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ABSTRACT

Lichen heaths are declining in abundance while shrubs are increasing their range in alpine and
arctic areas due to climate change. This can have a large impact on the surface albedo of these
areas. The aim of this article is to quantify the difference in albedo between lichen heaths and
shrub-dominated vegetation and the variability within lichen heaths. Several environmental con-
ditions that can influence the albedo measurements are considered. We measured the albedo of
twenty lichen- and shrub-dominated plots on an alpine mountain area in southern Norway in the
summer of 2018 with two radiometers using a paired plot design. With this design, we ensured
similar weather conditions, aspects, and zenith angles between the paired lichen- and shrub-
dominated plots. In addition, we collected patches of Cladonia stellaris and Flavocetraria nivalis to
measure their albedo. The average difference in albedo between the lichen- and shrub-dominated
plots is 0.124. The albedo of the lichen-dominated plots varies between 0.227 and 0.284, and that of
the shrub-dominated plots varies between 0.115 and 0.148. This variation in albedo is explained by
differences in aspect and vegetation composition. Further studies should focus on the conse-
quences of this decrease in albedo for the microclimate in alpine and arctic areas.
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Introduction
a thermally insulating layer for the underlying soil

(Beringer et al. 2001; Porada, Ekici, and Beer 2016). In
addition, the relatively high albedo compared to other
vegetation types can lead to differences in microclimate.
Due to this high albedo, more shortwave radiation will

Warming causes changes in vegetation composition,
especially in alpine and arctic areas (Wilson and
Nilsson 2009; Vanneste et al. 2017; Maliniemi et al.
2018). Shrubs, for instance, are extending their range

(Sturm, Racine, and Tape 2001; Hallinger, Manthey, and
Wilmking 2010); species richness is locally increasing or
decreasing (Michelsen et al. 2011); and certain plant
species show elevational shifts (Walther et al. 2002;
Klanderud and Birks 2003). One of the vegetation
types in alpine and arctic areas most vulnerable to cli-
mate change is lichen heaths (Bjerke 2011). Recent stu-
dies have shown that lichen heaths are decreasing as
a response to climate change through an increased com-
petition with vascular plants (e.g., Cornelissen et al.
2001; Elmendorf et al. 2012) but also because of other
factors, such as reindeer grazing and trampling (e.g., den
Herder, Kytoviita, and Niemeld 2003; Joly, Jandt, and
Klein 2009).

Lichens can also affect the climate of their direct
environment. Several studies suggest that lichens act as

be reflected, leading to a lower net radiation for lichens
compared to other vegetation with a lower albedo.
A lower net radiation means that less energy is available
to heat the environment (Oke 2002). Not only will the
microclimate be affected by the decrease in lichens but
potentially climate on a larger scale because large parts
of alpine and arctic areas are covered with lichens. For
instance, alpine lichen heaths cover 6 percent of Norway
(Bryn et al. 2018). Porada, Ekici, and Beer (2016) mod-
eled an average surface coverage of 69 percent for
lichens and bryophytes in boreal forest and tundra at
high latitudes. If lichen cover is reduced substantially,
the albedo will decrease, and this might result in an
increase of atmospheric heating for this region, as pro-
posed by others (Chapin et al. 2005; Myers-Smith et al.
2011). For this reason, the decrease in lichens in alpine
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and arctic environments as an indirect effect of climate
change can act as a positive feedback by further increas-
ing temperatures. Hence, it is important to study how
a decrease in lichen heaths affects the radiation budget
and climate. To quantify the influence of lichens on the
climate, a good estimation of their albedo is necessary.

The albedos of lichen heaths and single lichen species
have been measured with both remote sensing and
direct observations on the ground (Stoy et al. 2012;
Cohen et al. 2013). Satellite images are often too coarse
for albedo measurements of one single vegetation type
or species in alpine areas, because vegetation is generally
too fragmented in these areas (Virtanen and Ek 2014).
Moreover, it is difficult to estimate the exact species
composition of the area measured. Few studies have
tried to quantify the albedo of lichens or pure lichen
heaths in the field or in the laboratory (Table 1). These
measurements indicate a large variation in albedo
between lichen species as well.

