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“Objective truths exist outside of your perception of reality, such as the value of pi; E=mc?;
Earth's rate of rotation; and that carbon dioxide and methane are greenhouse gases. These
statements can be verified by anybody, at any time, and at any place. And they are true,

whether or not you believe in them.”

-Dr. Neil deGrasse Tyson, “What Science Is, And How And Why It Works”, 2015
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Summary

Alpine lichen heaths are found on nutrient-poor and deep soils in the mountain plateaus in
southern Norway. These are generally characterized by terricolous or so-called “mat-forming”
lichens dominated by those in the genera Cladonia and Flavocetraria. Lichens, technically
speaking, are not plants; instead, they are a symbiosis between a fungus and a photosynthetic
alga or cyanobacterium. They are an important component of the mountain vegetation
community and are chiefly known for their importance as the winter forage for reindeer
(Rangifer tarandus). Several studies have shown decreases in lichens throughout their range,
and these declines are usually attributed to a combination of overgrazing, nitrogen deposition,
and a mixture of direct and indirect effects of climate change. Lichens are also poor
competitors and are quickly pushed aside by faster-growing, taller vascular species. As such

they are usually found on sites with little to no competition from vascular plants.

This study was established to investigate the relationships between snow, soil temperatures,
soil properties, and vegetation in areas with differing climates, with a particular emphasis on
lichen-dominated communities. Three mountain areas were chosen along a climactic gradient
from a semi-oceanic area in the southwest to a semi-continental area in the northeast.
Transects of varying length were laid out across the landscape, following the local topography
from windy, generally snow-free ridges down to early snowbed communities. Vegetation
analyses were performed using 2X2 meter subplots randomly placed within subjectively
chosen plots located in areas of heterogeneous vegetation along the transects. Soil
temperatures were recorded at 5 and 30 cm below the surface in the plots. The soils in the
subplots were also sampled to a depth of ca. 10 cm, and three soil profile pits were excavated

at each study area to aid in characterizing the soils and growing conditions at these areas.

Daily average soil temperatures at 5 cm over a period of 33 months were used in the analyses
and were compared to vegetation composition using both regression and ordination analysis.
Several composite ecological variables based on soil temperatures were defined and
compared to vegetation abundances. These included growing season start, end, and length;

number of days with soil temperatures below 0° C; the amount of time it took for the soils to
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thaw completely, frost sum, and heat sum. The soil samples from profiles and from subplots
were analyzed for pH, percent carbon (C), nitrogen (N), and organic matter (OM) along with
concentrations of plant available phosphorus (P), potassium (K), magnesium (Mg), and calcium

(Ca). These data were also compared to both soil temperature and vegetation data.

Lichen-dominated plots were generally characterized by seasonally frozen soils with low
concentrations of N, P, K, and Mg. The analyses showed a strong correlation between lichen
abundances and soil temperatures. Lichens were dominant on sites where the soils were
coldest, and were scarcest where soil temperatures were above freezing throughout the year.
Additionally, lichen-dominated sites had lower mean daily soil temperatures throughout the
year. This is most likely due to a combination of their high albedo and the insulating effect of
the lichen vegetation itself, which forms thick mats comprised of living tissues at the top and
dead and decaying tissues at the bottom. There were also a number of correlations between
vegetation abundances and the composite ecological variables. Differences were found at
both the species and functional group level and shows the importance of soil temperatures

for the vegetation distribution pattern.

Climate models for southern Norway predict increasing precipitation throughout the year,
increased snow depths in mountain areas, and shortened snow seasons — a more oceanic
climate. These changes could affect vegetation abundances primarily due to the effects of
snow on soil temperature patterns. Lichen species and other vegetation types that rely on
frozen soils could face increasing competition and a reduction of suitable habitat. This work
has shown the importance of seasonally frozen soils to vegetation distribution patterns in

alpine areas.

\
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Abbreviations

DCA: Detrended correspondence analysis
FD: Frost days

FS: Frost sum

GLMM: Generalized linear mixed models
GSL: Growing season length

GSS: Growing season start

HS: Heat sum

LM: Linear model

LOI: Loss on ignition

MAT: Mean annual (soil) temperature
NMDS: Non-metric dimensional scaling
OM: Organic matter

PCA: Principal components analysis
RDA: Redundancy analysis

SGS: Start of growing season

TD: Thaw date

WASI: Weighted average snow index

WT: Warming time
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Main Aims

We assume that soil temperatures differ on two scales: locally, along topographical gradients,
and between distant areas with differing climate patterns and mineralogy. We also assume
that the differences in soil temperature patterns will be related to observable changes in
vegetation community along snow-depth gradients. Based on these assumptions, this study

had the following main aims:

1. To describe and quantify the vegetation composition along snow-depth gradients at
three alpine sites with differing climactic conditions and geology.

2. To identify the relationships between snow, soil temperatures and vegetation
distribution patterns at both the species and functional group levels.

3. To identify the relationships between snow, soil temperatures and edaphic factors
such as soil texture and fertility in nutrient-poor alpine areas.

4. To describe and compare soil profiles in different alpine areas.
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Summary of Articles

Article 1: Sundstgl, Shea A. and Arvid Odland. 2017. Responses of alpine vascular plants and

lichens to soil temperatures. Annales Botanici Fennici 54:17-28.

In this article we describe the relationships between soil temperatures (expressed as several
soil temperature variables) and several commonly-occurring species of vascular plants and
lichens in alpine areas. Soil temperatures are important and are often overlooked in studies
of plant ecology; vegetation abundances and growing conditions are often described in terms
of air temperatures. In the case of vascular plants, however, this does not take into account
the plant biomass that lives below the surface and which is only indirectly affected by air
temperatures. The variables were created to summarize both warm- and cold-season
conditions. The most important result we found was the highly significant relationship
between lichen species and frost sum. The coldest plots were dominated by lichen species
such as Flavocetraria nivalis and Bryocaulon divergens, while those with milder soil
temperatures were dominated by vascular plants such as Vaccinium uliginosum and Nardus
stricta. Winter soil temperature variables were much more important than spring or summer
temperature variables. The next most important variable was thaw time, which is the amount
of time for the soil to transition from a frozen state to temperatures that are associated with
plant growth. There were both positive and negative responses in several species to increases
in the amount of time between soil thaw and start of the growing season. Some of the most
common alpine plant species, such as Betula nana, could not be correlated to soil temperature
patterns. Changes in soil frost patterns can affect the distribution of species, dependent upon

their relationship with cold soils.

Article 2. Sundstgl, Shea Allison and Arvid Odland. 2018. Importance of soil temperatures and

snow for the distribution of different alpine plant functional groups. Submitted.

In this article the relationships between vegetation functional groups and the soil temperature
variables created in Article 1 were investigated. In this article we also included the snow index,

which is based on plants’ tolerances to snow cover. Groups of morphologically similar plants
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have long been used to describe and classify sites, as it can be assumed that plants within the
groups will have similar responses. We grouped the vegetation species identified on the sites
into five functional types; we were in this way able to include species that were excluded from
the previous article because they only occurred at one of the study areas. We confirmed that
lichens are most common on sites with more than 150 days of frozen soils and little snow
cover, and that shrubs generally respond positively to increasing soil temperatures, although
there were exceptions among individual species in each group. Ordination analysis revealed
four different, nearly orthogonal response patterns to soil frost and thawing time; these
responses were closely related to the functional type. The snow index was also related to the
soil temperature variables, which was interpreted as a confirmation of the soil
temperature/vegetation community relationship. Increases in snow depth in alpine areas can
therefore contribute to the reported increases in shrub abundance in alpine areas and lead to

decreasing lichen abundances.

Article 3. Sundstgl, Shea Allison, Arvid Odland, and Live Semb Vestgarden. 2018. Soil
differences along topographical gradients and relationships between edaphic factors,

vegetation, and soil temperatures. Submitted.

In this article the relationships between soil physical and chemical properties and soil
temperatures were investigated, and the characteristics of soils beneath lichen-dominated
vegetation were described. We have also described soil profiles at each of the three study
areas and compared our findings to previous studies of alpine soils. We sampled soils from
each of the vegetation plots (n = 38), and have also excavated three soil profile pits at each
study area, chosen along the topographic snow-depth gradient to represent the three most
common vegetation community zones. The soils at all three study areas have coarse textures
and can be classified ranging from sand to loamy sand. They had well-developed profiles with
distinct organic horizons at the surface. Many of the profiles had characteristics typical of
podzols, which are associated with acidic, oligotrophic, coarse-textured soils, including a
distinct white eluviated horizon just below the organic horizons. There were differences in

plant-available nutrient ions in the vegetation plots between the study areas, which were
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related to the relative coldness or warmness of the soils in the area. Warmer soils had

generally higher levels of N, P, K, and organic matter.

Article 4: Odland, Arvid, Shea Allison Sundstgl, and Dag Kjartan Bjerketvedt. 2018. Alpine
lichen-dominated heaths: ecology and effects of reindeer grazing and climate change. A

review. Accepted by Oecologia Montana.

In this article the ecological basis for alpine fruticose lichen vegetation distribution is reviewed
in detail. Previous research has often led to the a number of explanations for the distribution
and extent of lichen heaths. The most common conclusion is that they appear on sites that
are uninhabitable for other species due to shallow soils or a lack of moisture. With this article
we challenge this assumption after describing in detail the ecological conditions most
favorable to lichen heaths and discuss some of the biggest challenges facing these habitats.
We propose that it is soil temperature, and more specifically soil frost, that is the most
important determinant of the extent of lichen heaths. The most common challenges to lichen
heaths come from reindeer grazing and trampling, and from climate changes. Most climate
models for southern Norway predict an increase in snow accumulation in alpine areas, which
would lead to increases in winter soil temperatures. Our research, combined with other
studies, has shown that the strongest predictor of lichen heath extent is a period of extended

soil frost followed by a long thaw period. These conditions occur only in the absence of snow.
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1. Introduction

Mat-forming lichens are one of the most ubiquitous and characteristic vegetation types
in Fenno-Scandinavian mountain areas. They occupy and often dominate sites that are
otherwise inhospitable for most other vegetation. In the past there have been many
explanations as to why lichens are found where they are: on wind-swept ridges with
little snow cover. With this study the relationships between lichens and their habitat is
explored in detail. Vegetation distribution and abundance along snow-depth gradients
is compared to soil temperatures and edaphic factors in three different mountain areas,

which were chosen to represent differing climate patterns and geology.

1.1. Biology of Terricolous Fruticose Lichens

Lichens are one of the most common life forms on the planet, and can be found in nearly
every type of habitat. Lichens exist as a symbiosis between a fungus (called the
mycobiont) and either an alga or cyanobacteria (called the photobiont) (Holien &
Tgnsberg, 2008). The mycobiont provides a growth structure and protection to the
photobiont, which in turn contributes energy to the lichen symbiosis via photosynthesis.
Lichens can be grouped into roughly 16 different biogeographic patterns (Galloway,
2008) and are found at altitudes and in environments that exclude vascular plants
(Korner, 2003). They can grow and metabolize in near-freezing temperatures as long as
light is available (Klein & Shulski, 2011). The poikilohydric nature of lichens means that
they can survive being completely desiccated (Nash, 2008) and quickly re-hydrate and
photosynthesize when exposed to moisture from rain, fog, or dew (Green et al., 2008).
The disadvantage of poikilohydry is that during warm, sunny, and dry conditions the
lichen dries out and becomes dormant (Klein & Shulski, 2011) while rooted plants are
limited by soil water availability rather than atmospheric humidity (Dahl et al., 1998).
However, the thallus (body) of some species of mat-forming lichens has a very large
surface area and a low ratio of surface area to volume which can help to inhibit water
loss (Longton, 1988). Terricolous lichens are only loosely situated upon their substrate;

they have no roots nor any other permanent attachment to their substrates such as
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other groups of lichens (e.g. epiphytic or saxicolous) have. Fragments of desiccated
lichens are often distributed by wind or animals, which can lead to colonization of new

areas where conditions are favorable (Biidel & Scheidegger, 2008).

