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ABSTRACT

Lichen heaths are decreasing in abundance in alpine and Arctic areas because of an increased
competition with shrubs. This shift in vegetation might have important consequences for the soil
temperature. The aim of this study is to find the drivers of the variation in soil temperature below
lichen heaths and shrubs. Moreover, we want to gain more insight in the variability of the soil
temperature below lichen heaths. We measured the soil temperature in thirty lichen plots and
fifteen shrub plots in an alpine area in southern Norway during July and August 2019. We applied
several treatments to study the drivers behind the variation in soil temperature between lichen
heaths and shrub vegetation. We found that the average soil temperature was 1.45°C higher below
lichen heaths than below shrub vegetation. Moreover, we measured a difference in soil tempera-
ture of 1.66°C between north- and south-facing lichen heaths, which contributes to the small-scale
spatial variability in soil temperature below lichen heaths. Based on our experiments, we conclude
that the buffering capacity of the litter layer below shrubs and shading of the soil by the shrub
canopy lead to a lower soil temperature below shrubs compared to lichen heaths during the
summer.
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Introduction functions. For example, soil temperature is a driving
force for the microbial activity, litter decomposition,
and the carbon cycle (e.g., Hobbie 1996; Schimel,
Bilbrough, and Welker 2004; Saito, Kato, and Tang
2009; Gavazov 2010; Hursh et al. 2017). Moreover, the
soil temperature is an important factor determining the
vegetation composition (Odland et al. 2017; Sundstel

and Odland 2017), which in turn can alter the function-

Warming of the alpine and Arctic areas changes the
local vegetation composition (Wilson and Nilsson
2009; Vanneste et al. 2017; Maliniemi et al. 2018). In
these areas, lichens are one of the most vulnerable grow-
ing forms being subject to changes (Bjerke 2011;
Macander et al. 2022). Lichen heaths are decreasing in
abundance because of an increased competition with

vascular plants as a result of climate change
(Cornelissen et al. 2001; Joly, Jandt, and Klein 2009).
For example, Fraser et al. (2014) estimated that the
average lichen cover decreased by 24 percent in the
western Canadian Arctic since the 1980s. Shrubs are
reported to increase in abundance at the expense of
lichens (Pajunen, Oksanen, and Virtanen 2011; Fraser
et al. 2014; Chagnon and Boudreau 2019). This shift in
vegetation can have significant implications for the
microclimate and soil temperature in alpine and Arctic
areas.

The soil temperature in alpine and Arctic areas is an
important variable that determines many ecosystem

ing of the ecosystem and the soil temperature directly
(Aalto, le Roux, and Luoto 2013; Myers-Smith and Hik
2013; Olefeldt et al. 2013; Lafleur and Humphreys 2018;
Heijmans et al. 2022). For example, the increasing soil
temperature due to the recent climate change is one of
the drivers of the greening of the Arctic (Berner et al.
2020; Mekonnen et al. 2021), and greening of the Arctic
(e.g., shrubification) leads to lower soil temperatures
during the summer (Blok et al. 2010; Myers-Smith
et al. 2011). However, the soil temperature in alpine
and Arctic areas varies over small spatial and temporal
scales (Wundram, Pape, and Loffler 2010; Graham et al.
2012; Ford et al. 2013; Aalto et al. 2018). Moreover,
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numerous aspects of soil temperature conditions (e.g.,
mean temperatures, temperature extremes, thermal
sums) can be of interest regarding the temperature
regime that is optimal or destructive for plant species
(Korner and Hiltbrunner 2017). Therefore, fine-scale
temporal and spatial measurements are necessary to
study the soil temperature in alpine and Arctic areas
(Pape and Loffler 2017; Lembrechts et al. 2020).

Multiple studies have considered the effect of shrub
expansion on the soil temperature. Shrubification leads
to an increase in soil temperature during winter owing
to the development of an insulating snowpack initiated
by trapping of snow by the shrub canopy (Myers-Smith
and Hik 2013; Frost et al. 2018). However, the expansion
of shrubs tends to lower the soil temperature during
summer. Multiple studies found that shading of the
soil by shrub canopies is an important driver of these
lower soil temperatures (Blok et al. 2010; Myers-Smith
and Hik 2013; Aguirre, Benhumea, and McLaren 2021).
For example, Frost et al. (2018) reported that mature
shrubs (Alnus viridis) cool the soil up to 9°C compared
to open tundra in Siberia during the summer months.