The measured albedos of most of these lichen species
are higher than the albedos of other alpine vegetation
types. For instance, Juszak et al. (2016) measured an
albedo of 0.15 for a surface dominated by dwarf birch
(Betula nana), one of the shrub species that has been
shown to benefit most from global warming in alpine
and arctic areas (Sturm, Racine, and Tape 2001;
D. Walker et al. 2003). This lower albedo is caused not
only by the higher reflection of lichens but also by the
more complex canopy structure of shrubs. The taller
shrub branches trap the radiation more easily in their
canopy than lichens, leading to a lower albedo (Oke
2002; Beringer et al. 2005). Several studies have found
evidence for marked expansion of shrubs in the Arctic at
the expense of lichens (M. D. Walker et al. 2006; Fraser
et al. 2014; Chagnon and Boudreau 2019). This shrub
expansion results in a lower albedo and a higher absorp-
tion of solar radiation with potential impacts on the
microclimate (Sturm et al. 2005) and climate on
a regional scale (Loranty and Goetz 2012). The different
studies measuring the albedo of lichen species and other

Table 1. Albedo of lichen species measured in previous studies.

Species Albedo Reference Method
Cladonia terranova/ 0.38 Heim and Lundholm  Field
Cladonia boryi (2013)

Unidentified 0.31  Peltoniemi et al. Laboratory
(2010)

Stereocaulon paschale 0.26  Petzold and Rencz Field
(1975)

Cladonia stellaris 0.22  Petzold and Rencz Field
(1975)

Cetraria ericetorum 0.12  Petzold and Rencz Field
(1975)

Variety of lichen species 0.21  Petzold and Rencz Field
(1975)
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vegetation types have provided important insight into
the differences in albedo between lichens and other
vegetation. However, these albedo values are difficult to
compare because the impacts of several environmental
factors have not yet been accounted for.

Several environmental factors can affect the measure-
ment of albedo. Cloud cover and the solar zenith angle
are two factors that can influence the measurements,
even within the same day (Goodin and Isard 1989;
Yang et al. 2008; Juszak et al. 2016). Clouds produce
more diffuse solar radiation, which is more easily
trapped by vegetation canopies than direct solar radia-
tion. Therefore, the presence of clouds can potentially
lead to a lower albedo. Other factors can influence
albedo measurements as well, such as the aspect of
a surface and the day of the year (Sicart et al. 2001;
Yang et al. 2008). If these factors are not taken into
account in comparison of albedo measurements of
lichens with those of other vegetation, an adequate esti-
mation of the difference in albedo between the surfaces
cannot be made.

We aim to quantify the difference in albedo between
lichen heaths and shrub-dominated vegetation in an
alpine mountain area in southern Norway. During
a field study, we simultaneously measured the albedo
on lichen- and shrub-dominated plots with two radio-
meters. This paired study design ensured similar
weather conditions, landscape position, zenith angles,
and aspects for the lichen and the corresponding shrub
plot. A second aim was to study the causes of the varia-
tion in albedo between the measured lichen heaths. In an
additional controlled experiment, we measured the dif-
ference in albedo between two lichen species, Cladonia
stellaris and Flavocetraria nivalis. Subsequently, we
related the albedo of these two species to the findings
in the field. With this study, we advance the understand-
ing of the impact of the decrease in lichens in alpine and
arctic areas on climate. Furthermore, the measured
albedo values can be used for modeling purposes in
order to model future climatic conditions in these areas.

Methods
Field study

Study area

The study area is part of the Imingfjell mountains
(60.1901° N, 8.5724° E), located in Buskerud County,
east of the Hardangervidda mountain plateau in southern
Norway (Figure 1). This area is located above the tree line
and has an elevation of 1,150 = 10 m. The area stretches
approximately 2.5 km along a county road and 200 m
from this road into the field. The landscape is
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Figure 1. Location of Imingfjell in southern Norway and a picture of the study area showing that the lichen heaths are mainly found on

the ridgetops and the shrubs on the ridgetops and midslopes.

characterized by an undulating topography with about
5 m height difference between the ridgetops and the low-
lying parts. The area is dominated by low alpine vegeta-
tion with lichen heaths covering the numerous ridgetops
(Figure 1). The nearby but slightly lower elevated (800 m)
climate station of Dagali reported an average yearly tem-
perature of 0.5°C and an average yearly precipitation of
550 mm (MET Norway 2019). However, the period May
to July of 2018, when the fieldwork was conducted, was
relatively warm and dry. The average temperature of this
period was 4.3°C above normal and only 60 percent of the
normal precipitation was registered in this part of Norway
(Skaland et al. 2019).