1.2. Lichen Ecology in Scandinavia

Lichens often dominate the surface of boreal and tundra ecosystems (During & Tooren,
1990) and as a consequence are commonly associated with permafrost and/or carbon-
rich soils (Zimov et al., 2005; Schuur et al., 2008; Tarnocai, 2009). A well-developed
lichen mat strongly affects the moisture and thermal regimes of forest soils by
maintaining soil moisture at or near field capacity throughout the growing season which
reduces drought stress (Kershaw, 1985; Bonan, 1989; Bonan & Shugart, 1989). The
lichen mat’s high reflectivity and low thermal conductivity block the flux of heat into the
soil, reducing soil temperature during summer and dampening daily temperature

fluctuations (Kershaw, 1985).

Lichen-dominated communities can be found both in alpine areas and in forests. Lichens
are common throughout the Norwegian lowlands and are often associated with both
pine (Pinus) and spruce (Picea) forests. In both forest types lichens are often the
dominant ground cover in areas with sandy, drought-prone, and nutrient-poor soils
(Fremstad, 1997; Bjerkely, 2008). The presence of lichens, primarily from the Cladonia
genus, gives the forest floor a characteristic yellow-white color (Fremstad, 1997).
According to Ahti & Oksanen (1990), lichen-rich boreal forests are dependent upon
three factors: edaphic requirements, zonal variation, and successional stage. The
edaphic requirements refer to oligotrophic sites, while the zonal variations describes
the regional and topographic characteristics where lichen-rich forests occur.
Successional stage refers to the degree and frequency of disturbance and type of
management activity of these forests. Lichen communities in these forests also have
their own successional patterns and relationships to other vegetation (Ahti & Oksanen,

1990).
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Lichen-dominated alpine heaths are primarily found in the eastern and central parts of
Norway where a drier, more continental climate is the norm (Loffler, 2005; Holten &
Aune, 2011). The distribution of individual lichen species is very dependent upon
climatic variables such as temperature and precipitation (Ahti, 1999). Terricolous species
including those from the genera Cladonia, Cetraria, Flavocetraria, and others dominate
in these heaths in Scandinavia (Ahti, 1999). Many of these including Cladonia arbuscula
and C. rangiferina are best known as the main winter forage for reindeer across their
range (Stenroos et al., 2013). Lichens are a reflection of the conditions of their
environments (Flock, 1978) and can be used as indicators of winter conditions such as
snow depth. They are often classified (as are other alpine vegetation types) on a scale
ranging from strictly chinophobous (snow-hating) to strictly chinophilous (snow-loving)
(Gjeerevoll, 1956; Dahl, 1957). Chinophobous species are generally found on windswept,
snow-free ridges and can tolerate stresses such as wind erosion and drought. Species
commonly found on these sites in calcium-poor areas include Alectoria ochroleuca, A.
nigricans, Flavocetraria cucullata, F. nivalis, and Bryocaulon divergens. Vascular plant
species common to these sites include Empetrum nigrum and Loiseluria procumbens. C.
arbuscula and C. rangiferina are in general slightly less chinophobous and tolerate
minimal snow cover. At the lowest points on the landscape where the snow takes the
longest to melt, chinophilous lichen species such as C. bellidiflora and C. ecmocyna and
the grasses Nardus stricta, Anthoxanthum odorata, and Deschampsia flexuosa are
commonly found (Gjzerevoll, 1992; Fryday, 2001; Loffler, 2003; 2005; Odland &
Munkejord, 2008a). Lichen biomass varies across a snow-depth gradient and is highest
in areas that are snow-free in mid-April; biomass is also affected by precipitation and is
lowest in areas with where mean exceeds 900 mm yr ! (Odland et al., 2014). Myrvold
(2013) found that the lichen biomass was generally highest in plots with an average

snow index (SI) value between 1.5 and 2.0.
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1.3. Variations in Lichen Abundances

The local abundance of lichens in alpine heaths can be highly variable due to effects of
different environmental factors. These include competition from vascular plants and
grazing pressures. Lichens are poor competitors, and are most abundant in areas where
the mean canopy height of all vegetation is about 5 cm (Crabtree & Ellis, 2010).
Numerous studies have shown that increasing the temperature of vegetation plots leads
to an increase in the growth of vascular plants, to the detriment of lichens (Cornelissen
et al., 2001; Epstein et al., 2004; Turunen et al., 2009). At sites in the western Canadian
Arctic lichens have decreased by an average of 24% and are being replaced by woody
shrubs and other vascular plants (Fraser et al., 2014). An increase in tall shrub cover can
also lead to an increase in forbs, to the detriment of lichens and other shade-intolerant
species (Pajunen et al., 2011). Shrub vegetation is increasing not only in abundance but
also in size (Crabtree & Ellis, 2010). In a study by Klanderud (2008), which simulated
environmental changes, the five most common lichen species decreased in abundance,
and in some cases disappeared completely as a result of a combination of increased
temperature and nitrogen inputs. Lang et al. (2012) reported a decrease in lichen
abundance with increasing temperature at study sites in Alaska and Sweden. Lichens are
most competitive in areas where vascular plants cannot grow because of extended

periods of drought in the growing season and of frost in the winter.

Lichens are also very susceptible to grazing and trampling pressures (Heggenes et al.,
2017), and have declined or disappeared in sites with heavy reindeer traffic (Virtanen et
al.,, 2003). Whereas vascular plants retain their root system which allows for quick
regeneration post-grazing, the lichen is often completely devoured (Heggberget et al.,
2002) leaving nothing behind to repopulate the site. Klein & Shulski (2009; 2011) found
that climate changes including changes in temperature, precipitation, and fog patterns,
coupled with a fertilization effect from reindeer droppings had hindered lichens from
re-establishing on overgrazed, previously reindeer-free, lichen-rich Arctic islands.

Fruticose lichens have also been significantly reduced in mountain birch forests in

D



Sundstgl: Ecology of Alpine Lichen Heaths

Finnmark, where grazing pressures and milder, icier winters have depleted once-
common species (Tannheiser et al., 2005); they predicted that, if current conditions
continued unchanged, only half of the previous lichen cover could return. Grazing by
reindeer has also been shown to have a positive effect on tree growth in forests with
thick lichen ground cover (Fauria et al., 2008) by increasing the spring soil temperatures
and effectively lengthening the growing season under the lichen-free soils. Temmervik
et al. (2004) found similar increases in birch forests due to the removal of the “lichen
barrier” which had previously inhibited seedling establishment and growth. Trampling
by reindeer has also been linked to losses in lichen abundance, but Heggenes et al.
(2017) have found that both humidity and lichen species play an important role, with

some species being more resilient than others.

1.4. Plant Functional Types

Vascular plants, lichens, and mosses employ a number of strategies to successfully co-
inhabit their environments (Snapp, 2017). This leads to assemblies of plants that share
similar traits, which are generally called functional types. Plants can be sorted into
functional types based on any number of traits, including growth form, reproductive
strategy, photosynthetic pathways (C3 vs. C4), and stress tolerance (Snapp, 2017), while
a trait can be defined as a characteristic that is independent of the environment and
which can be measured or evaluated in individuals (Violle et al., 2007). These types, and
their occurrences and abundances on the landscape, can then be used to make
generalizations about ecosystems, their functioning, and their characteristics (Diaz et
al., 2004). Using functional groups when describing communities or environments has a
number of advantages, including a reduction of “high-dimensional species space”
(Laughlin, 2014); analyzing groups instead of individual species allows for a more general
description of an area, since many individual species can perform the same role. Another
advantage is that the traits used to assign species to types are easily and quickly
measured, enabling a wider range of sites to be included in analyses, and that different

traits can be used according to the aims of each study (Cadotte, 2017).
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1.5. Present and Future Climate in Southern Norway

Several factors influence the Norwegian climate. Among these the most important are
the Gulf Stream and proximity to the Atlantic Ocean, which keeps Norway significantly
warmer than other areas at the same latitude, such as Siberia and the Alaskan interior
(Tikkanen, 2005). In Norway, mean annual temperatures have increased by between 0.5
and 1.5 degrees C in the last 130 years (Hanssen-Bauer, 2005) with the most dramatic
increases occurring in the past 4 decades; the increases were greatest in the spring and
fall seasons (Klimaservicesenter, 2015). Minimum temperatures are increasing more
rapidly than average daily temperatures (Klimaservicesenter, 2015). Some climate
models predict an increase in mean October temperatures at high altitudes, which could
lead to delayed autumn snows (Benestad, 2004). Increases in autumn precipitation have
contributed to the general trend of increasing annual precipitation in southern Norway

(Moberg et al., 2005).

High-elevation sites are also expected to see an increase in winter precipitation leading
to increased snow cover in southern Norway, while lowland sites will have a reduction
in snow cover (Hanssen-Bauer et al., 2003; Klimaservicesenter, 2015). Dyrrdal et al.
(2013) report that despite decreases in snow cover in lower-altitude areas, snow depths
were increasing in mountains in southern Norway due to increases in winter
precipitation and air temperatures. Snow depth increases of about 2 cm per decade
since the early 1900s have also been recorded at Abisko in northern Sweden, despite
there being no changes in snow season duration (Kohler et al., 2006). In alpine
environments, this has led to a shift towards an oceanic climate and an increase in
species that prefer moist habitat (Odland et al., 2010). While snow cover is generally
highly variable in Scandinavia, there have been increases in the duration of winter snow
cover in the Norwegian mountains resulting from increases in precipitation and winds

from the west (Moberg et al., 2005).
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1.5.1. Growing Season Length

Growing season length has been defined and estimated in numerous ways (Odland,
2011), and therefore comparisons between different studies are difficult. It has usually
been defined in terms of air temperatures or length of the snow cover season. Moen
(1999) has defined it as the number of days with average air temperatures above 5° C.
Kollas et al. (2013) defined the growing season as the period after five consecutive days
of air temperature above 5°C until there are five consecutive days with temperatures
below this threshold in the autumn. However estimating the length of the growing
season on air temperatures poses many challenges. One of these is that air
temperatures are often measured at 2 meters above the surface, which is well above
the canopy of most non-woody plants. Air temperatures at the soil surface can reach as
high as 40° C in the summer (Oechel & Van Cleve, 1986) and generally fluctuate more
than temperatures higher up. Air temperatures do not take variations in micro-climate
into account (Graae et al., 2012) and therefore do not necessarily provide a good

estimate of the local growing conditions.

The increasing availability and decreasing cost of remote temperature recorders has led
to an increased understanding of the relationships between soil temperatures and plant
growth. This has also made it possible to define the growing season based on soil rather
than air temperatures which more closely reflect the ecological conditions experienced
by plants. Accordingly, there is an increasing body of work that has based the growing
season on soil temperature measurements. Reinhardt & Odland (2012) set the growing
season as the period from when the soil temperature exceeds 6° in the spring until the
temperatures fell below 5° the following autumn. Kérner & Paulsen (2004) set a
temperature threshold of 3.2° at 10 cm depth below the soil surface. A soil temperature
of 5° is widely considered to be a “biological zero” (Rabenhorst, 2005) below which
nutrient availability and biological activity are impaired (Holtmeier, 2009). Blume-Werry
et al. (2016) found that plants could continue to grow new roots long after above-ground
growth had stopped and attributed this in part to the stability and relative warmth of

the soil versus the fluctuating air temperatures.
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Regardless of how one defines the growing season, there is a consensus (based largely
on phenological records) that it is increasing. In Norway, the total area of land with a
growing season of more than 6 months has increased from 37,000 to 45,000 km?
between the reference periods of 1971-2000 and 1985-2014, and is predicted to
increase to between 105,000 and 165,000 km? by the year 2100 (Klimaservicesenter,
2015). Keyser et al. (2000) reported an average increase in GSL of 2.66 days per decade
in forested areas of Alaska and Northern Canada. Walther & Linderholm (2006) used
climate data archives from several countries and found that GSL has increased by an

average of 19 days across the greater Baltic region.