The soil temperature below natural lichen heaths is
less studied. Multiple studies have suggested or assumed
that lichens keep the underlying soil cool compared to
other vegetation types owing to the high albedo of
lichens (e.g., Klein and Shulski 2011; Odland et al.
2017). Therefore, a shift from lichen heaths to shrub
vegetation might be expected to lead to higher soil
temperatures, despite the cooling effect of shading by
the shrub canopy on the soil. However, studies that have
aimed to measure the difference in soil temperature
below lichen heaths and shrub vegetation are rare. The
few, recent studies that have simultaneously measured
the soil temperature below lichens and other vegetation
types measured higher or equal summer soil tempera-
tures below lichens compared to shrubs (Mikola et al.
2018; Griinberg et al. 2020; Aartsma et al. 2021). For
instance, Griinberg et al. (2020) measured the difference
in soil temperature below different vegetation types
including lichens and dwarf shrubs in Canada. They
found that the soil temperature below lichen heaths
was lower than that below dwarf shrubs during winter
but could not find a difference in soil temperature
between these two vegetation types during summer.

In an earlier paper (Aartsma et al. 2021), we mea-
sured the difference in microclimatic conditions
between lichen heaths and shrub vegetation during sum-
mer using a paired sampling design. We found higher
soil temperatures below lichens than below shrubs,
despite the fact that the lichen heaths had a higher
albedo and a lower net radiation. We proposed shading

of the soil by the shrub canopy, the buffering capacity of
the litter layer below the shrubs, and a higher evapo-
transpiration rate for shrub vegetation (e.g., more eva-
porative cooling) as potential reasons for the difference
in soil temperature between lichens and shrubs.
A higher evapotranspiration rate at shrub vegetation
compared to lichen heaths can lead to lower tempera-
tures below shrubs, because more of the available energy
is used for evapotranspiration, the latent heat flux, than
for heating the soil and the lowest air layer through
sensible heat fluxes. A major factor in controlling the
latent heat flux is the moisture availability. The cooling
effect on the soil by shading of the shrub canopy has
been studied before (Blok et al. 2010; Myers-Smith and
Hik 2013; Frost et al. 2018; Aguirre, Benhumea, and
McLaren 2021), whereas the effect of a thicker litter
layer and a higher evapotranspiration rate in shrubs
relative to lichens on the soil temperature is less studied
(Loranty et al. 2018).

With this study, we intend to advance the knowledge
of the variability in soil temperature below alpine
lichen heaths and shrub vegetation during the summer.
Therefore, the first aim of this study is to assess whether
and how the litter layer and moisture availability affect
the soil temperature below lichens and shrubs. To
address this aim, soil temperatures below plots with
and without litter layers were compared, and moisture
availability was varied by adding water to selected plots.
The second aim is to quantify the difference in soil
temperature between lichen heaths and shrub vegeta-
tion during the summer season. In addition, we want to
gain more insight into the variation in soil temperature
within lichen heaths. In the alpine environment of our
study location, topographical variations are likely very
important in this respect, and therefore the third aim is
to quantify the variation in soil temperature initiated
by topographical exposition. Small-scale variability in
topography can play an important role in the plant
species distribution and survival in mountainous
areas  (Scherrer and Korner 2011; Opedal,
Armbruster, and Graae 2015) and can therefore be
important for the distribution of vulnerable species
like lichens. To reach these aims, we selected thirty
lichen-dominated and fifteen shrub-dominated plots
in an alpine area in southern Norway and monitored
the soil temperature with a fine-scale temporal resolu-
tion during the summer of 2019. We applied specific
treatments on some of these lichen and shrub plots to
study the effect of the litter layer and evaporative cool-
ing on the soil temperature. We hypothesize that (1)
lichen plots have a higher soil temperature than shrub
plots, (2) north-facing lichen plots have lower soil



temperatures than south-facing lichen plots, (3) the
litter layer decreases the average soil temperature and
daily soil temperature variation below shrubs due to its
buffering capacity, and (4) a higher soil moisture avail-
ability will generate lower soil temperatures.