Sample design and measurements

As afirst step, we delineated the lichen patches in ArcMap
(Environmental Systems Research Institute 2019) using
aerial images of the study area obtained from Geonorge
(2018). This resulted in a total area of 15.3 ha of lichen
patches. We then randomly selected twenty locations
within these lichen patches. While in the field, at each
location we chose first a circular plot that was dominated
by lichens and a circular plot that was dominated by
shrubs, based on the criteria listed in Table 2. By using
these criteria, we ensured that the lichen and shrub plot at
one location had the same landscape position, aspect,
zenith angle, and weather conditions. We placed
a calibrated Kipp & Zonen CNR4 net radiometer (pyran-
ometer accuracy: 5 percent) in each plot at a height of
30 cm in a horizontal position and measured the incom-
ing and reflected shortwave radiation simultaneously at
both plots (see Supplementary Information 1 for a picture
of the setup). We calculated the albedo by dividing the
reflected shortwave radiation by the incoming shortwave

Table 2. Criteria for the selection of lichen-dominated plots and
corresponding shrub-dominated plots.
Plot characteristics

Criteria

<50 m from random location

<50 m from selected lichen plot
Ridgetop

=50 percent of targeted vegetation type
<10 percent

Location lichen plot
Location shrub plot
Landscape position
Vegetation composition
Non-vegetation surface

Size >4 m?

Radius >112 cm

Slope angle <10°

Aspect <10° difference between paired plots

Other Undisturbed (e.g., no grazing)

No overlap with already chosen plot

radiation. At 30 cm above the surface, the radiometer has
a measurement radius of 112 cm, implying a plot area of
4 m’. The radiometers measured every five seconds and
the two data loggers (Kipp & Zonen LOGBOX SE)
recorded five-minute averages. On ten of the twenty
paired plots, we measured the albedo for two days per
paired plot, leading to twenty days of measurements
between 4 July and 13 August 2018. To minimize the
effect of precipitation on the albedo measurements, we
ensured that none of these twenty days contained more
than 30 minutes of precipitation . Due to time restrictions,
we measured the albedo of the other ten paired plots for
only 30 minutes per plot distributed over two days (26
and 27 July 2018). All ten plots were measured between
9:00 a.m. and 6:00 p.m. (zenith angle between 37° and 63°)
to ensure that the zenith angle had a minimum effect on
the albedo (Lafleur, Wurtele, and Duguay 1997). Plots
that were measured for two days are hereafter referred
to as two-day plots, and plots that were measured for
30 minutes are hereafter referred to as 30-minute plots.
In each plot, we visually estimated the percentage
cover of all vascular plant and lichen species. The



nomenclature followed Artsdatabanken (2018). The
slope angle and aspect of the plots were determined
using a clinometer.