1.5.2. Relationships Between Snow and Alpine Vegetation

Effects of snow on plants in alpine areas in Scandinavia are well known, primarily due to
the studies of Gjeerevoll (1956) and Dahl (1957). Snow season duration and snow
guantity are among the factors that determine the length of the growing season for a
site (Walker et al., 2001). Changes in snow cover can have effects throughout the year.
Bjerke et al. (2015) found strong correlations between the number of snow-free frost
days and primary productivity in grassland soils. In their models growing season
temperatures played little to no role; however, the long thaw time of uninsulated frozen
soils delayed the start of growing seasons. Increasing shrub cover can affect snow depth
by reducing surface-level wind speeds and creating physical hindrances which stop snow
from blowing across the landscape (McFadden et al., 2001), which increases the
insulating effect of snow (Myers-Smith & Hik, 2013) leading to alterations in the winter
soil temperature patterns at the local scale. Additionally, Jonas et al. (2008) found that
the timing of weather changes at the beginning and end of the snow season were
important factors in determining vegetation growth patterns. For example they found
a two-week lag between snowmelt and the start of vegetative growth; changes in the
timing of snowmelt could then lead to phenological changes in alpine species (Jonas et

al., 2008).
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1.5.3. Snow Effects on Soil Temperature

Winter soil temperature in alpine areas is a function of snow cover, and changes in snow
cover directly affect the temperatures of the underlying soils. As with air temperatures,
soil temperatures decrease with increasing altitude; however the decrease in soil
temperature is slower than for air temperature (Holtmeier, 2009). Several factors,
including bulk density, moisture content, texture (Holtmeier, 2009) and others including
presence or absence of snow (Loffler, 2005) work together to influence the soil surface
temperature. Snow acts as an insulator that influences not only temperature but also
the extent to which the soil is exposed to freeze-thaw events (Edwards et al., 2007). The
presence or absence of snow explains the large differences in winter soil temperatures
between exposed ridge and snowbed sites (Walker et al.,, 2001) and has long been
recognized as a factor influencing vegetation distributions and abundances (Dahl, 1957;
1960). Kullman (2007) reported an increase in maximum and minimum soil
temperatures in the Swedish Scandes from 1985-2005; the increase was greater in
winter which could be a result of increased snow cover. Qian et al. (2011) also report
increases in soil temperatures across most of Canada; the exception was in the
easternmost part of the country where decreases in snow cover were leading to colder
soils in the winter and spring months. Kaste et al. (2008) recorded significantly lower soil
temperatures in sites where snow was removed comparted to sites with intact snow
cover or extra insulation against freezing. Local topography can also influence snow
distribution and soil temperature patterns. Reinhardt & Odland (2012) identified
topographic differences in soil temperature patterns, which correlated with snow

distribution and plant community composition.

1.5.4. Lichen and Bryophyte Effects on Soil Temperature

Vegetation and snow cover contribute to the overall energy balance in climate systems,
primarily through their effect on albedo which is a measure of the overall reflectivity of
a surface. Dark surfaces such as mosses, shrubs, and bare soil have much lower albedo

than lighter surfaces such as snow, ice, or lichens. The albedo of lichen-dominated
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tundra sites is only surpassed by that of ice and snow due in part to the light color of the
vegetation (Davies, 1963). Beringer et al. (2005) measured the albedo in tundra sites
(with an average of just 18% lichen cover) as 0.19, while Eugster et al. (2000) reported
values of 0.16 for dry upland heaths in sub-arctic Alaska. Sites with greater lichen cover
should have even higher albedos. Studies have shown that there are differences in
albedo on the two sides of a fence along the border between Finland and Norway, with
the ungrazed Norwegian ground having higher albedo in the snow-free season due to

the higher abundance of lichens (Stoy et al., 2012; Cohen et al., 2013)

Lichens have an insulating effect on the ground (Klein & Shulski, 2011) and there is very
little belowground heat transfer under lichen cover compared to other, bryophyte-
dominated canopies or in shrub-dominated stands. Soil temperatures are several
degrees lower under bryophyte cover (Gornall et al., 2007; Gornall et al., 2011; Myers-
Smith & Hik, 2013) and are even lower under lichens due to the combination of
insulation and albedo (Klein & Shulski, 2011; Stoy et al., 2012). Soil moisture is also
generally higher and evaporation lower in undisturbed lichen stands than in nearby
areas where the lichens have been reduced or removed (Peth & Horn, 2006) and lichens
can provide a “mulching” effect which can contribute to increased soil moisture during
the growing season (Kershaw, 1983). Porada et al. (2016) modelled the cooling effects
of lichen and bryophyte vegetation on permafrost soils and found that it was stronger
in alpine areas than on other types of terrain and led to lower active layer thicknesses.
In areas where the lichen cover has been disturbed or removed, the soils warmed more
quickly and soil temperatures decrease earlier than in areas with undisturbed lichen

vegetation (Peth & Horn, 2006).

1.5.5. Soil Temperatures and Plant Growth

Soil temperature has a direct effect on plant species composition and can partially
explain the distribution of plants in alpine areas (Scherrer & Kérner, 2011; Reinhardt &

Odland, 2012). Root zone temperature has a strong influence on plant phenology; low
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temperatures lead to decreases in growth and metabolism of plants and to short
growing seasons (Holtmeier, 2009). The most important factor governing plant growth
in cold climates occur belowground, meaning that changes in the root zone of plants are
more important than those occurring above the soil surface (Ferrari et al., 2016).
Increased winter soil temperatures could lead to an increase in N mineralization but
there is also a greater chance of N loss through leaching (Schimel & Mikan, 2005).
Karlsson & Nordell (1996) found that variations in both nitrogen uptake and growth of
mountain birch (Betula pubescens ssp. tortuosa) are more strongly affected by increases
in soil temperature than by fertilization. Brooker & van der Wal (2003) found significant
increases in the above-ground biomass of arctic plants exposed to warmer soils; the
increase was greatest in grasses. An increase in soil temperature could have roughly the
same effect on seedlings as an increase in nutrient supply due to better root uptake of
nitrogen (Weih & Karlsson, 2001). Jagerbrand et al. (2006) found that lichen species
diversity decreased in lichen-dominated heaths exposed to increased temperatures and

fertilization.

1.6. Relationships Between Alpine Soils and Vegetation

There are many ways in which soils influence the species composition of alpine sites.
Studies have shown that lichen-dominated communities are associated with relatively
deep soils resting on moraine material (Nordhagen, 1943; Dahl, 1957). There is often a
1-2 cm litter layer upon a humus layer 2-10 cm thick below the lichen surface mats. This
can be followed by a bleached soil upon a red or red-brown horizon. These soils are
often limited in fertility and are generally acidic. Factors such as pH, N and P availability,
and moisture content can be decisive. Soil pH is possibly the most important (Gough et
al., 2000) since it can affect the availability of nutrient ions. Arnesen et al. (2007) found
that P availability was second only to pH in importance in describing floristic gradients
in mountain areas in Troms, northern Norway. Lichens are adapted to growth in N-
limited areas and are quickly outcompeted in areas where N levels are higher (Hauck,

2010). Factors such as precipitation and the presence/absence of snow have also been
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shown to have an influence on alpine soils. Reinhardt & Odland (2012), working in
calcium-rich sites, found a strong correlation between snow, soil temperature, soil
fertility, and vegetation. Vegetation cover can also have an influence on soil fertility;
DeLuca & Zackrisson (2007) found that soils growing under juniper (Juniperus
communalis) had higher concentrations of nitrogen than surrounding soils. Lichen litter
can also contribute to podsol development in alpine areas (Stiitzer, 1999), a process

which was earlier believed to occur only in forested areas.

Topography along the ridge-snowbed gradient also affects the availability of water and
nutrients. Litaor et al. (2005) found that P availability was highest in relatively flat
snowbed sites. Odland and Munkejord (2008b) found that, on poorer sites, snowbed
soils tended to have a higher pH value than soils elsewhere along the ridge-snowbed
gradient. Yao et al. (2013) found significant differences in both C and N across snow-
depth gradients in alpine areas. Onipchenko et al. (1998) found that, on the landscape
scale, decreases in vegetation diversity and soil fertility were related, but the
relationship was negligible at the plot scale. Theodose & Bowman (1997) found that
species diversity increases with nutrient additions to poor sites while Natali et al. (2012)
found that winter warming led to higher N availability. Higher soil temperatures in
winter can also increase leaching of inorganic N compounds during snowmelt (Kaste et

al., 2008).
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2. Study Areas and Methods

2.1. Study Areas

Three mountain areas in southern Norway were chosen: Haukeli, Imingfjell, and Lesja
(Figures 1-4). The study sites were selected to include some geographic distance and
different climate conditions. According to Moen (1999), Haukeli lies within a weakly
oceanic section, Imingfjell in an indifferent section, and Lesja in a slightly continental

section.

Trondheim
L

Lesja
L]

Bergen
" Imingfjell

Haukeli Qslo
L ]

Figure 1: Study area locations.
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Figure 2: The Haukeli study area.

Figure 3: The Imingfjell study area.
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Figure 4: The Lesja study area.

2.2. Vegetation Sampling

In each area, 3 or 4 main gradients were subjectively selected where the vegetation
changes indicated major variations in snow accumulation patterns. Vegetation gradients
are often divided into six zones (Odland & Munkejord 2008b, Halvorsen, 2015): 1-
exposed heath, 2- snow protected heath, 3- lee-side, 4- early snow bed, 5- late snow
bed and 6- extreme snow bed. Lichens are mainly confined to the first four zones;
therefore sampling was limited to these. The distribution limits of the different zones

could be identified by their characteristic species or species groups (plant functional

types).

The gradients were analyzed along mountain slopes starting with exposed lichen-
dominated heaths, and continued downwards in elevation through the different
vegetation communities. 3 or 4 sampling plots were selected along each gradient,
depending upon the rate of vegetation change (Table 1). A stratified sampling procedure

where one sampling plot was selected within each vegetation zone was applied
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Table 1. Gradient length, location, and elevation change for all three study areas. Areas
beginning with H = Haukeli, | = Imingfjell, and L = Lesja; the gradients were named A-D.

Study area Gradient  Top Bottom Top Bottom
gradient length coordinates coordinates elevation elevation
name (m) (UTM) (UTM) (masl) (masl)
Haukeli
HA 91.4 59.814194, 59.814472, 1055 1048
7.218694 7.218278
HB 70.9 59.814694, 59.814889, 1052 1050
7.219167 7.218556
HC 92.9 59.814861, 59.814972, 1055 1051
7.220139 7.220972
HD 47.8 59.814139, 59.813833, 1054 1048
7.221833 7.221528
Imingfjell
IA 42.6 60.187472, 60.187111, 1153 1145
8.577722 8.577861
IB 111.4 60.188778. 60.189583, 1159 1155
8.582389 8.581778
IC 36.9 60.194333, 60.194028, 1178 1174
8.572278 8.572417
ID 75.9 60.189028, 60.188528, 1152 1140
8.573361 8.573833
Lesja
LA 236.0 62.036278, 62.027583, 1230 1218
8.968000 8.966306
LB 235.0 62.025917, 62.024556, 1228 1203
8.967194 8.965556
LC 256.8 62.022611, 62.022889, 1234 1216
8.970833 8.968528
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(Figure 5). Distributions of the vegetation zones were highly variable both within and
between the gradients, mainly due to differences in slope and aspect. A list of
coordinates for every plot and distance matrices in meters can be found in the

supplementary information section (§6).

Upper elevation Datalogger
Vegetation gradienttransect }———' placement

Zone/plat with
homogeneous
vegetation

Zone 1: Lichen-

2 % 2 meter
dominated heath

subplots for
vegetation analysis

Zone 2: Lichen-
shrub heath

Zone 3: Shrub-
dominated leeside

Zone 4: Graminoid
snowbed

Lower elevation

Figure 5: Schematic diagram showing the layout of transects, plots, and subplots, and placement of soil temperature
recorders. The diagram is not to scale and is for illustration purposes only. Dataloggers were placed approximately in
the center of the homogeneous zone, and vegetation analysis was carried out in 2 x 2 m. square plots located between
50 and 100 cm of the dataloggers.
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Figure 6: Vegetation analysis.

