E. vaginatum to summer warming was likely a direct response to increased air 
temperature, and not an indirect response to increased N availability in shallow soil. The 
trend of increased E. vaginatum leaf length, but absence of response in peak season leaf 
weight, is in line with a study where early-season leaf length increased with air warming, 
but leaf biomass in late season was not affected (Sullvian and Welker 2004), which 
indicates that increased leaf length might not indicate an increase in above-ground 
biomass production.  
 
The trend (p<0.1) of decreased shallow soil moisture in OTCs could possibly have caused 
water stress of plants in the inter-tussocks, where the high abundance of mosses makes 
the surface sensitive to drought (Dorrepaal et al. 2004, Aerts et al. 2006). This could have 
affected the growth performance of B. nana, which mainly inhabit the inter-tussocks, but 
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not E. vaginatum, which reaches moisture further down into the soil profile (Buttler et al. 
2015). Furthermore, E. vaginatum showed a trend (p<0.1) of increased leaf length to 
summer warming, which indicate that the plant might not have been water limited. It has 
also been shown that soil moisture and temperature can have an interactive effect, where 
increased air temperature in moist areas generate a higher response of shrubs than in dry 
areas (Elmendorf et al. 2012a, Mayer-Smith et al. 2015, Ackerman et al. 2017). The 
slightly drier conditions in the OTCs could thus have prevented a response of B. nana to 
summer warming. To sum up, the combination of both a decrease in soil moisture and the 
absence of shallow soil warming could have hampered a growth responses of B. nana to 
summer warming. However, B. nana could also have responded to summer warming in 
other ways, increased the development of short shoots to long shoots (Bret-Harte et al. 
2001).  
 
Overall the significant responses to warming treatments were few. The sparse response in 
leaf length, leaves on annual shoots, and leaf dry weight is consistent with the lack of 
response in NDVI, which indicates that tussock tundra might not be very responsive to 
short-term summer- and winter warming. On the other hand, the two significant results 
indicate that E. vaginatum responds in reproduction effort to winter warming, while B. 
nana seems to respond in shoot growth. However, an increased reproduction effort, i.e. 
more flowers, does not necessarily mean that there will be a greater abundance of this 
species in the future because of potential germination and survival constraints. Walker et 
al. (1999) found that in the Low Arctic, where the vegetation is relatively dense compare 
to in the High Arctic, resource investments in growth seems to be a conservative strategy 
of plants due to high competition for nutrient, water, or light. Thus, increased plant 
growth, in response to increased nutrients or temperature, might lead to a more closed 
canopy, which would favor species that can increase in vertical growth (Elmendorf et al. 
2012a). This reasoning suggests an advantage for species, like B. nana, that respond in 
growth rather than reproduction effort.  
 
4.4 Conclusions and future outlook.  
In conclusion, my study shows a weak response of tundra plants to summer- and winter 
warming in comparison to longer-term (8-year) studies of vegetation responses (Wahren 
et al. 2005), which indicate that the vegetation in moist tussock tundra might not be very 
responsive to short-term summer and realistic winter warming. The weak vegetation 
response is reasonably alarming since the short-term winter warming increased soil 
temperature and caused a trend of increased active layer thickness, which probably 
enhanced soil microbial respiration (Schimel et al. 2004) and thus the release of C to the 
atmosphere (Natali et al. 2014). This suggests that short-term summer- and winter 
warming can convert tussock tundra into a carbon source. 
 
My results also indicate that E. vaginatum respond in reproduction effort to winter 
warming which in long-term could be less successful if other species, such as B. nana, 
respond in growth leading to light limitation. Since E. vaginatum is able to take up plant 
available N in deep soil (Keuper et al. 2017), a decrease of this species would possibly 
decrease plant uptake of N in deep soil where there is a protentional risk of enhanced 
microbial respiration and thus C release (Shuur et al. 2008). This emphasize the need of 
long-term studies of vegetation responses to summer- and realistic winter warming. 
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5 Appendix 

 

 
 

 
 
Fig. A1. Daily mean soil moisture at a) 5 cm depth and b) 30 cm depth in summer warmed (OTCs) and 
winter warmed (snowfences) moist tussock tundra. Soil moisture was measured as volume water per volume 
soil (m3/m3), where dry soil = 0 and water = 1. The vertical line marks when the summer warming treatment 
was introduced. Mean values are based on four temperature sensors in each treatment (except for the 
treatment “summer warming” at 5 cm depth where only 3 sensors were analyzed).  
 