Data analysis
We calculated a two-day average albedo for every two-day
plot. Only measurements between 9:00 a.m. and 6:00 p.m.
were used because deviations in the measurements increase
with larger zenith angles (Kipp & Zonen 2014; see
Supplementary Information 2 for examples of time series
of the measurements). We conducted a Wilcoxon signed-
rank test between the average albedo of the ten two-day
lichen and corresponding shrub plots to analyze the differ-
ence in albedo between the two plot types. The paired design
controls for differences in zenith angle, aspect, and weather
conditions between the lichen- and shrub-dominated plots.
For further analysis, we combined the albedo of the two-
day plots and the 30-minute plots. To create a data set with
a consistent measurement duration, a random 30-minute
period was taken from every two-day plot. A Wilcoxon
signed-rank test between the average albedo of the randomly
selected 30-minute and two-day average albedo showed no
significant difference (average difference: 0.0075 + 0.0013;
Supplementary Information 3). The 30-minute plots were
measured on two days without clouds, whereas the two-day
plots were measured during clear and cloudy days. This
could potentially bias the analysis because cloud cover
might have an influence on the albedo (Goodin and Isard
1989). In addition, the variation in zenith angles due to
different measurement times of the 30-minute albedos
within a day might cause additional noise (Goodin and
Isard 1989). However, we did not find a systematic influence
of cloud cover and zenith angle on the albedo
(Supplementary Information 4 and 5); therefore, we con-
cluded that it was reasonable to combine the average albedo
of the random 30-minute measurements of the two-day
plots and the albedo of the 30-minute plots into one data set.
We performed linear regressions between the albedo
and percentage of the most abundant species per lichen-
dominated plot to study whether certain species are
associated with a higher albedo. The percentage of all
species was recalculated to relative percentage so the
abundance of all species in one plot summed up to
100 percent. We analyzed the vegetation composition
of the lichen-dominated plots with detrended corre-
spondence analysis (DCA) using the Vegan package (J.
Oksanen et al. 2018) in R. With a DCA, we investigated
any patterns of species and plots along underlying envir-
onmental gradients. These main patterns can provide
information on co-occurrence of the studied species.
The data were square root transformed and rare species
were downweighted. We fitted the albedo in the DCA
diagram using the envfit command of the Vegan
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package to study whether there was a relation between
the species composition of the plots and the albedo. We
applied beta regression using the betareg package
(Cribari-Neto and Zeileis 2009) to study the influence
of slope and aspect on the albedo of the lichen-
dominated plots. Beta regression was chosen because
the response variable (albedo) varies between 0 and 1.
The total percentage of all Cladonia spp. was added as an
explanatory variable as a proxy for the vegetation com-
position. All possible models including interactions were
built and the one with the lowest Akaike information
criterion was selected. One plot was removed from the
analysis because it had a high leverage in the model
(Cook’s distance = 1.8). All analyses were done using
R v3.4.3 (R Core Team 2017).

Controlled experiment

To investigate the difference in albedo between lichen
species, we collected mats of F. nivalis and C. stellaris on
Imingfjell to perform controlled experiments. These two
species were chosen because they are among the most
abundant lichen species in alpine areas, and plots domi-
nated by either of these two species had different albedos
during the field study (see Results). We placed both species
on two circular boards and measured the albedo with the
same two radiometers used in the field study on six clear
days in April 2019 near the city of B in southern Norway
(59.409156° N, 9.056464° E; 81 m a.s.l; see Supplementary
Information 6 for a picture of the setup). Because we
expect, based on the field study, a small difference in albedo
between the two species, the radiometers were changed
regularly between both lichen plots to exclude potential
bias caused by differences between the radiometers
(Eugster, Mcfadden, and Chapin 1997). We measured the
albedo of both species simultaneously for 30 minutes in the
morning and 30 minutes in the afternoon. The solar zenith
angle was kept constant within a day and between days
during all measurements (57°-60°).

To study the impact of aspect on the albedo of the two
species, we measured the albedo of the lichen species for
30 minutes in a north-facing position and 30 minutes in
a south-facing position in the morning. During the same
solar zenith angles in the afternoon (46°-57°), we measured
the albedo again using the same procedure. We used
a constant slope angle of 8°.

Due to constraints of time and resources, it was not
possible to gather more specimens in the field and there-
fore only one plot of C. stellaris and one plot of F. nivalis
was available. Hence, we calculated only the average
albedo of the six measurement days for these two lichen
species and the average albedo of the different aspects.
We conducted no further statistical tests.
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Results
Field study

The studied lichen-dominated plots consist of at least
85 percent lichens and the studied shrub-dominated
plots consist of at least 90 percent shrubs. The main
genera observed in the lichen-dominated plots are
Cladonia, Flavocetraria, Cetraria, and Alectoria. The
main shrub species in the plots are B. nana and
Empetrum nigrum (see Supplementary Information 7
and 8 for the vegetation composition of the plots).
The albedo of the lichen-dominated plots was, on
average (+SE), 0.124 % 0.005 higher than the albedo
of the shrub-dominated plots (p = .002). The mean
(+SE) albedo for the ten two-day lichen-dominated
plots was 0.255 + 0.007 and that for the ten two-day
shrub-dominated plots was 0.132 + 0.003 (Figure 2).