Vegetation analyses were performed in July, 2012 and 2013 (Figure 6) using two
subplots measuring 2 X 2 meters, which were placed within 50 to 100 cm of the soil
temperature recorders (§2.3). Only the vegetation analyses performed in 2013 were
used. Vascular plants, terricolous lichens, and the most common mosses were identified,
and their abundances were visually estimated in percentage. The total abundances of
species belonging to five growth forms (lichens, mosses, shrubs, graminoids, and herbs)
were also estimated. The observations from the two subplots were averaged to better
capture the variation in community composition within the plots. Plant taxonomy is

based on Mossberg et al. (2007); lichen taxonomy is based on Holien & Tgnsberg (2008).

2.3. Soil Temperature Recording

LogTag© TRIX-8 temperature recorders (“dataloggers”) (measuring range -40° to +85°
C, resolution 0.1°) were packed into plastic freezer bags and installed in every plot at ca.
five and 30 cm below the soil surface (Figure 7). The dataloggers were placed

horizontally to minimize the disturbance to the soils above the recording sites. Soil
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temperatures were recorded at six-hour intervals (01:00, 07:00, 13:00, 19:00). One air
temperature recording station was installed at each study area (Figure 8). Air

temperatures were measured hourly at two m height using a Geotest and

Figure 7: Placement of a datalogger in the soil.

Figure 8: Air temperature recording station. Air temperatures were measured at 2 m; air temperature and relative
humidity were recorded at 1 m. This station is at the Imingfjell study area.
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SLF™ UTL-3 Scientific Datalogger (measuring range -30° to +40° C, accuracy 0.1° at £20°
and 0.2° at +40°, resolution <0.1°). Air temperature and relative humidity (RH) were also
recorded at one m above the surface using a LogTag™ Haxo-8 temperature and humidity
recorder (measuring range 0-100% RH and -40° to 85° C, resolution 0.1% RH and 0.1° C).
Buried dataloggers were replaced each summer; above-surface dataloggers were
downloaded onsite and re-installed. Soil temperatures recorded at 5 cm between the
1st of October, 2011 and the 31st of July, 2014, (a total of 34 consecutive months) were
used in the analyses; air temperature, humidity, and 30 cm soil temperature recordings
were not used. Readings taken before or after this period (hereafter referred to as the
“measurement period”) were discarded. This gave us 4,140 individual readings of soil
temperature per plot. The temperature readings from each plot were merged to give a
continuous record over the entire analysis period. Temperature measurements were
averaged to give a single measurement for each 24-hour period; these daily means were
used in analyses. Temperature analyses and results are based upon data from the entire
analysis period, which helped to minimize the effects of year-to-year variations in

temperatures.

2.4. Soil Sampling and Analysis

Soil samples were collected in July, 2012. One sample was collected from the top 10 cm
of mineral soils from each vegetation plot along the main gradients using a small shovel.
These samples were then bulked, which resulted in one soil sample for every plot; there

was a total of 38 soil samples from the vegetation plots.

Three soil profiles (Figure 9) located along extra gradients at each study area, for a total
of 9 profiles. These were dug to a maximum depth of one meter or until bedrock or
undifferentiated parent materials were reached. The profiles were located at three
landscape positions as determined by vegetation community change; one profile in a
lichen-dominated heath, one in a lichen-shrub heath or shrub-dominated leeside, and

one in a graminoid snowbed. Soil samples were taken from each horizon and returned
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for analysis. There was a total of 39 samples taken from the soil profiles at the three
study areas. The soil samples, both those from the vegetation plots in the main gradients
and the horizons in the extra gradients, were dried at 105° then sifted and crushed to
remove large stones and coarse woody debris prior to analysis. Organic matter content
was determined by the loss on ignition technique at 550° C. Analyses of plant-available
ions (P, K, Mg, and Ca) in the mineral soils were performed by the Soil Testing Laboratory

at Telemark University College (now the University of South-Eastern Norway) by

Figure 9: One of the soil profiles that were excavated; this one was at Imingfjell.

ammonium lactate extraction (Egnér et al.,, 1960) and atomic absorption
spectrophotometry. Soil particle size distribution was analyzed using a laboratory sieve
shaker. Sieve sizes were: 4.0 mm, 2.0 mm, 1.0 mm, 0.5 mm, 0.25 mm, 0.125 mm, and
0.063 mm. Texture class was assigned using an Excel macro downloaded from the United
States Department of Agriculture Soil Conservation Website and were calculated
without the 4.0 mm fraction. pH was measured on a 1:2.5 V/V water solution using a

Hanna Instruments™ 8417 pH Meter. Total C, N, and H were analyzed by the Soil Testing
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Laboratory at The Norwegian University of Life Sciences at As using a LECO™ TruSpec
CNH. Texture class determinations were made using an Excel download provided by the
United States Department of Agriculture Natural Resources Conservation Service

website.

2.5. Data Analysis

Statistical analyses (with the exception of some ordinations) were performed using R
version 3.2.5. (R Core Development Team, 2016.). Ordinations were performed using
CANOCO version 5.0 (Ter Braak & Smilauer, 2012) and using the vegan version 2.5-2
package in R (Oksanen et al., 2018). Generalized linear mixed models were performed
using the Ime4 package (Bates et al., 2015). R software was also used to create maps,

distance matrices, and figures.

2.5.1. Analysis of Vegetation Data

Vegetation data for individual species were analyzed using Nonmetric Multidimensional
Scaling (NMDS) on two axes with Bray-Curtis distance measures. The results of the
NMDS were then rotated to Principal Components Analysis (PCA) axes for visualization.
NMDS was performed on untransformed abundance data to identify similarities among
species along environmental gradients; only species that occurred on at least two of the
three study areas were included in the NMDS ordination, and the percent cover was
averaged for the two subplots prior to analysis. A Detrended Correspondence Analysis
(DCA) was also performed on the species data, again to detect similarities along
gradients and to confirm the results of the NMDS, and again using only species that
occurred at least two of the three study areas. Species abundance data were square-
root transformed for DCA analyses. The two ordinations (unrotated NMDS and DCA)
were then compared using Procrustes rotation, a process where two different
ordinations are rotated to match configurations as best as possible (Ter Braak &
Smilauer, 2012). With Procrustes rotation, a disagreement measure between 0 and 1 is

given, with zero meaning that there is no disagreement between ordinations and 1.0
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indicating complete disagreement. This procedure allows for verification and
confirmation of the ordination results. Axes from the two ordinations were also
compared via Pearson correlation tests. Abundances of the plant functional types were
analyzed by Principal Components Analysis (PCA) with soil temperature variables as
supplemental variables. A Redundancy Analysis (RDA) with forward selection followed
by Monte Carlo permutation tests was then performed to determine which of the

temperature variables were best correlated with type abundance.

2.5.2. Soil Temperature Variables and the Weighted Average Snow Index

Daily mean soil temperatures for the entire period were calculated, and these were used
to generate temperature variables to represent different below-ground conditions. Only
the temperatures recorded at 5 cm were used for variable calculation. The variables
were designed to capture both warm-season and cold-season conditions; they included
start of growing season (GSS), end of growing season (EGS), thaw date (TD), growing
season length (GSL), warming time (WT), frost sum (FS), heat sum (HS), mean soil
temperature (MST), and frost days (FD). GSS was defined as the fifth consecutive day of
soil temperatures > 5° C. EGS was defined as the fifth consecutive day of soil
temperatures < 5° C. GSL was the interval between GSS and EGS. TD was the day of the
year when soil temperatures reached 1° C. and was used as a proxy for snowmelt. WT
was the interval between TD and GSS. FS is the sum of all soil temperatures below 0° C,
and HS is the sum of soil temperatures above 5° C. MST was the arithmetic mean of all
soil temperatures measured each day during a one-year period, which was again
averaged for the three years of measurements. FD was the number of days the soil

temperature was < 0° C.

The weighted average snow index (WASI) was also calculated for each plot based upon
the snow index of the vegetation, based on methods described by Odland and
Munkejord (2008b). The WASI was then compared to the soil temperature variables

using stepwise multiple regression in both directions (forward and backward).
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2.5.3.  Analysis of Soil Properties

The results of the soil sample analyses from the main gradients were compared to two
of the soil temperature variables (FS and HS) using GLMM with transect as a random
factor to control for spatial autocorrelation within study areas. These temperature
variables were chosen because they are the most common temperature variables that
are used and correspond to freezing degree days and growing degree days. The main
gradient samples were also compared across the study areas using the non-parametric
Kruskal-Wallis test with Dunn’s test applied post-hoc to identify significant differences.
No statistical analyses were performed on the samples from the profiles along the extra
gradients; the samples were taken for descriptive purposes only and not with the

intention of being used for comparative studies.
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3. Main Results and Discussion

This study focuses on the relationships between plant distribution and soil temperatures
in alpine areas, with an emphasis on oligotrophic lichen heaths. Soil temperatures are
determined by air temperatures and by the insulating effect of snow; it is therefore
important to quantify the effects of snow cover duration on vegetation. Soil conditions
are also affected by long periods of frozen temperatures; a lot of energy and time is
needed to re-heat frozen soils (Odland & Munkejord, 2008a). Data on both snow
duration and soil temperatures are therefore needed in order to understand the
variations in regional and local distributions of lichen heaths in alpine areas. Soil
temperatures are especially important, since plants are in close contact with the soil at
all times, but snow causes a disconnect between plants from air temperatures for long
periods, rendering them nearly irrelevant (Kérner & Hiltbrunner, 2018). Effects of
differing air temperature and precipitation patterns can be quantified by comparative

studies from different climatic sections (Moen 1999).

It is therefore necessary to quantify effects of different temperature related factors
affecting plant distribution. The soil temperature-related factors used here can be

separated into two main categories:

e Cold-season variables, including frost sum (FS) and frost days (FD)
e Warm-season variables, including heat sum (HS), growing season start (GSS) and

length (GSL), warming time (WT), and thaw date (TD).

However these variables are by necessity strongly correlated (Table 2); the deeper the
frost a plot experiences, the longer it takes for the plot to thaw and to reach

temperatures amenable to plant growth.
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Table 2. Kendall’s t correlation matrix between the soil temperature variables. The closer
the value of tis to 1 (regardless of sign), the stronger the correlation. Matrix generated using
the “cor()” command in R. (Significance levels: p < 0.001 ***, p < 0.01 **, p< 0.05 *)

MAT FD FS GSL GSS D WT
FD -0.65***
FS 0.65***  -0.58***
GSL 0.69***  -0.47*** 0.34*
GSS -0.44* 0.24* -0.10 -0.68***
D 0.03 -0.06 0.32%** -0.20 0.43
WT -0.51*** 0.43***  .0.48*** -0.46*** 0.28* -0.31*
HS 0.69***  -0.48** 0.38* 0.81***  -0.61*** -0.07 -0.59

3.1. Snow Layer Duration and Soil Temperatures

Relative values for snow layer duration for the study plots have been quantified by the
use of snow indicator values (WASI). Results in Article 2 show that WASI-value of the
plots was significantly correlated with four of the soil temperature variables (FS, MST,
HS, and GSS), while WT and TD were not. Of these FS was the most important
contributor (40.3%, p = 0.003) followed closely by MAT (22.6%, p = 0.04), HS (19.4%, p =
0.03) and GSS (17.6%, p = 0.03). Increasing snow cover duration, as estimated by WASI,
decreases soil frost, while the absence of snow leads to longer periods of frozen soil.
Korner & Hiltbrunner (2018) call snow cover duration “crucial”; again because of the
way that snow insulates vegetation from air temperatures and moderates soil
temperatures. There were differences in soil temperatures within the gradients as well;
Bilbrough et al. (2000) also had similar results. They found that soil temperatures in
moist alpine meadows rarely fell below zero, while in snow-free lichen heaths they
recorded sustained temperatures well below freezing, which is the same pattern
recorded in the three studied areas. Lichen heaths at these study areas were nearly
always frozen below the surface, while plots in lower landscape positions with different

vegetation communities rarely froze.
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3.2.

Soil Temperature Variables and Vegetation

The study indicates that not all plant species and plant functional types appear to be

influenced by soil temperatures. As shown in Article 1, Table 4, species with a wide

distribution (Juncus trifidus, Betula nana, and Cladonia uncialis) and species associated

with a relatively long-lasting snow cover (Poa alpina, Salix herbacea and Carex vaginata),

were not significantly related to any of the studied temperature variables which implies

that other factors drive the abundances of these species.