 
Table A1. Standardized method for objectively discarding erroneous shoot length measurements of B. nana 
for June 24th and July 10th. Objective decisions are based on the following arguments. 1) Valid measurements 
cannot show decreases in shoot length compared to earlier measurements on the same shoot (or increases 
compared to later measurements) greater than the “human error”. The variance of measurements (“human 
error”) was 0.56 ± 0.51 mm (mean ± 1 SE) and was calculated from repeated measurements (July 21st and 
July 25th) of B. nana shoots (n=8) to assess the accuracy of field measurements. The variance is included in 
the standardized method to avoid discarding shoots that are growing very slow. 2) Measurements on July 21st 
were assumed to be accurate since bud scars and new shoot parts were easier to distinguish later in season 
when the new shoot is longer. Based on this, in total, 18 of 96 shoots were discarded, which resulted in 10 
subplots having a mean value based on 4 shoots, 10 sublots having a mean value based on 3 shoots, 3 sublots 
mean value based on 2 shoots and 1 subplot where the shoot length is based on 1 shoot. 
 

Evaluation of measurements on June 24th Decision No. of shoots  

If shoot length of 24/06 ±0.5 > 10/7  invalid measurement 0 
If shoot length of 24/06 ±0.5 > 21/07 invalid measurement 3 
If shoot length of 24/06 ±0.5 < (or equal to) 10/7 
and < 21/07 

valid measurement 93 

   
Evaluation of measurements on July 10th   

If shoot length of 10/07 ±0.5 > 21/07 invalid measurement 18 
If shoot length of 10/07 ±0.5 < 24/6 invalid measurement 0 
If shoot length of 10/07 ±0.5 > (or equal to) 24/6 
and < (or equal to) 21/07 

valid measurement 78 

 
 
 
 
 
 
 
 
 

b. 

a. 
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Table A2. Standardized method for objectively discarding erroneous shoot length measurements of R. 
tomentosum on July 10th, 2017. The shoot length measured on July 10th was compared to shoot length July 
21st, 2017 and shoot length of previous year (2016). Objective decisions are based on the following arguments. 
1) Shoot length on July 10th, 2017 can exceed the total shoot length of previous season (2016) but cannot show 
increased shoot length compare to measurements on the same shoot later in season 2017. 2) Measurements 
on July 21st were assumed to be accurate since bud scars and new shoot parts are easier to distinguish later in 
season when the new shoot is longer. Also, measurements of previous year (2016) shoot length were assumed 
to be accurate since these measurements were done late in season (July 21st, 2017) when bud scares of the 
new shoot (of 2017) is easier to distinguish.  
 
Based on this, in total 9 shoots measurements were invalid, 2 were valid and 91 measurements included both 
2016 and 2017 shoot length. These measurements were corrected by subtract the shoot length of 2016 from 
the shoot length measured July 10th, 2017. After correction, 6 shoots were still longer than the length 
measured on July 21st, and was therefore excluded from further analysis. In conclusion, 9 of 96 shoots were 
discarded. This resulted in in 16 subplots having a mean value based on 4 shoots, 7 subplots having a mean 
value is based on 3 shoots and 1 subplot where the mean value is based on 2 shoots. 

 
Evaluation of measurements on July 10th Judgement No. of shoots  

If shoot length of 10/07 > 21/07 2017 and > 2016 2016 and 2017 shoot length were 
included together in measurement of 
10/7: correction needed 
 

91 

If shoot length of 10/07 > 21/07 2017 and < 2016 invalid measurement: discarded 
 

3 

If shoot length of 10/07 < 21/07 2017 and > 2016  valid measurement 
 

2 

If shoot length of 10/07 < 21/07 2017 and < 2016  valid measurement 0 

 
Table A3. Normalized Difference Vegetation Index (NDVI) in moist acidic tussock tundra measured five 
times over growing season 2017. Mean NDVI (± 1 SE) in treatments of summer warming (OTCs) and winter 
warming (snow addition) (n=6). 
 