Lichen-dominated plots with a relatively high abundance
of F. nivalis and Alectoria ochroleuca have a higher albedo
compared to plots with a relatively high abundance of lichen
species of Cladonia spp., Cetraria ericetorum, and the dwarf
birch B. nana (Figure 3). Flavocetraria cucullata (R* = 0,052,
p = .3; Figure 3b) and E. nigrum (R* = 0.009, p = .7; Figure 3i)
have no significant relationship with albedo. The ordination
separates the Cladonia spp. and F. nivalis and A. ochroleuca,
which implies that they are not likely to occur abundantly
together (Figure 4). The albedo increases toward F. nivalis and
A. ochroleuca (r = 0520, p = .004), indicating that plots
dominated by these species have a higher albedo than plots
dominated by Cladonia spp. This is in agreement with the
relationships found in Figure 3. The DCA diagram also
indicates that Cetraria ericetorum and B. nana are more likely
to occur in plots dominated by Cladonia spp. than in plots
dominated by F. nivalis and A. ochroleuca.

The best model to explain the variation in albedo
between the lichen plots includes all of the explanatory
variables but no interactions. South- and west-facing
slopes have a significantly higher albedo compared to
north-facing slopes, and relatively steep slopes have
a lower albedo (Table 3). No east-facing slopes were
present in this study. The model implies that a larger
percentage of total Cladonia spp. is associated with
a lower albedo, which is in line with the linear regres-
sions (Figure 3) and the DCA (Figure 4).

Controlled experiment

The mean (+SE) albedo of the horizontal surface of C. stellaris
is 0.371 + 0.001 (Figure 5). This is slightly higher than the
mean albedo of the horizontal F. nivalis (0.364 + 0.002).
However, the difference in albedo between the two species
falls within the accuracy of the radiometers and is dependent
on the distribution of the radiometers (Supplementary
Information 10). Hence, it cannot be concluded that there is
a substantial difference in albedo between the two lichen
species. The north-facing slope has a substantially lower
albedo (0.341 + 0.003) than the horizontal surface
(0.367 + 0.002) and the south-facing slope (0.372 + 0.003).

Discussion
Difference in albedo between lichens and shrubs

The higher albedo of the lichen-dominated plots is
due to the higher reflection of shortwave radiation
of the lichens and is in line with previous studies
that have measured albedo of lichen heaths (Petzold
and Rencz 1975; Williamson et al. 2016) and shrub

Lichen
0.3 ® Shrub
5 0.2
©
2
< o ¢ °
0.1 ¢
0.0
1 2 3 4

6 7 8 9 10
Plot

Figure 2. Two-day average albedo of the lichen and corresponding shrub plots. The mean (+SE) albedo for the lichen plots is 0.255
(£0.007) with a minimum of 0.227 and a maximum of 0.284. The mean (£SE) albedo for the shrub plots is 0.132 (+0.003) with

a minimum of 0.115 and a maximum of 0.148.
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Figure 3. Linear regression between albedo and the percentage of most abundant species within all lichen plots. Plots (a)-(f) are light
lichens, plot (g) is a dark lichen, and plots (h) and (i) are shrub species.

Table 3. Result of the best beta regression model using albedo
as dependent variable and aspect, slope, and total percentage of
Cladonia spp. as explanatory variables.

Coefficient ~ Standard error ~ p-Value  Pseudo-R?
Intercept -1.012 0.0301 <.001 0.81
Total Cladonia —0.004 0.0005 <.001
Slope -0.015 0.0054 .007
Aspect south 0.081 0.0269 .003
Aspect west 0.159 0.0334 <.001

vegetation (Juszak et al. 2016). The measured albedo
of the lichen-dominated plots during the field study
was higher than that reported in other studies that
measured the albedo of alpine lichen heaths, because
our lichen-dominated plots consisted of at least
85 percent lichens. Williamson et al. (2016) mea-
sured an albedo of 0.19 on a Dryas-lichen tundra.
However, their plot consisted of only 34 percent
lichens. Petzold and Rencz (1975) measured an
albedo of 0.21 on a lichen heath, which is only
slightly lower than the albedo measured in our
study. The albedo of plots dominated by B. nana
was previously measured by Juszak et al. (2016),
who found a slightly higher albedo of 0.15 during
the growing season in northeast Siberia, compared
to 0.13 in our study. A possible reason for this slight
difference is that their measurements were per-
formed during larger zenith angles than our
measurements.