As shown in Article 1, Table 4, most lichen species were strongly associated with soil

frost. Exceptions were Cladonia stellaris, C. arbuscula, and C. rangiferina; species which

have relatively wide ecological ranges, and which are most often found in sites with a

protective snow cover (Dahl 1957). Most shrubs and graminoids were not significantly

associated with soil frost (Figure 10).
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Figure 10. Plots of Betula nana (a), Flavocetraria nivalis (b), Cladonia rangiferina (c), and Juncus trifidus (d) against FS.
Lowess regression lines are drawn. These were among the most common species at all three study areas.
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The role of both the thaw date and the lapse between the soil defrosting and warming
to growing season temperatures (thaw time) has also been investigated. This lapse has
been reported earlier by Odland & Munkejord (2008a), but the ecological significance of
the thaw period has not been widely investigated. However, for several species growing
in apparently similar conditions (Odland, 2005), the thaw factors were important
separators. One example is with matgrass (Nardus stricta) which is found almost
exclusively in snowbeds. Loffler (2005) describes this species as “[able to] survive
extreme conditions with wet but warm and short vegetation periods”. It was found only
in plots that defrosted late in the year and warmed up to growing temperatures very
quickly, while other snowbed species such as dwarf willow (Salix herbacea) were less
strongly correlated with thaw conditions. Several other species, most notably dwarf
birch (Betula nana), had no relationships with any of the soil temperature variables.
Differences in the abundance and distribution of the plant functional types were also
strongly associated with differences in soil temperatures, again primarily soil frost
(Article 2). Warming time was also significant for many lichen and vascular plant species.
WT is a quantification of time needed for soil temperatures to reach the threshold

temperature, and is short in sites with a thick and long-lasting snow-cover.

In conclusion, the studies indicate that degree of soil frost and length of the frozen soil
period appear to be strongly related to the distribution of most alpine plant species,
plant function types, and in particular the lichen heaths. There is a growing body of
evidence showing that the cold season is as influential on plant community structure
and function as is the warm season, if not more so (Kreyling et al., 2010; Morgner et al.,
2010; Bjerke et al., 2015; Hollesen et al., 2015). Choler (2018) also investigated the
relationships between soil frost and alpine vegetation, and used only two variables;
freezing degree days (FDD), which corresponds to FD for these studies, and growing
degree days (GDD), which correspond to HS for these studies. These two were found to
be the key separators of alpine vegetation communities in his research sites in the

French Alps; however this study has shown that at the areas investigated in southern
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Norway, the cold-season variables were the main separators. A FS of -250 is the
threshold that separates lichen-dominated plots from those with higher proportions of

vascular plants (Figure 11).

OTC 0 @0 ()
-50 AA A (Or'% ' °
A » ¢
e -250 ¢
> @ Haukeli
7 @ Imingfjell
o -330 A A A Lesja
- A
-450 A
A
-550
A . ¢
-650
0 200 400 600 800 1000 1200
Heat sum

Figure 11. Mean of HS plotted against FS for each plot, showing the thermal patterns. The plots with FS about -250 or
above are generally dominated by vascular plants while those with FS under -250 are dominated by lichens.

3.3. Growing Season Characteristics

The warm-season variables GSL, HS, and MAT are correlated with each other, and are

negatively correlated with FS, FD, and WT (Article 2, Figure 2).

Neither GSL nor GSS were significantly correlated with the distribution of the majority
of the plant species (Article 1, Table 4), nor with the abundances of the plant functional
types (Article 2, Table 3). This was surprising because it has generally been assumed that
because snowbed species are associated with long-lasting snow, and are therefore
adapted to short vegetation periods. However the growing season does not necessarily
start immediately after the snow has disappeared. The exposed ridges, if they have any
snow cover at all, are snow-free early in the year; however the hard frost experienced

in these areas hinders plant growth for a number of weeks (Odland & Munkejord 2008a).
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Snowbeds, however, warm to temperatures amenable to growth within days of

snowmelt, which leads to these habitats having roughly the same GSL as the ridges.

In conclusion, GSL and GSS were only significantly correlated with the distribution and
abundance of few of the studied plant species. The species and types differed much
more in their responses to soil frost than in their responses to warm-season variables
such as HS and GSL, which was often reflected in their occurrences at the different
landscape positons. Thus, in these alpine areas, it is the relationship between snow and
soil frost that are important determinants of the presence or absence of lichen-

dominated communities.

3.4. Relationships between soils, soil temperatures, and

vegetation

Since lichen-dominated vegetation communities are often considered poor competitors
for resources it is often assumed that they are only found on shallow soils. The soils in
these areas, however, were deep and fairly well-developed at every location along the
gradients, and many of them had characteristics associated with podzols (Article 3).
Deep soils in areas with little to no snow cover in the winter are subject to long periods
of frost, which limits the establishment and survival of vascular plants with deep roots

and favors instead the development of lichen-dominated vegetation.

Total N was very low in the study plots, and the HS was found to be the best predictor
of N content, available P, C:N ratio, and organic matter content (Article 3). All of these
were higher in plots with higher HS values. Low soil temperatures have previously been
correlated with low N availabilities (Weih & Karlsson, 1999) and with low uptake of N
(Karlsson & Nordell, 1996). The C:N ratio was also similar to those measured by Hinneri
et al. (1975) in lichen heaths on Hardangervidda, and can be indicative of low levels of

plant-available N compounds and low decomposition rates. Total N, available Ca and
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Mg, and pH also increased with increasing depth in the profiles; this is a common finding

in previous research (Ellis, 1985; Freppaz et al., 2011; Tian et al., 2017).

In conclusion, the soils under alpine lichen heaths are deeper and better developed than
has previously been assumed. Although a number of studies use microcosms to describe
differences in soil nutrition along temperature gradients, this study has shown some
ways in which temperatures are related to soil nutrition in situ. Seasonally frozen soils
were poorer in nutrient ions than soils without seasonal frost, which can again limit the
ability for vascular plants to establish in colder soils. Since lichens do not have roots, and
acquire their macro- and micronutrients through the air, they are not constrained by the
lack of fertility presented by colder soils. Increasing snow cover, with the associated
increases in soil temperature, could lead to increased biological activity in the upper

layers of the soils, which would have consequences for nutrient cycling activity.

3.5 Regional Climate Differences

Previous studies have shown that there are major regional differences in the distribution
of alpine lichens heaths, and that this is explained by climatic differences (Moen 1999).
The three study areas lie in different climatic sections, and the main climatic differences
are shown in Article 2, Table 1. The Haukeli area has higher annual precipitation, higher
temperatures, and more snow than other two. This study shows that the areas have also
differences in soil temperature patterns and snow layer durations. These are mainly
present on the exposed ridges. The soils at Lesja and Imingfjell are colder than those at
Haukeli, where several of the plots remained unfrozen throughout the entire study
period. Chinophilous lichen species are far less common at Haukeli than at Imingfjell or
Lesja, while the more generalist species in the Cladonia genus are common at all three

areas (Article 2, Table 2 and Figure 3).

In conclusion this study emphasizes the role of regional climate patterns in determining

the distribution of alpine lichen heaths. Changes in climate that lead to increasing
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oceanity, including increases in temperature and precipitation, can eventually lead to

decreases in the presence of lichen heaths.

To summarize, the relationships between soil temperature and vegetation community
distribution have been described at these three study areas. In the majority of cases it
was the winter temperature patterns, specifically those relating to the duration and
intensity of soil frost, that were most strongly associated with vegetation abundances.
With regards to future changes in climate, the results presented in Articles 1 and 2 show
that if the predictions of increased precipitation and snow depths in alpine areas are
correct the result would be higher winter soil temperatures and a general reduction in
the extent of frozen soils. Should this occur, coupled with snow accumulations in areas
that are normally snow-free, lichen heaths can be diminished and strongly chinophobic

species could struggle.

3.6 Integration of Results

This study was an attempt to create a better understanding of the interactions between
a number of environmental and biological factors that are associated with alpine lichen
heaths, and with the patterns of vegetation change along gradients commonly found in
mountain plateau areas. Each of the first three articles focus on different aspects of
these areas: individual species, functional types, and soil characteristics. The common
thread linking all three is the soil temperature variables, which affect both species,

groups, and soil nutrition in differing, albeit interrelated, ways.

These results show that although groups of vegetation may respond to their
environment in one way (Article 2), individual species within those groups can have
completely different responses, or may not respond at all (Article 1). It is therefore
important to have information about both individual and group responses when
modelling responses to environmental changes. Because plants experience the
environment both above and below the soil surface it is also important to take below-

ground temperatures and processes into account as well. Changes in soil temperatures,
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as affected by factors including vegetation community type and snow, are also
associated with changes in soil fertility (Article 3), which again also relates to vegetation
community structure and function. This work has shown the importance of soil
temperatures, and contributes to the increasing body of work which integrates below-

ground temperatures with above-ground vegetation processes.
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4. Conclusions and Future Perspectives

This project is the investigation of the relationships between soil temperatures and both
individual plant and lichen species (Article 1) and functional groups of vegetation (Article
2). The soils of alpine lichen heaths have also been described, and the relationships
between soil physical and chemical properties and soil temperature were investigated
(Article 3). And finally, the previous knowledge of lichen ecology in alpine settings was
compared to these and other recent findings and several predominant assumptions

were challenged (Article 4).
The following conclusions can also be drawn from this research:

e Winter conditions are better predictors of vegetation patterns in alpine areas
than warm-season conditions. In this study the warm-season variables were
generally not correlated with the abundance patterns of any individual species
or functional group. (Main aims #1 & 2)

e Soil temperatures are better predictors of distribution patterns than air
temperatures. Air temperatures only represent a fraction of the environment
experienced by plants, especially in alpine areas where plants tend to have large
portions of their total biomass below the ground. (Main aim #2)

o Alpine lichen heaths are associated with relatively deep soils resting on
moraine materials. The soils and the moraine materials freeze during winter,
and they need a long period to thaw during the spring. This in turn has an
influence on plant community composition. (Main aims #1-4)

e Changes in soil temperature patterns can present a threat to lichen heaths in
Norway. Changes that can lead to increased N availability and warmer soils can
be favorable to vascular plants and unfavorable to lichens. Although they are not
directly connected to soils through roots, lichen dominance is dependent upon
a certain set of environmental conditions. (Main aims #2 & 3)

e Regional climate differences have major impacts on both species distributions

and on soil properties. If climate change continues at its current pace, the
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conditions at the Imingfjell and Lesja areas could soon resemble those that are

dominant at the Haukeli area. (Main aims #1 & 3)

Long-term monitoring studies should be carried out to evaluate the extent and health
of lichen heaths on Norwegian mountain plateaus. These areas are not only interesting
botanically but are important grazing resources for reindeer. Further investigation into
the edaphic factors that characterize these areas should also be performed. A greater
knowledge of below-ground conditions will help to improve predictions of above-

ground changes.

In summary, alpine lichen heaths are found in areas with deep, well-developed soils,
which can often be classified as podzols. These soils are nutrient poor, yet have a high
organic matter content and low decomposition rates as evidenced by the high C:N ratios.
They are most likely limited in both N and P, depending upon the geology of the
underlying rocks. Mat-forming lichens are dominant where snow is absent and decrease
in number and species diversity with increasing snow depth; they are generally absent
in late snowbeds. The factors that were most closely associated with high lichen
abundances were the frost sum, number of days with frozen soil, and the amount of
time the soil needed to thaw in the spring. Environmental changes that lead to higher
soil temperatures (such as increased snowfall), decreased albedo (such as grazing), or
increased availability of N and P (such as deposition), can lead to decreases in lichen
abundances; changes in all of these could create feedbacks that could cause major

changes in the vegetation structure of alpine areas in southeastern Norway (Figure 12).
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Figure 12. Conditions favorable to the development of lichen heaths (a), and threats to these areas (b). Increasing N
through atmospheric deposition, coupled with warmer soils through increased snowfall, could lead to reductions in
the extent of lichen heaths in the future (c).
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Table S1. Coordinates and elevations for every study plot. Coordinates were recorded
where the dataloggers were buried. Plot names beginning with H = Haukeli; | =
Imingfjell, and L = Lesja.