Methods
Study area

The study area is Imingfjell, an alpine area in southern
Norway (elevation range 1,100-1,350 m.a.s.l, 60.1901°
N, 8.5724° E). The landscape in the study area has an
undulating character with distinctive ridgetops and
snowbeds, which have a height difference usually not
more than approximately 5 m (Figure 1). The ridgetops
are mainly dominated by lichen heaths, with Cladonia,
Flavocetraria, Cetraria, and Alectoria being the most
dominant genera (Aartsma et al. 2020). Most common
shrub species are Betula nana and Empetrum nigrum,
which are located on the midslopes and on the ridgetops.
The soils in the area consist of coarse-grained material
with a silt and clay fraction of 5-20 percent in the matrix
and are classified as podzols or show clear signs of
podsolization (Aartsma et al. 2021). A nearby, but
slightly lower elevation, climate station measured an
average yearly air temperature of 0.5°C with a yearly
precipitation of 550 mm (MET Norway 2019).
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Data collection

Within the study area, we selected a study site of
approximately 0.5 km®. Within this study site, we
subjectively selected thirty lichen-dominated and fif-
teen shrub-dominated plots distributed over the entire
site. All selected plots were located on the ridgetops
and had a size of 1 m”. Five of the lichen-dominated
plots had a clear (>10°) north-facing slope and five of
the lichen-dominated plots had a clear (>10°) south-
facing slope. These slopes were located near the ridge-
tops and therefore represent small-scale topography
(Figure 1). All remaining plots had a slope lower
than 6°, which we consider flat. In each of the plots,
we buried two LogTag TRIX-8 soil temperature sen-
sors at 5-cm depth below the mineral soil surface.
These two sensors were buried 50 c¢cm apart and
25 cm from the edge of the plot. The sensors measured
the soil temperature every 15 minutes during the field
season (4 July-8 August). After two weeks (4-18 July),
we applied three treatments on fifteen lichen-domi-
nated plots and two treatments on ten shrub-domi-
nated plots. An overview of the treatments is given in
Table 1. The litter treatments (lichen add litter and
shrub remove litter) were applied to study the insulat-
ing capacity of the litter layer that is usually present
below shrub vegetation. The watering treatments
(lichen wet and shrub wet) were applied to increase
the available moisture in the plots, which can enhance

Figure 1. Location of Imingfjell in southern Norway and a picture of the study site. Lichen heaths were mainly located on the ridgetops,
with Cladonia, Flavocetraria, Cetraria, and Alectoria being the most dominant genera. Shrubs (mainly B. nana and E. nigrum) were
located on the midslopes and on the ridgetops. The lichen north-facing and lichen south-facing plots were located on the slopes of the

ridgetops. Figure from Aartsma et al. (2020).
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Table 1. The different plot types and treatment methods that we
used during this study.

Vegetation
type Plot type® Treatment method
Lichen Control —
North-facing —
South-facing —
Bare soil We removed a lichen patch of 20 x 20 cm
above the soil temperature sensor
Add litter At a total area of 20 x 20 cm above the soil
temperature sensor, we placed 5 cm of
B. nana litter below the lichen mat
Wet We poured 10 mm of water over the entire
plot every morning of the treatment period
with a watering can
Shrub Control —
Remove At a total area of 20 x 20 cm above the soil
litter temperature sensor, we removed the litter

layer from below the understory vegetation

Wet We poured 10 mm of water over the entire
plot every morning of the treatment period
with a watering can

Note. “Every plot type has five replicates, resulting in thirty lichen-dominated
and fifteen shrub-dominated plots.

the evapotranspiration and can in turn affect the soil
temperature pattern below the lichen- and shrub-
dominated plots. By removing the lichens from the
lichen plot (lichen bare soil), we wanted to study the
insulating properties of lichens compared to the insu-
lating properties of the litter below the shrub plots.
The treatments were randomly assigned to the plots.
Due to the weather conditions and other activities
during the field campaign, the treatment implementa-
tion took six days. After the application of the treat-
ments, we measured the soil temperature for sixteen
days (24 July-8 August). However, it was not possible
to water the plots for one day during this period, so
this day and the following day were excluded from the
analysis, leaving fourteen days of measurements for
the period after the treatment.