Difference in albedo between Flavocetraria nivalis
and Cladonia stellaris (controlled experiment)

We measured a difference in albedo of less than 0.01
between the two lichen species, which falls within the
accuracy of the radiometers. Therefore, we cannot estab-
lish a clear difference in albedo between C. stellaris and
F. nivalis. The albedos of C. stellaris and F. nivalis mea-
sured during the controlled experiment do partly coin-
cide with other studies that measured the albedo of
lichen monocultures (Table 1). Petzold and Rencz
(1975) measured a lower albedo for C. stellaris (0.22)
than this study (0.37). An evident difference is that the
study of Petzold and Rencz (1975) measured under
natural conditions with stunted black spruce occasion-
ally present in their plots, whereas we measured under
partly controlled conditions without any other vegeta-
tion mixed in the plot. Therefore, the black spruce could
be the reason for the difference in albedo between their
plots and our plots.

A limitation of the controlled experiment is that the
albedo of only one C. stellaris surface and one F. nivalis
surface could be measured. However, Heim and
Lundholm (2013) measured the albedo of five different
surfaces of a mixture of Cladonia terranova and Cladonia
boryi and the difference between the highest and lowest
albedo was only 0.015. Therefore, we argue that our con-
trolled experiment provides an accurate approximation for
the albedo differences between C. stellaris and F. nivalis.
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(n = 6 days for each box plot).

Variation in albedo within lichen heaths

The results of the field study show that the variation in
albedo between lichen heaths is caused by the vegetation
composition. The linear regressions and the DCA dia-
gram show a distinction in albedo between lichen heaths
dominated by Cladonia spp. and lichen heaths domi-
nated by F. nivalis and A. ochroleuca. This distinction is
most likely not a result of a difference in albedo between
these lichen species, because we measured only a minor
difference (<0.01) during the controlled experiment
between C. stellaris and F. nivalis. Instead, the difference

is caused by a higher abundance of the dwarf shrub B.
nana and the dark-colored lichen species C. ericetorum
in the plots dominated by Cladonia spp. Cladonia spp.,
B. nana, and C. ericetorum are species that grow on
places with some snow cover during the winter months,
whereas F. nivalis and A. ochroleuca grow on more
exposed ridges with almost no snow cover (L. Oksanen
and Virtanen 1995; Odland and Munkejord 2008).
Therefore, B. nana and C. ericetorum more likely occur
together with Cladonia spp. than with F. nivalis and
A. ochroleuca, as was also the case in the plots that we



studied (Figure 4). The higher abundances of B. nana
and the dark-colored lichen species C. ericetorum there-
fore generate a lower albedo of plots dominated by
Cladonia spp. than that plots that are dominated by
F. nivalis and A. ochroleuca.

In addition to vegetation composition, the topogra-
phical conditions caused variation in the albedo between
lichen surfaces. Both the field study and the controlled
experiment indicate that a surface on a north-facing
slope has a lower albedo than a surface on a south-
facing slope, despite a slope angle of less than 10° for
all plots. However, the difference in albedo is a result of
the measurement procedure rather than a difference in
albedo itself. The lower pyranometer of the radiometer
measures the reflected shortwave radiation of the slop-
ing surface, and the upper pyranometer measures the
incoming solar radiation of a horizontal surface because
the sensors were placed in a level position
(Supplementary information 11). The incoming solar
radiation for a north-facing slope is therefore overesti-
mated, leading to a lower albedo, and the incoming
shortwave radiation for a south-facing slope is under-
estimated, leading to a higher albedo. The difference in
incoming shortwave radiation between aspects results in
south-facing slopes being warmer than north-facing
slopes (Barry 2008; Winkler et al. 2016). The variation
in albedo due to small topographical differences has
been considered before and is classified as an important
element that affects the measured and modeled albedo in
rugged terrain (Hao et al. 2018). Our study shows that
alpine areas covered with lichen heaths are not an excep-
tion. The slopes used in this study did not exceed 10°
and it is therefore likely that the difference in albedo
measurements between north- and south-facing slopes
would be even larger when steeper slopes are measured
using the same method. However, lower zenith angles
might minimize the effect of aspect on the albedo mea-
surements, leading to a smaller difference in albedo
between north- and south-facing slopes. More thorough
measurements are needed to quantify the combined
effect of aspect and the solar zenith angle on the albedo
of lichen surfaces.