Plot Name Longitude (DD, UTM)  Latitude (DD, UTM) Elevation (masl)
HA1 7.219056 59.814194 1055
HA2 7.218694 59.814250 1053
HA3 7.218361 59.814333 1053
HA4 7.218278 59.814472 1048
HB1 7.219167 59.814694 1052
HB2 7.219056 59.814750 1052
HB3 7.218556 59.814889 1050
HC1 7.220139 59.814861 1055
HC2 7.220444 59.814917 1052
HC3 7.220972 59.814972 1051
HD1 7.221833 59.814139 1054
HD2 7.221861 59.814028 1052
HD3 7.221861 59.813833 1051
HD4 7.221528 59.813833 1048
IA1 8.577722 60.187472 1153
A2 8.578000 60.187389 1150
IA3 8.577861 60.187111 1145
IB1 8.582389 60.188778 1159
IB2 8.582333 60.189028 1158
IB3 8.581778 60.189583 1155
IC1 8.572278 60.194333 1178
IC2 8.572306 60.194472 1178
IC3 8.572417 60.194028 1174
ID1 8.573361 60.189028 1152
ID2 8.573417 60.188806 1147
ID3 8.573833 60.188528 1140
LA1 8.968000 62.026278 1230
LA2 8.967417 62.026750 1225
LA3 8.966944 62.027167 1220
LA4 8.966306 62.027583 1218
LB1 8.967194 62.025917 1228
LB2 8.96675 62.025667 1221
LB3 8.966222 62.025167 1213
LB4 8.965556 62.024556 1203
LC1 8.970833 62.022611 1234
LC2 8.970028 62.022611 1227
LC3 8.969306 62.022889 1218
LC4 8.968528 62.022889 1216
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Plant abundance and distribution patterns have mostly been explained in terms of
air temperatures, yet a great deal of vascular plant biomass is located below ground.
Winter soil temperatures, which are related to both air temperature and snow cover,
may therefore be important determinants of species composition in alpine areas. Epi-
geic lichens, however, have no underground biomass, and they often dominate at sites
that are inhospitable to vascular plants, such as those that experience sustained periods
of sub-freezing temperatures. In this study, effects of several warm- and cold-season
soil-temperature variables on individual plant and lichen species common to oligo-
trophic alpine heaths was investigated using linear regression and ordination. The dif-
ferences in growing season length as measured by soil temperatures were compared.
Warm season variables were found to have less influence than cold season variables
on individual species abundances in these areas. Changes in winter snow cover depth
and duration, such as those that are predicted in Norway, can result in changes to soil
temperature patterns, to the possible benefit of some species and detriment of others.

Introduction

Vascular plants and lichens are organisms with
highly different life strategies (Grime 1977).
Lichens have no roots, and environmental and
edaphic conditions in the soil have therefore at
best limited direct effects on their abundances.
Vascular plants, however, live in contact with
two different ecosystems, the aerial parts (the
atmosphere) and the soil parts (the rhizosphere),
and ecological conditions within both of these
affect plant life. Unfavourable conditions expe-
rienced by one of the parts can have serious con-
sequences for the whole plant. Vascular plants

are dependent on uptake of water and nutrients
from the soil, and plants exposed to high air tem-
peratures on frozen soil can therefore be subject
to drought stress. It has previously been demon-
strated that initiation of alpine plant growth may
be more strongly controlled by soil tempera-
ture than by air temperature (Holway & Ward
1965, Bliss 1971, Chapin et al. 1979, Sveinb-
jornsson 1983). Soils provide a thermal buffer
through absorption and subsequent release of
heat throughout the day and night hours (Larcher
2012). Brooker and van der Waal (2003) found
that different functional groups of alpine plants
responded differently to increased soil tempera-
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tures, with grasses increasing the most rapidly,
even with unchanged air temperatures (see e.g.,
Bjerke et al. 2015). Nevertheless, studies of
alpine plant autecology have most often been
based on air temperature data (Billings et al.
1961, Bliss 1971, Abeli et al. 2012) or snow melt
data (Kudo 1991, Jonas et al. 2008, Odland &
Munkejord 2008a). Delimitations of vegetation
zones are also usually related to air temperature
variables, especially average July temperature,
while hardiness depends on average winter air
temperatures.

Soil frost may be seasonal or permanent, and
there are several factors determining the extent
of soil freezing. Permafrost occurs mainly in
arctic areas where average air temperatures are
lower than -2 °C (King 1986, Harris et al. 2008),
while in sub-arctic alpine areas frosts are gener-
ally seasonal. The distribution and depth extent
of soil frost is determined mainly by three fac-
tors: winter air temperatures, snow cover (thick-
ness and duration), and occurrence of a moist
and humus-rich soil. According to Sofronov et
al. (2004), soil thawing depth is affected by
organic layers of mosses and lichens that densely
cover the ground surface. Similarly, Odland and
Munkejord (2008b) found that in exposed lichen
alpine heaths with a thick, moist humus layer in
southern Norway, soils needed more than one
month longer to reach a soil temperature of 5 °C
than snow-cover demanding lee-side communi-
ties. Exposed heaths without lichens or a thick
humus layer show little to no delay in soil tem-
perature increase in the spring (Reinhardt et al.
2013). The lack of snow cover reduces the degree
of insulation and results in extensive soil freezing
(Groffman et al. 1999, Freppaz et al. 2008). A
closed lichen cover reflects more sunlight during
the snow-free season than does other vegetation
(Cohen et al. 2013) and keeps the subsurface
temperatures lower during the growing season.
Therefore, a layer of lichen vegetation can play a
key role in many ecological processes.

Factors such as start and length of the grow-
ing season and frost and heat sums are essen-
tial variables determining species distribution.
Growing season estimations are most often based
on air temperature means rather than soil temper-
atures (Odland 2011). Differentiating between
air and soil surface temperatures (2 cm depth)

during the growing season has been stressed in
arctic and alpine studies, nevertheless a literature
survey has shown that even recent studies have
used air temperature data to assess soil surface
processes (Brooker and van der Wal 2003, Graae
et al. 2012). A soil temperature threshold of 5 °C
has often been used as a biological zero (Raben-
horst 2005) below which vegetative growth is
stopped. Bjerke et al. (2015), in an analysis
of winter air and soil temperatures, found that
including soil temperature measurements to their
models resulted in better classification of snow
season types. Given the differences between
soil and air temperatures that can occur during
the spring thaw, and the general instability of air
temperatures, soil temperatures offer an alterna-
tive means by which the initiation of vegetative
growth and other phenological events can be
estimated (Bjerke et al. 2015).

We assume that plant and lichen abundances
in oligotrophic, alpine areas are strongly affected
by snow thickness and duration, and their effects
on soil temperatures. We hypothesize that cold
season temperature variables, as influenced by
snow cover and landscape position, are more
important and have a stronger influence on the
abundance and distribution of alpine vegetation
than warm season variables.

Methods
Study areas

Three study areas in southeastern Norway were
chosen along a climate gradient from semi-
oceanic in the southwest to semi-continental
in the northeast: Haukeli, Imingfjell, and Lesja
(Fig. 1). The study areas are in the low alpine
zone and are all considered oligotrophic, due to
low levels of soil solution Ca (first author’s pers.
obs.). Haukeli is a mountain area in Telemark
County, in the southern part of the Hardanger-
vidda plateau. The study area was located at
59°48°N, 7°13°E and the plots ranged in eleva-
tion from 1048-1055 m above sea level (a.s.l.).
The climate is categorized as slightly oceanic
(Moen 1999) and a nearby station (Mgsstrand
I, Norwegian Meteorological Institute (NMI))
recorded 738 mm precipitation in 2012. Iming-
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fjell is located in Buskerud County at 60°1°N,
8°34°E and plot elevations ranged from 1140 to
1178 m a.s.l. Here, the climate is categorized as
indifferent (Moen 1999) and the nearby Tunhovd
station (NMI) recorded 644 mm precipitation in
2012. The northernmost site is at Lesja in Opp-
land County, located at 62°1°N, 8°57°E . Plot
elevations at Lesja ranged from 1203-1234 m
a.s.l. and 540 mm of precipitation was recorded
at the Prestulen station (NMI). The climate at
Lesja is semi-continental (Moen 1999). Grazing
by sheep and cattle occurs at all three sites, but
neither of these graze on lichens.

Vegetation sampling and temperature
recordings

The data were collected along transects running
from exposed lichen heaths downward on the
mountain slopes. In each of the study areas, three
or four transects were subjectively selected. The
transects (11 in total) were located along topo-
graphic gradients from windy, lichen-dominated
ridges downward the slopes, where vegetation
composition indicated increasing snow cover
duration, and down to early snow bed commu-
nities. Due to topographic differences, transect
lengths varied between 37 and 250 m. Randomly
placed 2 x 2-m plots were selected for vegetation
analyses and soil temperature measurements along
each transect. Soil temperatures were recorded at
38 plots, and two vegetation analyses were per-
formed from subplots located at a distance of
1 m from each soil temperature site. Vegetation
analyses were performed in July 2013. Vegeta-
tion community composition was visually esti-
mated and recorded by functional group (lichen,
moss, shrub, graminoid, other vascular) and by
species. LogTag TRIX-8 temperature recorders
(measuring range —40 to +85 °C, resolution 0.1)
were installed horizontally 5 cm below the soil
surface. These recorded temperatures at 6-hour
intervals beginning at 01:00 which gave us four
readings per day. The recorders were installed in
the summer of 2011 and removed in the summer
of 2014. Measurements taken between 1 Octo-
ber 2011 and 31 July 2014 were analysed in this
study. All temperature variables are based on
averages for the three-year measurement period.
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Fig. 1. Map showing the locations of the study areas.

Data analysis

Daily mean soil temperatures for the entire
period were calculated first, and the temperature
variables used in this study were based upon the
daily means (Table 1). Start of Growing Season
(SGS), End of Growing Season (EGS), and
Thaw Date (TD) were determined by analysing
the data for each plot and recording the day of
the year (DOY) at which they occurred. Grow-
ing Season Length (GSL) and Thaw Time (TT)
were then calculated based on the values of SGS,
EGS, and TD. Abundance data (percent cover)
for individual species was modelled as depend-
ent variables against soil temperature variables
using simple linear models (LM). Only species
that appeared on at least two of the three sites
were used in the LMs and the percent cover was
averaged for the two sub-plots within each plot
before analysis was performed. The 72 values for
vegetation functional groups were plotted for
comparison.

Vegetation data were analysed using Nonmet-
ric Multidimensional Scaling (NMDS) on two
axes with Bray-Curtis distance measures. The
results of the NMDS were then rotated to Prin-
cipal Components Analysis (PCA) axes for visu-
alization. The NMDS was performed on untrans-
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Table 1. Definitions of soil temperature variables analysed in this study.

Variable Definition

Start of growing season (SGS)

Day of the year which is the 5th in the series of five consecutive days when soil

temperatures at 5 cm are >5 °C

End of growing season (EGS)

Day of the year which is the 5th in the series of five consecutive days when soil

temperatures at 5 cm are <5 °C

Growing season length (GSL)
Thaw date (TD)
Thaw time (TT)
Heat sum (HS)
Frost sum (FS)

Interval between SGS and EGS

Day of the year where soil temperatures at 5 cm are > 1 °C
Interval between TD and SGS

The sum of all soil temperatures above 5 °C at 5 cm

The sum of all soil temperatures below 0 °C at 5 cm

formed abundance data to identify similarities
among species along environmental gradients.
Detrended Correspondence Analysis (DCA) was
also performed on the vegetation data, again to
detect similarities along gradients and to confirm
the results of the NMDS. Vegetation data were
square-root-transformed for DCA. The two ordi-
nations (unrotated NMDS and DCA) were then
compared using Procrustes rotation, a process
wherein two different ordinations are rotated to
match configurations as best as possible (ter
Braak & Smilauer 2012). With Procrustes rota-
tion, a disagreement measure between 0 and 1
is given, with zero meaning that there is no disa-
greement between ordinations and 1.0 indicating
complete disagreement. This procedure allows
for verification and confirmation of the ordination
results. Axes from the two ordinations were also
compared using Pearson’s correlation. Weighted
average snow index values were estimated for
each plot (Odland & Munkejord 2008a, 2008b).