In addition to the soil temperature, several other
plot-specific variables were estimated. We determined
the vegetation composition by visually estimating the
percentage cover for all vascular plants and lichen
species. We also measured the vegetation height
along a north-south and east-west transect with

10 cm intervals, which resulted in twenty-two mea-
surements per plot. Moreover, we determined the
thickness of the litter layer above every soil tempera-
ture sensor. In addition, we measured the soil moist-
ure once during the treatment period with a Delta-T
SM150T soil moisture sensor on a dry day (3 August)
after two days without rain. Four measurements were
performed in each corner of every plot. We assessed
the slope angle and the aspect of the plots with
a compass and a clinometer. The background weather
conditions were measured with a HOBO RX3000
remote weather station on one location in the study
area. This weather station measured, among others,
the air temperature at 2 m height, which was used
for the data analysis.

Data analysis

For each treatment, we collected ten time series of soil
temperature. We visually checked these time series for
large deviations from the expected pattern. Time series
from two sensors (one in a lichen north-facing plot and
one in a lichen control plot) were omitted for further
analysis, because one sensor did not conduct any measure-
ments and the other sensor showed unrealistic measure-
ments (i.e, a continuous soil temperature higher
than 20°C).

We calculated the mean soil temperature of the entire
field season (4 July-8 August) per soil temperature sensor
for the plots on which no treatment was applied (lichen
control, lichen north-facing, lichen south-facing, and
shrub control). To test whether there was a difference in
soil temperature between these plot types, we built a mixed
effects model with plot type as a fixed effect and plot
number as a random effect. Subsequently, Tukey’s test
was used to test which plot types differed from each other.

To study the effect of the treatments on the soil tem-
perature regime, we calculated various soil temperature
variables (Table 2). These calculations led to one value
per sensor for the period before the treatment
(4-18 July) and one value per sensor for the period after

Table 2. A list of the soil temperature variables that were used for analysis and their calculation method.

Soil temperature variable Abbreviation Calculation per sensor per period (before/after treatment) Unit

Mean soil temperature Mean Mean (ST) °C

Mean of daily soil temperature amplitude Amplitude Mean ((STmax — STmin);) °C

Mean of the difference in time between maximum air ATimeMax Mean ((ATimeaTmax-sTmax)i) Hour
temperature and maximum soil temperature

Mean of the difference in time between minimum air ATimeMin Mean ((ATimeartmin-stmin)i) Hour
temperature and minimum soil temperature

Sum of the maximum daily soil temperatures CumSTMax % ((STmax);) Degree days

Sum of the minimum daily soil temperatures CumSTMin 2 ((STmin);) Degree days

Heat sum Heat sum 2 ((STmean);) Degree days

Note. i indicates the calculation for each day (fourteen days per period). ST = soil temperature, AT = air temperature.



the treatment (24 July-8 August) for each soil temperature
variable. We recalculated the 5-minute air temperature
measurements to 15-minute averages to match the sam-
pling interval of the soil temperature measurements and to
achieve a better estimation of the timing of the maximum
and minimum of the daily air temperature wave, because
this wave is smoothed from noise. Because our sample
design was equivalent to a before-after—control-impact
approach (Stewart-Oaten, Murdoch, and Parker 1986),
we analyzed our data in a similar way as other studies
that have followed this approach (e.g., Gaftney et al. 2020).
Therefore, we built mixed effects models for each of the
soil temperature variables and for each of the treatments.
Each model contained a fixed effect of treatment (control
vs. treatment), a fixed effect of time (before vs. after treat-
ment). and their interaction (Treatment x Time). Plot
number was included as a random effect. We considered
a significant effect of the treatment on the soil temperature
variable when the interaction term Treatment x Time had
a p value < .05. All analyses were performed in R v4.0.2
(R Core Team 2020) with the packages Ime4 (Bates et al.
2015) and multcomp (Hothorn, Bretz, and Westfall 2008).

Results
General plot characteristics and weather conditions

All lichen plots contained a minimum of 90 percent
pale-colored lichen species. Most of these lichen plots
(twenty-five) were dominated by Flavocetraria nivalis,
F. cucullata, and Alectoria ochroleuca. The other five
lichen plots were dominated by Cladonia arbuscula
and C. stellaris. The mean (+ SE) vegetation height of
the lichen plots was 6.7 (+ 0.2) cm. All shrub plots
consisted of at least 80 percent B. nana. The mean
(+ SE) vegetation height of the shrub plots was 27.8
(£ 1.1) cm, and the mean (+ SE) thickness of the litter
layer below the shrub plots was 5.7 (+ 0.5) cm.