Future perspectives

Global warming and changes in precipitation patterns
will continue to affect the vegetation composition of
alpine and arctic areas (Wehn, Lundemo, and Holten
2014). The expansion of shrubs and decrease in lichen
cover has the potential to continue under ongoing
climate change, as shown by experimental warming
studies (M. D. Walker et al. 2006; Lang et al. 2012).
Lichen heaths dominated by Flavocetraria spp. and
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A. ochroleuca are most vulnerable to the presence of
shrubs (Chagnon and Boudreau 2019) and changing
snow conditions (Wahren, Walker, and Bret-Harte
2005; Odland and Munkejord 2008; Bidussi, Solhaug,
and Gauslaa 2016). Therefore, we expect that lichen
heaths dominated by these species will shift to lichen
heaths dominated by Cladonia spp., because Cladonia
spp. are more tolerant to changing snow conditions
and are more likely to occur with B. nana (L. Oksanen
and Virtanen 1995; Odland and Munkejord 2008).
Our study shows that such a shift will lower the albedo
of these areas substantially. The reason for this is the
presence of B. nana and C. ericetorum in the lichen
heaths dominated by Cladonia spp. However, we
expect that the increase in shrubs will continue and
that lichen heaths will turn into shrub-dominated
vegetation within decades, as shown by several other
studies (Sturm, Racine, and Tape 2001; M. D. Walker
et al. 2006; Fraser et al. 2014). Fraser et al. (2014)
observed that large continuous lichen mats have dis-
appeared almost completely in the Canadian Arctic
since 1980. A global assessment of experimental
warming studies showed that shrubs increased with
warming, whereas lichens decreased (Elmendorf et al.
2012). This shift toward a shrub-dominated landscape
will further decrease the albedo and has important
consequences for both micro- and macroclimates,
because the decrease in albedo will feed back to the
climate (Pearson et al. 2013).

Multiple papers have mentioned the potential effect
that a decrease in albedo due to the loss of lichen abun-
dance will have on other aspects of climate, such as the
surface energy balance, soil temperature, and moisture
conditions (Stoy et al. 2012; Porada, Ekici, and Beer
2016; Odland, Sundstel, and Bjerketvedt 2018). Porada,
Ekici, and Beer (2016) estimated with a model study that
lichens and bryophytes decrease the average soil tem-
perature by 2.7°C at latitudes higher than 50°
N. However, their model did not consider the high
albedo of lichens but solely the insulating effect of bryo-
phytes and lichens. Therefore, the cooling effect of
lichens on the soil might be even larger when the high
albedo measured in our study is considered in combina-
tion with the insulating characteristics of lichens. Several
studies tried to quantify the effect of arctic greening on
large-scale albedo and therefore measured the albedo on
generalized landscape units; for example, arctic tundra
and shrub land (Beringer et al. 2005). As a result,
a smaller difference in albedo between tundra and
shrub vegetation is usually used to predict the impact
of albedo change on the future climate. Chapin et al.
(2005) reported a potential increase in atmospheric
heating of 49.50 MJ m 2 year ' due to shrub expansion,
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though they assumed a difference in albedo of only 0.02
between tundra and shrubs. A decrease in albedo of
0.124, as measured during our study, will therefore
increase the net radiation substantially. Our vegetation
type-specific study shows that a large variation in albedo
exists within the landscape units. This variation might
subsequently lead to large differences in microclimate
within alpine and arctic areas. Therefore, a species-
specific approach is required to quantify the exact con-
tribution of several vegetation types to the microclimate
and climate of alpine and arctic regions in the future, as
proposed by others (Stoy et al. 2012; Juszak et al. 2014;
Williamson et al. 2016).

Conclusion

The aim of this study was to quantify the difference in
albedo between lichen heaths and shrub-dominated
vegetation using a paired study design to ensure similar
weather conditions, solar zenith angle, and aspects
between the paired plots. We measured a difference in
albedo of 0.12 between the lichen- and shrub-dominated
plots. A second aim of this study was to measure the
variation in albedo between lichen heaths. We found
differences in albedo of up to 0.06 between lichen heaths,
due to the combined effect of differences in vegetation
composition (e.g., abundance of B. nana and
C. ericetorum in lichen heaths) and topographical differ-
ences. The decrease in albedo due to a decrease in lichen
heaths may have a large influence on the climate directly
near the vegetation but also on a larger scale. However,
this has not been thoroughly studied yet, and further
research should therefore focus on quantification of the
consequences of this decrease in albedo for the local
climate and subsequently for large-scale climate.
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