Statistical analyses (with the exception of
ordinations) were performed using R ver. 3.2.5.
(R Core Development Team, 2016.) Ordinations
were performed using CANOCO ver. 5.0 (Ter
Braak & Smilauer 2012).

Table 2. Mean + SD thaw date (TD), warming time
(WT), start of growing season (SGS), growing season
length (GSL) for all three study areas based on soil
temperatures. DOY = day of year.

Site D T SGS GSL

(DOY)  (days) (DOY)  (days)
Haukeli 147 +19 16+9 16315 108+16
Imingfiell 145+9 2511 17014 8914
Lesja 151+14 30+16 180+16  75+20

Results

Variation in soil temperature variables
between the study sites

The mean + SD values of TD, TT, SGS, and GSL
varied among the three study areas (Table 2).
GSL decreased along the climate gradient
from the southernmost, most humid study area
(Haukeli) to the driest, northernmost study area
(Lesja). The Haukeli study area thawed earlier in
the year, the soils warmed to 5 °C more quickly,
and the GSS was on average 17 days earlier than
at Lesja. The average values, based on all plots
within each of the three study areas, were highly
variable, probably because of differences in
snow cover, precipitation and air temperatures.

Species composition in the different
plots in relation to the temperature
variables

In the NMDS ordination (Fig. 2), the first axis
represents a gradient from the warmest to the
coldest soils and axis two represents the shift
from sites that thaw slowly to those that thaw rap-
idly. The first two ordination axes cumulatively
explained 75.5% of the variation in species abun-
dances. The ordination axes for the DCA analysis
were similar to those of the NMDS. Comparison
of the two ordinations by Procrustes rotation
resulted in a disagreement measure of 0.19 which
suggests that these gradients are indeed important
in describing vegetation abundances. The first and
second ordination axes for the two ordinations
were very strongly correlated (Pearson’s r =0.97,
p < 0.001; and 0.80, p < 0.001; respectively).
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temperature variables.

Species DCA axis one scores were correlated
(linear regression: r> = 67.5, p < 0.0001) with
their snow indicator values (SI) values (Odland &
Munkejord 2008b) (Table 3) which underscores
the influence of snow cover and its insulating
effect on alpine vegetation communities.

Species responses to different soil
temperature variables

Abundances of the different species were mod-
elled in relation to soil temperature variables
(Table 4). In general, lichen species were pos-
itively associated with decreasing FS (colder
soils). Species with the strongest positive
response included Alectoria ochroleuca, Fla-
vocetraria nivalis, and Bryocaulon divergens.
However, some lichen species, including Cla-
donia arbuscula and Cetraria islandica, were
positively associated with increasing FS (slightly
warmer soils). Of the vascular plants, only Arc-
tous alpinus responded positively to increasing
FS, while Vaccinium myrtillus and V. uligino-
sum had positive associations with decreasing
FS. In other words, Arctous alpinus was most
common on the coldest sites, while the cover of
Vaccinium increased as winter soil temperatures
increased. TT was also an important factor for

0 0.4 0.8
PCA Axis 1

many of the lichen species; Alectoria ochro-
leuca and Flavocetraria nivalis were positively

Table 3. Mean species cover (Cover, %), number of
plots where the species was recorded (n), DCA axis 1
scores, and snow indicator (Sl) values for the species
analysed in this study. Sl values are based on data
from Odland and Munkejord (2008b). ns = no score.

Species Cover n DCA1 Sl
(%)

Alectoria ochroleuca 15 10 3.50 1

Arctous alpinus 4 6 3.16 1

Betula nana 19 35 1.69 3
Bryocaulon divergens 6 5 3.77 1

Carex bigelowii 4 25 1.80 6
Carex vaginatum 5 4 -0.81 ns
Cetraria islandica 6 22 -0.18 ns
Cladonia alpestris 24 17 2.25 2
Cladonia arbuscula 18 34 0.51 2
Cladonia rangiferina 1 26 2.01 2
Cladonia uncialis 5 16 2.04 2
Empetrum nigrum 24 31 1.06 3
Flavocetraria cucullata 12 7 2.94 1

Flavocetraria nivalis 18 18 3.16 1

Juncus trifidus 9 25 0.52 ns
Nardus stricta 27 5 -1.21 7
Poa alpina 8 5 -0.82 ns
Salix herbacea 4 2 -0.79 8
Vaccinium myrtillus 6 19 -0.26 5
Vaccinium uliginosum 17 18 0.10 3
Vaccinium vitis-idaea 3 18 2.48 2
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related to longer TTs while Cladonia alpestris,
C. rangiferina, Nardus stricta, V. myrtillus, V.
uliginosum, and Empetrum nigrum were posi-
tively associated with shorter TTs. Nardus stricta
in particular was correlated with the shortest TT
and the latest TD; it was most common in plots
that warmed to 5 °C shortly after snowmelt. Vac-
cinium vitis-idaea, Cladonia rangiferina, and C.
alpestris were negatively correlated with TD;
they were found on sites that thawed earliest in
the season. There were differences in response
to the temperature variables between functional
groups as well (Fig. 3), however there were
several cases where a member of one functional
group responded differently from the other mem-
bers of that group.

Discussion
Responses to soil temperatures
The study shows that lichen and vascular plant

species responded differently to soil temperature
variables, and differences in soil temperatures

were probably mainly associated with differ-
ences in winter temperatures, and with snow
layer thickness and duration. The study plots
within each study area were situated relatively
close to each other and they differed very little in
altitude (< 38 m), so differences in air tempera-
tures had no direct effects on the distribution of
the plants. Use of air temperatures and snow data
to explain plant abundance patterns and develop-
mental events may be useful at sites where there
is a temperature-insulating snow cover, prevent-
ing extensive soil frost. For example, Jonas
et al. (2008) found that plant growth started
roughly two weeks after snowmelt in snow-
covered alpine grasslands in the Swiss Alps. In
their study, air temperature and precipitation
were the best predictors of the beginning of the
vegetation period. In wind exposed areas, the
snow may be blown away, and there is virtually
no snow cover at all during the winter. During
periods with low air temperatures there may be
extensive soil frost, and plants growing in these
areas are at a greater risk of frost damage than
those in areas with deeper snow cover (Larcher
et al. 2010). Studies of effects of snow removal

Table 4. Linear regression’s r? values for the relationships between soil temperature variables and species
common to all three sites. GSL= growing season length; SGS = start of growing season; TD = thaw date, TT = thaw

time, HS= heat sum, and FS = frost sum.

Species GSL SGS TD TT HS FS

Alectoria ochroleuca 0.069 0.016 0.076 0.173 0.077 0.597
Arctous alpinus 0.019 0.035 0.067 0.004 0.009 0.141
Betula nana 0.005 0.000 0.065 0.073 0.022 0.014
Bryocaulon divergens 0.024 0.005 0.047 0.088 0.037 0.446
Carex bigelowii 0.030 0.010 0.004 0.320 0.024 0.083
Carex vaginatum 0.002 0.004 0.006 0.004 0.004 0.027
Cetraria islandica 0.031 0.017 0.020 0.079 0.047 0.201
Cladonia alpestris 0.230 0.165 0.000 0.214 0.277 0.028
Cladonia arbuscula 0.112 0.129 0.039 0.033 0.076 0.170
Cladonia rangiferina 0.021 0.005 0.143 0.213 0.112 0.044
Cladonia uncialis 0.013 0.009 0.027 0.005 0.000 0.054
Empetrum nigrum 0.114 0.125 0.000 0.148 0.090 0.084
Flavocetraria cucullata 0.025 0.002 0.052 0.076 0.048 0.184
Flavocetraria nivalis 0.083 0.021 0.114 0.250 0.110 0.665
Juncus trifidus 0.013 0.006 0.079 0.038 0.000 0.041
Nardus stricta 0.008 0.060 0.387 0.143 0.066 0.056
Poa alpina 0.019 0.015 0.055 0.011 0.001 0.020
Salix herbacea 0.002 0.012 0.013 0.048 0.023 0.012
Vaccinium myrtillus 0.001 0.012 0.314 0.205 0.031 0.177
Vaccinium uliginosm 0.290 0.178 0.017 0.104 0.180 0.200
Vaccinium vitis-idaea 0.005 0.037 0.144 0.033 0.002 0.095
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have shown decreasing soil temperatures (Kaste
et al. 2008), leading to delays in flowering
(Petraglia et al. 2014) and reduced leaf area and
flower number in Vaccinium myrtillus (Gerdol
et al. 2013). Deeply frozen soils need more time
and energy to thaw which can lead to delays in
the start of the growing season and reductions in
plant productivity (Bjerke et al. 2015). Studies
also show that moss-lichen layers function as
an important “thermal insulator”, and strongly

determine conditions of the summer soil tem-
perature. Although summer temperatures often
exceed 40 °C just above the surface of the moss-
lichen layers, frozen soils still occur under this
cover type. This is primarily due to the low heat
conductivity of the moss-lichen layers, espe-
cially under dry conditions (Oechel & Van Cleve
1986). Cohen et al. (2013) found that albedo was
lower on the Norwegian side of a border fence
than on the Finnish side during the snowmelt



24

Sundstol & Odland + ANN.BOT.FENNICI Vol.54

period, due to the presence of shrubs that stuck
out from the snow surface. However, during the
snow-free period, the Norwegian side had higher
albedo, which was attributed to the presence of
lichens and lack of disturbance. The high albedo
of lichens contributes to their insulating effect
and keeps soil temperatures lower than in adja-
cent areas without lichen cover.

Variations in GSL and SGS

In this study, the longest recorded growing
season was at Haukeli in 2013 where the lower-
lying plots had average GSL of 199 days based
on the 5 °/5-day rule as described by Kollas et
al. (2013). The shortest GSL was 40 days in an
exposed plot at Lesja in 2012. At Haukeli, soil
temperatures reached 2 °C in early- to mid-June,
while at Lesja, the northernmost site, this tem-
perature was reached later in the same month.
In the lower-lying plots with little to no lichen
component, the temperature tended to climb rap-
idly after snowmelt. Temperatures would often
jump from 0 °C to 5 °C or above in just one
day. Larcher (2012) defined the “climatically
potential growing season” as the period between
spring snowmelt and air temperatures below
freezing in the autumn and assigned it a dura-
tion of 100-120 days in the Alps. Reinhardt and
Odland (2012) set the growing season as the
period from when the soil temperature exceeds
6 °C in spring until the temperatures fell below
5 °C the following autumn. K&rner and Paulsen
(2004) set a temperature threshold of 3.2 °C
at 10 cm depth below the soil surface at the
treeline, while Korner et al. (2003) defined the
growing season in the alpine zone as beginning
with the “obvious and sharp warming” above
two degrees in the spring, and ending when the
temperatures fell below 2 °C in autumn. So for
plots with winter snow cover, Korner et al.’s
(2003) 2 °C definition can be a useful indicator.
However, in the lichen-dominated plots, which
were much colder in the winter months, much
more time is needed to come up to 5 °C and soil
temperatures in the early summer were more
unstable and variable. Growing seasons were
generally longer at the lower-lying plots, despite
having started later in the year; they also had

much shorter warming times. The greatest limi-
tation in estimating GSL from air temperatures
is that it is impossible to take into account vari-
ations in surface and subsurface microclimate
(Graae et al. 2012). Generally speaking, colder
sites thaw earlier in the year than warmer sites
yet it takes more time for them to warm up to
temperatures conducive to plant growth. This
can be attributed to the lack of snow at cold
sites; the soils are exposed to direct solar radia-
tion earlier in the year than the snow-covered
sites, yet because of the lack of insulation reach
much lower temperatures in winter. Thaw date is
dependent upon the presence and depth of snow
and on air temperatures, and varies from year to
year.