Date Control Summer warming Winter warming Summer and  
winter warming 

2017-06-22 0.545 ± 0.018 
 

0.492 ± 0.020 0.524 ± 0.021 0.515 ± 0.023 

2017-06-27 0.571 ± 0.015 0.535 ± 0.021 
 

0.564 ± 0.019 0.565 ± 0.017 

2017-07-03 0.589 ± 0.022 0.575 ± 0.023 
 

0.593 ± 0.022 0.590 ± 0.017 

2017-07-13 0.664 ± 0.001 0.662 ± 0.001 
 

0.667 ± 0.002 0.663 ± 0.002 

2017-07-19 0.622 ± 0.020 0.606 ± 0.016 
 

0.630 ± 0.010 0.621 ± 0.012 
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Fig. A2. Leaf length (± 1 SE) of E. vaginatum (a) and apical annual shoot length of B. nana (b) in summer 
warming (OTCs) and winter warming (snow addition) treatment combinations during the growing season 
2017. Observe the different units of the y-axes for the two species.  

 

 
 
Fig. A3. Shoot length (± 1 SE) of R. tomentosum in control (C), summer warming (S), winter warming (W), 
and combination of summer and winter warming (SxW) treatments during the growing season 2017 (July 10th 
and July 21st) and 2016. The treatment summer warming consisted of open-top chambers (n=6) and winter 
warming was created by snowfence (n=6).  
   
 
 
 
 
 
 
 
 
 
 
 

a. 

b. 
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Fig. A5. Mean number of leaves per apical shoot (± 1 SE) of B. nana and R. tomentosum in treatment 
combinations of summer warming (OTCs) and winter warming (snow addition) and controls (n=6) during 
peak season (July 21st).  
 
 
Table A4.1 ANOVA results for linear mixed model testing for differences in mean diurnal air 
temperature (5 cm above surface) to summer warming (OTCs) over the period July 11th to 25th, 2016.  

Treatment numDF denDF F-value p-value 
Summer warming 1 3 11.24 0.044* 

 
 
Table A4.1 ANOVA results for linear mixed model testing for differences in daily maximum air 
temperature (5 cm above surface) to summer warming (OTCs) over the period July 11th to 25th, 2016. 

Treatment numDF denDF F-value p-value 
Summer warming 1 3 53.592   0.005* 

 
 
Table A5. ANOVA results for linear mixed model testing for differences in winter soil temperature in 
response to winter and/or summer warming at 5 and 30 cm depth.  

Treatment numDF denDF F-value p-value 
winter warming  1 3 40.701   0.008* 
summer warming 1 6 0.049   0.833 
depth 1 12 240.065   <.0001* 
winter warming: summer warming 1 6 0.037   0.853 
winter warming: depth 1 12 3.516  0.085† 
summer warming: depth 1 12 2.134  0.170 
winter warming: summer warming depth 1 12 0.115   0.741 

 
 
Table A6. ANOVA results for linear mixed models testing for differences in soil temperature to summer 
and winter warming. Seasons and soil depth were tested separately. (Spring soil temperature at 30 cm 
depth was not tested because of lack of homogeneity.) 

Season  Treatment numDF denDF F-value p-value 
autumn 5 cm depth     
 winter warming 1 3 1.426   0.318 
 summer warming 1 6 8.796  0.025* 
 winter warming: summer warming 1 6 0.077  0.790 
 30 cm depth     
 winter warming 1 3 0.080 0.796 
 summer warming 1 6 0.894  0.381 
 winter warming: summer warming 1 6 3.524  0.110 
spring 5 cm depth     
 winter warming 1 3 37 0.009* 
 summer warming 1 6 3 0.120 
 winter warming: summer warming 1 6 1 0.356 
summer 5 cm depth     
 winter warming 1 3 2.505 0.212 
 summer warming 1 6 1.118 0.331 
 winter warming: summer warming 1 6 0.611 0.464 
 30 cm depth     
 winter warming 1 3 0.134   0.738 
 summer warming 1 6 15.580 0.008* 
 winter warming: summer warming 1 6 2.155  0.193 
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Table A7. ANOVA results for linear mixed model testing for differences in summer soil moisture to 
summer and winter warming. Soil depths were tested separately.  