The mean air temperature during the entire field
season was 11.3°C. During the period before the treat-
ments, the mean air temperature at 2 m height was
10.1°C with a total precipitation of only 4.8 mm. The
period after the treatments was slightly warmer (12.8°C)
but much wetter (27 mm). Time series of the air tem-
perature, precipitation, relative humidity, wind speed,
and incoming solar radiation during the field season are
provided in Supplementary Information 1.

Difference in soil temperature between vegetation
type and aspect

The mean (+ SE) soil temperature below the lichen
control plots was 9.89°C (z 0.16), and the mean (+ SE)
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soil temperature below the shrub control plots was
8.44°C (x+ 0.25; Figure 2). The soils under the lichen
control plots were thus on average 1.45°C warmer than
the soils under the shrub control plots. The mean (+ SE)
soil temperature below the lichen north-facing plots was
9.16°C (* 0.16), which is 1.66°C lower than the mean
(+ SE) soil temperature below the lichen south-facing
plots (10.82°C £ 0.16°C).

Treatment experiment

Removing the lichens (lichen bare soil) generated
a higher mean soil temperature and affected other soil
temperature characteristics (Figure 3, Table 3). Before
the treatment, the mean soil temperature below the
lichen bare soil plots was 0.15°C lower than the mean
soil temperature below the lichen control plots, whereas
after the treatment, the mean soil temperature below the
lichen bare soil plots was 0.90°C higher than the lichen
control plots (Supplementary Information 3). This indi-
cates that lichens insulated the soil with 1.05°C
(Figure 3a). Similarly, removing the lichens initiated an
increase in daily amplitude of 4.0°C (Figure 3b),
a decrease in delay in maximum soil temperature of
1.4 hours (Figure 3c), and a decrease in delay in mini-
mum soil temperature of 1.1 hours (Figure 3d) com-
pared to the lichen control plots. In addition, the
cumulative maximum soil temperature was 47.54 degree
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Figure 2. Mean soil temperature over the entire field season
(4 July-8 August) for the lichen control plots, the lichen north-
facing plots, the lichen south-facing plots, and the shrub control
plots. Plots that do not have a letter in common are statistically
different (p < .05).
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Figure 3. Effect of the different treatments and vegetation type on the soil temperature variables. Averages per treatment per period
(before/after treatment) are given, with error bars indicating the standard error. ATimeMax is the mean of the difference in time
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Table 3. Overview of the significance of the interaction Treatment x Time in the mixed effects models for the different treatments and
different soil temperature variables.

ATime ATime CumST CumST
Mean Amplitude Max Min Max Min Heat sum
Lichen Bare SO” *X¥ *%¥ *X¥ A%¥ A¥¥ *X¥ *X¥
Add litter ** * * * **
Wet
Shrub Remove litter * * * * *
Wet

Notes. No sign means no significant interaction. More details on the outcome of the model are provided in Supplementary Information 2. ATimeMax = mean of
the difference in time between maximum air temperature and maximum soil temperature; ATimeMin = mean of the difference in time between minimum air
temperature and minimum soil temperature; CumSTMax = sum of the maximum daily soil temperatures; CumSTMin = sum of the minimum daily soil

temperatures.
*p < .05. **p < .01. ***p < .001.

days higher (Figure 3e), the cumulative minimum soil
temperature was 8.44 degree days lower (Figure 3f) and
the heat sum was 19.55 degree days higher (Figure 3g)
compared to the lichen control plots (Supplementary
Information 3).

Adding a 5-cm-thick layer of B. nana litter below the
lichen mat (lichen add litter) cooled the soil and had an
effect on some of the other soil temperature variables.
The mean soil temperature decreased by 0.38°C below
the lichen add litter plots compared to the lichen control
plots (Figure 3a, Supplementary Information 3).
Moreover, the delay in maximum and minimum soil
temperature increased by 0.78 and 0.38 hours, respec-
tively (Figures 3c,d). Furthermore, adding a litter layer
below the lichen mat decreased the cumulative maxi-
mum soil temperature by 8.75 degree days (Figure 3e)
and the heat sum by 5.24 degree days (Figure 3g) com-
pared to the lichen control plots (Supplementary
Information 3).

Removing the litter layer below the shrub plots (shrub
remove litter) resulted, among others, in a warming of
the soil. The difference in mean soil temperature
between shrub remove litter and shrub control was
0.64°C before the treatment, whereas this difference
was only 0.07°C after the treatment (Supplementary
Information 3). Therefore, removing the litter layer
caused an increase in mean soil temperature of 0.57°C
relative to the shrub control plots (Figure 3a). Moreover,
this treatment increased the amplitude by 0.63°C
(Figure 3b), decreased the delay in minimum soil tem-
perature by 0.92 hours (Figure 3d), increased the cumu-
lative maximum soil temperature by 12.57 degree days
(Figure 3e), and increased the heat sum by 8.15 degree
days (Figure 3g) compared to the shrub control plots
(Supplementary Information 3). The mean (+SE) thick-
ness of the litter layer that was removed in the shrub
remove litter plots was 5.5 cm (£0.7).

Creating wet plots (lichen wet and shrub wet) did not
have an effect on any of the soil temperature variables
for both the lichen and shrub plots (Table 3), despite the

wet plots having a higher soil moisture than the control
plots (Supplementary Information 4).

Temporal dynamics

The effect of different plot types and treatments depends
clearly on the background weather conditions, as is
evident from an analysis of the response during six
consecutive days that included a relatively cold period
(Figure 4). During these six days, the soil temperature
response to a rapid decrease in air temperature empha-
sizes the buffering capacity of lichens and litter. The
lichen bare soil plots and the shrub remove litter plots
cooled down faster and more rigorously compared to
the control plots (Figures 4c,d). The lichen add litter
plots cooled down slower and less rigorously compared
to the lichen control plots (Figure 4c). The soil tempera-
ture below the lichen north-facing plots did not differ
from the soil temperature below lichen south-facing
plots during cold and foggy days, whereas they had
a lower soil temperature during warm and sunny days
(Figure 4b). Moreover, the lichen control plots did not
have a higher soil temperature than the shrub control
plots during the cold and foggy period (Figure 4b).

Discussion
Vegetation type and aspect

The higher mean soil temperature below the lichen
control plots compared to the shrub control plots
during the summer is in line with our first hypothesis
and consistent with earlier studies that have mea-
sured higher soil temperatures below lichens com-
pared to shrubs during summer (Mikola et al. 2018;
Aartsma et al. 2021). The average difference in soil
temperature between our lichen and shrub plots
(1.45°C) is close to the difference in soil temperature
between shrubs and open tundra plots (2°C) found
by Myers-Smith and Hik (2013) in Canada in July.
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Figure 4. Time series of six consecutive days of (a) the air temperature, (b) the soil temperature in the plots without treatment, (c) the
soil temperature in the lichen plots with treatment, and (d) the soil temperature in the shrub plots with treatments. Each time series is
the mean of all sensors per treatment with the standard error (shaded areas). Only the treatments with a significant effect on the soil
temperature variables are displayed. See Table 1 for details on the treatments.

The lower average soil temperature of the lichen
north-facing plots compared to the lichen south-
facing plots is in line with our second hypothesis
and shows that lichen heaths are not an exception
from the usual pattern that north-facing slopes have
lower soil temperatures than south-facing slopes in
alpine areas (Barry 2008; Wundram, Pape, and Loffler
2010; Winkler et al. 2016). These results reveal that
even within the small-scale topography of our study
area, the soil temperatures below lichen heaths on
north- and south-facing slopes differ. This contri-
butes to the large variation in soil temperature over
short distances and might subsequently increase the
plant species diversity in alpine areas (Scherrer and
Korner 2011; Opedal, Armbruster, and Graae 2015).
Furthermore, this variation is strongly dependent on
the background weather conditions, because the

difference in soil temperature between north- and
south-facing slopes is present during sunny and
warm days but is absent during cold and cloudy
conditions (Figure 4b).

Treatment experiment

Our results of the treatment experiment are only partly in
line with our third and fourth hypotheses. We found that
the shrub litter indeed has the capacity to buffer the soil
temperature below shrubs. The thermal conductivity of
organic matter is low (0.25 W m™" K" for organic matter
vs, .70 W m™' K for a sandy alpine/Arctic soil
(Beringer et al. 2001; Barrere et al. 2017) and, therefore,
the soil with a litter layer will gain and lose heat less easily
than a soil without litter layer (Oke 2002). This leads to
lower soil temperatures and lower soil temperature



fluctuations during the summer for soils with a litter layer
(e.g., soils below shrubs) than soils without a litter layer
(e.g., soils below lichens). Interestingly, Figure 3 shows
that the CumSTMax (sum of the maximum daily soil
temperatures; Figure 3e) and the heat sum (Figure 3g)
were lower in the shrub removelitter plots than in the
lichen control plots after the treatment was applied. This
implies that, in addition to the litter layer, other processes
or vegetation characteristics induce a lower soil tempera-
ture below shrubs relative to the soil temperature below
lichens.