Treatment numDF denDF F-value p-value 
5 cm     
winter warming 1 3 0.207  0.680 
summer warming 1 5 6.180 0.055† 
winter warming: summer 
warming 

1 5 0.102  0.763 

30 cm     
winter warming 1 3 0.110   0.762 
summer warming 1 6 1.234 0.309 
winter warming: summer 
warming 

1 6 1.015  0.353 

 
 
Table A8. ANOVA results for linear mixed model testing for differences in thaw depth during different 
times in growing season 2017, averaged across 55 measurement points in the winter warming and winter 
control plots.  

Date  Treatment numDF denDF F-value p-value 
16-06-2017 winter warming 1      5    65.413 <.0001*** 
05-07-2017 winter warming 1      5 0.787 0.415 
23-07-2017 winter warming 1      5 4.976  0.076† 
19-07-2017 winter warming 1 5 6.380   0.053† 

 
 
Table A9. ANOVA results for linear mixed model testing for differences in thaw depth on  July 23rd and 
August 19th, 2017, averaged across three measurements in the center of the summer warming and summer 
control subplots. Data were log-transformed.  

Treatment numDF denDF F-value p-value 
winter warming 1 5 0.718   0.435 
summer warming 1 10 0.141   0.715 
time 1 20 128.227   <.0001*** 
winter warming: summer warming 1 10 1.266   0.287 
winter warming: time 1 20 0.153   0.700 
summer warming: time 1 20 1.341   0.261 
summer warming: winter warming: 
time 

1 20 0.094   0.763 

 
 
Table A10. ANOVA results for linear mixed model testing for differences in Normalized Difference 
Vegetation Index (NDVI) over time (June 22th, June 27th and July 3th). 

Treatments numDF denDF F-value p-value 
winter warming 1 5 0.304   0.605 

summer warming 1 10 1.397   0.265 
time 2 40 50.422   <.0001*** 
winter warming: summer warming 1 10 0.405   0.539 
winter warming: time 2 40 1.164   0.323 
summer warming: time 2 40 1.572   0.220 
winter warming: summer warming: 
time 

2 40 0.809   0.452 

 
 
Table A11. ANOVA results for linear mixed model testing for differences in Normalized Difference 
Vegetation Index (NDVI) on July 13th, 2017 to summer and winter warming,  

Treatment numDF denDF F-value p-value 
winter warming 1 5 1.2   0.330 
summer warming 1 10 3.3   0.102 
winter warming: summer 
warming  

1 10 0.5   0.513 

 
 
 
 
 
 
 
 
 



 

32 
 

Table A12. ANOVA results for linear mixed model testing for differences in leaf length of E. vaginatum 
and shoot length of B. nana and R. tomentosum to summer and winter warming. Species were tested 
separately. Leaf length of E. vaginatum and shoot length of B. nana was measured June 24th, July 10th and 
July 21st, while R. tomentosum was measured only July 10th and July 21st. 

Species tested separately numDF denDF F-value p-value 
E. vaginatum     
winter warming 1 5 0.886   0.390 
summer warming 1 10 3.763  0.081† 
time 2 40 644.913  <.0001*** 
winter warming: summer warming 1 10 0.043   0.841 
winter warming: time 2 40 2.296   0.114 
summer warming: time 2 40 0.385  0.683 
summer warming: winter warming: time 2 40 0.001  1.000 
B. nana log     
winter warming 1 5   0.580   0.481 
summer warming 1 10 0.139  0.717 
time 2 40   179.925  <.0001*** 
winter warming: summer warming 1 10 2.593   0.138 
winter warming: time 2 40 3.523   0.039* 
summer warming: time 2 40 0.002   0.998 
summer warming: winter warming: time 2 40 1.846  0.171 
R. tomentosum     
winter warming 1 5 1.238   0.316 
summer warming 1 10 0.882   0.370 
time 1 20 138.987   <.0001*** 
winter warming: summer warming 1 10 0.546   0.477 
winter warming: time 1 20 0.018   0.893 
summer warming: time 1 20 0.019  0.891 
summer warming: winter warming: time 1 20 3.085  0.094† 