A factor that could lead to a lower soil temperature
below shrubs compared to lichens is a higher evapotran-
spiration rate for the shrub plots compared to the lichen
plots. However, we did not find an effect of an increased
availability of moisture on any of the soil temperature
variables for both the lichen wet plots and the shrub wet
plots. Because we expected that the effect of an increase
in available moisture and thereby a potential increase in
evaporative cooling on the soil temperature would be the
largest on warm days, we selected the five warmest days
of the period after the treatment and repeated the ana-
lysis in the same way with the five warmest days repre-
senting the period after the treatment. However, during
these five warm days, we did not find an effect of adding
moisture on any of the soil temperature variables for
both the lichen wet and shrub wet plots. Therefore, we
found no evidence that a higher moisture availability
resulted in lower soil temperatures, and our fourth
hypothesis cannot be confirmed by our results.
Conceivably, the evaporative cooling generated by the
moist conditions was counterbalanced by an increased
thermal conductivity of the soil and the lichens because
of the higher moisture content (Beringer et al. 2001;
O’Donnell et al. 2009; Beer et al. 2018). For instance,
Oke (2002) reported that the thermal conductivity of
a saturated sandy soil (2.20 W m™' K) is more than
seven times larger than the thermal conductivity of a dry
sandy soil (0.30 W m' K.

In an earlier study (Aartsma et al. 2021), we hypothe-
sized that shading of the soil by the shrub canopy could
also lead to a lower soil temperature below shrubs than
below lichens. Although we did not test the effect of
shading by the shrub canopy on the soil temperature
during this study, multiple studies have reported this
effect (Blok et al. 2010; Myers-Smith and Hik 2013; Frost
et al. 2018; Loranty et al. 2018; Aguirre, Benhumea, and
McLaren 2021). Moreover, the findings in our study
suggest that shading by shrub canopy causes a lower
soil temperature below shrubs compared to lichens.
The difference in CumSTMin (sum of the minimum
daily soil temperatures) between the lichen- and shrub-
dominated plots is marginal (Figure 3f), whereas the
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difference in CumSTMax between the lichen- and
shrub-dominated plots is clear (Figure 3e). This could
be an indication of the shading effect, because the shad-
ing by shrubs is absent during the time that the mini-
mum soil temperatures occur (usually between 0400 and
0800), when the incoming solar radiation is absent or
minor. The shading effect of the shrubs is present during
the time that the maximum soil temperatures occur
(usually between 1500 and 1900), whereas the incoming
solar radiation is high at that time. Furthermore, the
difference in delay in minimum soil temperature
between lichen- and shrub-dominated plots is still pre-
sent (Figure 3d) because the litter layer buffers the soil
temperature from a decreasing air temperature during
the morning. Therefore, we hypothesize that the lower
soil temperature below shrubs compared to lichens is
governed by a combined effect of the buffering capacity
of the litter layer below shrubs and shading of the soil by
the shrub canopy.

The lichen bare soil treatment had the largest effect
on the soil temperature variables. This confirms the
importance of the buffering capacity of the lichens rela-
tive to the other treatments. Moreover, it supports other
studies that have reported the strong insulating capacity
of lichens (Beringer et al. 2001; Gold, Glew, and Dickson
2001; Macias-Fauria et al. 2008; Porada, Ekici, and Beer
2016; Nystuen et al. 2019; Van Zuijlen et al. 2020). In
line with our results, Nystuen et al. (2019) reported, in
addition to a lower mean soil temperature, a lower max-
imum and higher minimum soil temperature below
lichens compared to bare soil. In addition to a lower
soil temperature below lichens compared to bare soil,
both Nystuen et al. (2019) and Van Zuijlen et al. (2020)
also measured different soil temperatures below mono-
cultures of several lichen species driven by the distinct
characteristics of the lichen species. Our lichen plots
were dominated by mixtures of the genera Cladonia,
Flavocetraria, Cetraria, and Alectoria. This might there-
fore have led to additional variation in the soil tempera-
ture between our lichen plots.

Implications for alpine and Arctic areas

Based on our results, several potential implications for
alpine and Arctic areas can be foreseen. However, care
needs to be taken, because our measurements were only
conducted for one month in the summer. We thus did
not measure temperatures for the whole growing season
or directly after snowmelt. Moreover, we note that tem-
peratures during winter and spring could potentially
have influenced soil temperatures during the entire
growing season.



10 P. AARTSMA ET AL.

According to our results, a shift from lichen heaths to
shrub vegetation may induce lower variation in soil tem-
perature on a daily scale during the summer, especially on
warm, sunny days. However, this shift might also lead to
less variation in soil temperature on a yearly scale. Our
measurements indicate that this shift will generate lower
soil temperatures in the summer, though other studies
have reported that shrub expansion will increase the soil
temperature during winter due to trapping of snow by the
shrub canopy. Myers-Smith and Hik (2013) reported that
the soil temperature is 4°C to 5°C higher below shrubs
compared to open tundra patches during January. We
expect that the difference in winter soil temperatures
between lichen heaths and shrub vegetation will be larger
than 4°C to 5°C, because lichen heaths are mainly located
on windswept ridges, which are characterized by low soil
temperatures during winter due to the absence of an
insulating snow layer (Dahl 1956; Sundstel and Odland
2017). Therefore, the potential implications of a change in
soil temperature regime—for example, an increased
nutrient availability for plant growth as a consequence
of more microbial activity and higher litter decomposi-
tion rates (Schimel, Bilbrough, and Welker 2004; Gavazov
2010)—might be relatively large when a lichen heath
shifts to shrub vegetation. An increased nutrient avail-
ability would further improve the growing conditions for
shrubs and would therefore improve the competitiveness
of shrubs over lichen heaths (Zamin and Grogan 2012).

Although we reveal that the soil temperature during
summer may decrease after lichen heaths develop into
a shrub-rich environment, this might be only a short-
term effect. The ongoing climate change, amplified by
the shrubification of alpine and Arctic areas (Chapin
et al. 2005; Pearson et al. 2013), will lead to higher air
temperatures. For example, the air temperature in
Norway is projected to increase by 3°C during the cur-
rent century (2000-2100) according to the intermediate
scenario (RCP4.5) of the Intergovernmental Panel on
Climate Change (Hanssen-Bauer et al. 2017). The
increase in air temperature will ultimately lead to higher
soil temperatures. This warming effect of an increase in
air temperature on the soil temperature might over-
whelm the cooling effect of the litter layer and the shad-
ing by the shrub canopy (Lawrence and Swenson 2011;
Bonfils et al. 2012). Although the cooling effect of the
litter and the shading of the shrub canopy will still be
present under warmer conditions, both effects will prob-
ably not be able to keep future soil temperatures below
or around current soil temperatures. Therefore, the net
effect of the shift from lichen heaths to shrub vegetation
might be an increase in soil temperature when longer
timescales (e.g., multiple decades) are considered.

Conclusion

We hypothesized that (1) lichen plots have a higher soil
temperature than shrub plots, (2) north-facing lichen
plots have lower soil temperatures than south-facing
lichen plots, (3) the litter layer decreases the soil tem-
perature and daily soil temperature variation below
shrubs due to its buffering capacity, and (4) evaporative
cooling will generate lower soil temperatures. We
found that the soil temperature below lichen heaths
was 1.45°C higher than the soil temperature below
shrub vegetation during summer. Moreover, we show
that small-scale topography leads to more variation in
soil temperature below lichen heaths because we mea-
sured a difference in soil temperature of 1.66°C
between north- and south-facing lichen heaths.
However, this difference in soil temperature between
lichen heaths and shrub vegetation and the variability
in soil temperature within lichen heaths is dependent
on the weather conditions, because we found minor
variation in soil temperature during cold and foggy
days. Based on our treatment experiment, we conclude
that the buffering capacity of the litter layer leads to the
lower soil temperature below shrubs compared to
lichens during the summer. Moreover, our results
show indications that shading of the soil by the shrub
canopy is an additional driver of the variation in soil
temperature between lichen heaths and shrub vegeta-
tion. We were not able to find evidence that an
increased moisture availability and therefore
a potential increase in evaporative cooling induces the
lower soil temperature below shrubs than below
lichens. With this study, we advanced the knowledge
of soil temperature dynamics in an alpine environment
and gained insights into the consequences of the fore-
seen shift from lichen heaths to shrub vegetation.
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