 
 
Table A13. Post-hoc multiple comparisons test for differences in shoot length of B. nana due to winter w
arming (snowfences) for different times during the growing season. (Interactions between the snowfence treat
ment and different dates are not shown in the table, since it is not relevant for the hypothesis).  

Shoot growthlog estimate SE df t-ratio p-value 

Ambient,June24 - Snowfence,June24    -0.005 0.102   5 -0.054   1.000 
Ambient,July10 - Snowfence,July10 -0.116 0.102 5 -1.134 0.850 
Ambient,July21 - Snowfence,July21 -0.104 0.102 5 -1.019 0.893 

 
 
Table A14. ANOVA results for linear mixed model testing for differences in growth rate of E. vaginatum 
leaf length and B. nana shoot growth to summer and winter warming. Species were tested separately. 

Species tested separately numDF denDF F-value p-value 
E. vaginatum sqrt     
winter warming 1 5 4.686   0.083† 
summer warming 1 10 1.251   0.289 
summer warming: winter warming 1 10 0.018   0.895 
B. nana sqrt     
winter warming 1 5 4.450   0.089† 
summer warming 1 10 0.054   0.821 
summer warming: winter warming 1 10 2.751  0.128 

 
 
Table A15. ANOVA results for linear mixed model testing for differences in leaf dry weight of E. 
vaginatum and R. tomentosum to summer and winter warming. Species were tested separately. 

Species tested separately numDF denDF F-value p-value 
E. vaginatum log     
winter warming 1 5 2.157   0.202 
summer warming 1 10 0.833   0.383 
winter warming: summer warming 1 10 0.013 0.911 
R. tomentosum     
winter warming 1 5 3.406   0.124 
summer warming 1 10 0.103   0.755 
winter warming: summer warming 1 10 0.093   0.766 
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Table A16. ANOVA results for linear mixed model testing for differences in leaf per annual shoot of B. 
nana and R. tomentosum to summer and winter warming. Species were tested separately. 

Species tested separately numDF denDF F-value p-value 
B. nana     
winter warming 1 5 1.460   0.281 
summer warming 1 10 0.649  0.439 
winter warming: summer warming 1 10 1.460 0.255 
R. tomentosum sqrt     
winter warming 1 5 1.698 0.249 
summer warming 1 10 0.023  0.883 
winter warming: summer warming 1 10 0.455  0.515 

 
 
Table A17. ANOVA results for linear mixed model testing for differences in flower density to summer and 
winter warming. Species were tested separately.  

Species tested separately numDF denDF F-value p-value 
E. vaginatum sqrt     
winter warming 1 5   70.505   p<0.001 ** 
summer warming 1 10 0.720  0.416 
winter warming: summer warming 1 10   3.17  0.105 
B. nana log     
winter warming 1 5   0.092   0.774 
summer warming 1 10 1.724  0.219 
winter warming: summer warming 1 10   0.910   0.363 
R. tomentosum sqrt     
winter warming 1 5   1.154   0.332 
summer warming 1 10 0.564   0.470 
winter warming: summer warming 1 10   1.015 0.337 

 
 
Table A18. ANOVA results for linear mixed model testing for differences in annual shoot length of R. 
tomentosum 2016 to summer and winter warming (i.e. shoot length of previous season, 2016, was 
measured). Data were log-transformed. 

Treatment numDF denDF F-value p-value 
winter warming 1 5 0.052  0.829 
summer warming 1 10 1.659 0.227 
winter warming: summer warming 1 10 0.130  0.726 
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