Small topographical differences affect many
factors, such as snow depth and exposure to
direct solar radiation. These in turn have direct
effects on the vegetation microclimate. Air tem-
peratures can be well above 5 °C while the soils
are still frozen; the time lag between higher air
temperatures and soil thawing should not be
discounted. At Haukeli, the most oceanic area,
the average SGS according to air temperatures
was on day 144. The mean soil temperature for
all of the plots at Haukeli on day 144 was 2.5 °C
and ranged from 0.0 to 8.5 °C. At Imingfjell,
the mean SGS based on air temperatures was at
day 145; the mean soil temperature on this day
was 1.6 °C and ranged from -0.1 to 6.8 °C. At
Lesja, the mean SGS based on air temperatures
was on day 147. The mean soil temperature on
this day was 1.7 °C and ranged from -0.1 to
6.5 °C. So while it is possible that vegetative
growth had begun at some of the warmer micro-
sites, it is unlikely that it had begun for these
areas in general, considering that some of the
soils were still frozen and the mean temperatures
were well below 5 °C. The effects of spatial and
topographic variations makes soil temperature a
much better predictor of GSL than air tempera-
ture.

Species abundance in relation to frost
sum

Vegetation communities in the three study areas
can be assigned to one of the two phytosocio-
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logical groups: the Loiseleurio-Arctostaphylion
association in the lichen-dominated ridges,
and the Nardio-Caricion bigelowii association
in the lower landscape positions (Nordhagen
1936, Odland 2005). Three main plant abun-
dance response patterns were found: (a) increas-
ing with increasing frost, (b) increasing with
decreasing frost, and (c) species with no sig-
nificant response. Individual plant species have
differing responses to soil temperatures, which
are often related to their usual position in the
landscape. Nardus stricta is a good example; it
is generally found in snowbeds characterized
by late-lying snows. In this study, we found that
N. stricta is most closely correlated with short
warming times, which are typical of snow-beds,
which rarely have soil temperatures below 0 °C
in the winter, and which can warm from 0 to
5 °C in less than 24 hours. For Vaccinium uligi-
nosum in particular soil thaw has been found to
be an important factor in the initiation of growth
(Palacio et al. 2015) so a shorter thaw interval
would be beneficial. Several lichen species and
one vascular plant species were associated with
the coldest soils and lowest FS; these species
are generally found on ridge habitats, which are
usually snow-free in the winter and which take
the most time to defrost. In our study, Vaccinium
vitis-idaea was negatively correlated with thaw
date, yet Palacio et al. (2015) found that this
species (along with Loiseleuria procumbens and
Calluna vulgaris) was among the most frost-
resistant of the ericaceous shrubs common to
alpine areas. HS was significant for four spe-
cies: Cladonia alpestris, C. rangiferina, Nardus
stricta and Vaccinium uliginosum, but was gen-
erally less important, even for these species, than
the cold-season variables. Wagner et al. (2012)
also found that HS was generally not a good
predictor of plant phenology, since temperatures
at the plant surface often exceed air and soil
temperatures. Several species of vascular plants
and one species of lichen (Cladonia uncialis)
were not dependent on any temperature factor.
These species, which also include Betula nana,
are usually found across the entire landscape
on alpine sites, ranging from windy ridges to
lee-sides, although their proportions in different
habitat types can vary. It is therefore unsurpris-
ing to find that the species with the most general

ranges have no soil temperature preferences.
Nordhagen (1943) described B. nana as the
“mountain enfant terrible” because he could not
find any causal relationship for its abundance
pattern. Schei et al. (2015) recently surveyed
vegetation changes in the Rondane Massif in
central Norway and found that B. nana had not
changed in abundance. Two other species which
had no significant relationship to soil tempera-
ture variables (Carex bigelowii and Juncus trifi-
dus) had decreased and increased in abundance,
respectively, which implies that other factors are
responsible for the long-term changes in these
two species.

Effects of soil frost on the floristic
composition

The strong correlation between the two ordina-
tions indicates that they represent the floristic
and environmental gradients found in the study
areas quite closely. These results would suggest
that soil temperature is an important determi-
nant of plant community composition in two
ways; both the winter temperature patterns and
the speed of the transition from winter frost to
summer growth conditions are influential. Addi-
tionally, the DCA axis 1 scores were closely cor-
related in most cases to the SI values that have
previously been established for alpine species
(Odland & Munkejord 2008b). The limitation of
SI is that it is only a useful indicator when the
species is present in large amounts; a few scat-
tered individuals of a plant with a high SI (for
example Carex bigelowii) can occur even on
sites that are generally snow-free or have little
snow. Our DCA axis one scores were also simi-
lar to those of Bjerke et al. (2015), where they
were able to separate types of snow seasons by
soil frost duration, which again emphasises the
importance of soil frost to ecological processes
year-round. The DCA analysis also showed that
these study areas had no true snowbeds; very
few species had SI values higher than 5 and most
were 1 or 2. Sites that have the mildest winter
soil temperatures and shortest warming times are
those that are generally snow-covered in winter,
while colder sites with longer thaw times are
snow-free. Long-term changes in snow depth
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and duration such as those predicted by both the
IPCC (Christensen et al. 2007) and more local
models (Dyrrdal et al. 2013) could contribute to
permanent changes in the winter and spring soil
temperature patterns at alpine sites and favour
some vegetation types over others. Specifically,
increases in snow cover that extend to areas that
were previously snow-free can have an effect on
vegetation communities, potentially eliminating
frost-dependent species in favour of those that
prefer milder winter soil temperatures.

According to Karlsson (1985), evergreen and
semi-evergreen trees and dwarf shrubs may be
heavily damaged if the ground remains frozen
for a long time after snow melt. This is also con-
sistent with effects of the ongoing global warm-
ing, which has been shown to increase shrub
cover both in arctic and alpine areas (Sturm ez al.
2001, Hallinger et al. 2010).

Conclusions

This study shows that cold-season soil tem-
peratures affect the abundance of many alpine
plant species and vegetation composition. Spe-
cies responded differently to different soil tem-
perature variables. Frost sum (FS) and thaw time
(TT) were the variables that best explained the
variations in abundance of the species, especially
whether the individual species of lichen or vas-
cular plant responded positively or negatively.
Response of only three species to differences in
growing season length (GSL) was significant,
which could indicate that possible changes in
this variable are of less concern than changes
in winter frost regimes and snow depths. A long
growing season found in the most oceanic study
area was associated with a very low abundance
of lichens. This indicates that a long growing
season in an alpine area strongly reduces lichen
heath distribution. Species associated with exten-
sive soil frost and long defrost times may be vul-
nerable to increasing air temperatures and pre-
cipitation rates with continued climate change.
Lichens are poor competitors in areas where
vascular plants can grow, and consequently envi-
ronmental changes which improve vascular plant
growth may adversely affect lichens. Extensive
oligotrophic alpine lichen heaths appear to be

strongly associated with sites lacking or having
a relatively thin insulating snow layer where the
soils freeze during winter and then thaw slowly.
Cladonia alpestris was, however, not strongly
associated with extensive soil frost and was
associated with a long growing season and a
protective snow cover. Several species (Betula
nana, Carex bigelowii, C. vaginatum, Cladonia
uncialis, Poa alpina, and Salix herbacea) were
not significantly associated with any of the soil
temperature variables. The frozen soil and slow
thaw also prevent the establishment of most vas-
cular plants, which can outcompete lichens in the
long term.
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Abstract. Lichens are important forage for
reindeer during winter, making evaluation of li-
chen biomass important for reindeer population
management. Lichen heaths have a scattered
distribution at high latitudes and altitudes in
Fennoscandia. During the last few decades, their
decrease has been attributed to reindeer grazing
and trampling as well as climate change. Some
consider this decrease to be the result of compe-
tition from vascular plants. However, we believe
that this is a far too simple an explanation. In
many studies the most important factor - deep
soils with long-lasting frost - has not been con-
sidered. As a result, anticipated long-term effects
of climate change and grazing should be recon-
sidered. Lichens have no roots, and therefore,
environmental and edaphic conditions have lim-
ited direct effects on lichen abundance. Vascular
plants live in contact with two different environ-
ments; the atmosphere and the rhizosphere, and
ecological factors within both affect them. It is
imperative to know which environmental fac-
tors increase the possibility of maintenance and
development of extensive lichen heaths. In this
review, we use current ecological knowledge to
discuss the ecology of alpine lichen heath dis-
tribution and possible reasons for their decline,
both at present and in the future.

Key words: lichen, temperature, thaw, snow, competi-
tion, soil frost

Introduction
Macro-lichens (often called reindeer lichens or even
reindeer mosses) can dominate the vegetation in

alpine, boreal, and arctic ecosystems. In addition
to being an important food resource for reindeer

© 2018 Prunella Publishers

during winter, macro-lichens are also important for
the functioning and biodiversity of cold ecosystems
(Cornelissen et al 2001; Asplund and Wardle 2017).

Lichen heaths in alpine ecosystems are domi-
nated by lichen species with podetia that can reach
heights of 12-14 cm, and the most important species
belong to the Cladonia or Flavocetraria genera. They
are frequently abundant at high elevations and lati-
tudes in Fennoscandia (the alpine and northern boreal
zone (Ahti et al 1968; Moen 1999). Patches of lichen-
dominated vegetation may also be found under highly
variable environmental conditions. In lowland areas,
lichen-dominated vegetation is often patchy and re-
stricted to exposed naked rocks with very thin soils
where the vegetation is frequently exposed to drought
(Kleiven 1959). Lichens can also be common on sand
dunes, on raised bogs and newly exposed substrates
(Ahti and Oksanen 1990). The floristic composition
and ecology of such communities is quite different
from alpine lichen heaths. In continental parts of Fen-
noscandia, pine forests dominated by lichens have
a wide distribution. In the present review, we will
mainly discuss the ecology of alpine lichen heaths.

Lichen heaths often have scattered, patchy occur-
rences on exposed windblown sites in alpine areas.
Their main distribution is confined to the continental
parts of Scandinavia, indicating that they favor areas
with low winter temperatures and low precipitation.
The alpine zone in Scandinavia includes areas above
the forest limit (Ahti et al 1968; Moen 1999). The posi-
tion of the forest limit is highly variable as shown by
iso-line maps (Aas and Faarlund 2000; Moen 1999;
Heikkinen 2005). The highest limits lie in the southern
parts of Norway, mainly between 1 100 and 1 300 m,
decreasing in all directions due to both climatic fac-
tors and mountain height (Odland 2015).

Ecologists have tried to explain the lichen heath
distribution, and several possible factors have been
suggested. It has frequently been emphasized that
the distribution of lichens is primarily controlled by
their inability to compete with faster-growing vascu-
lar plants. Apparently, lichen-dominated vegetation
develops only in environments where competition
from higher plants is excluded or reduced (Kershaw
1978; 1985). Consequently, a key to understanding
lichen distribution can be to investigate ecological
conditions where vascular plants are not growing.
Crittenden (2000) reviewed knowledge on mat-form-
ing lichen biology and their ecological relationships
with reindeer. His conclusion was that factors con-
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trolling the development of lichen-dominated terrain
remain incompletely understood.

Vascular plant and lichen abundance is signifi-
cantly negatively correlated (Odland et al 2015).
Vascular plants easily outcompete lichens except
under the most harsh ecological conditions, and
Corneliessen et al (2001) found that the relation-
ship between lichen biomass and vascular plants
was consistently negative across alpine, subarctic
and mid-arctic areas.

Lichens can survive extreme conditions, such
as cold, heat, or drought. They grow in polar re-
gions, high mountain areas, and arid deserts (Kap-
pen et al 1995; Korner 2003). Lichens can grow
and metabolize at much wider ecological ranges
than vascular plants, including at freezing or
below-freezing temperatures, so long as the li-
chen thallus is sufficiently moist (Klein and Shul-
ski 2011). In many ecosystems, such as on rocky
coasts or otherwise bare mountaintops, lichens
are often the most common and diverse organ-
isms (Seaward 2008). This large lichen tolerance is
an effect of being metabolically active only when
wet; during dry periods, they can tolerate extreme
temperature stress (Green et al 2007).

Lichens are poikilohydric organisms, character-
ized by a high water absorption index, using atmo-
spheric water as well as rain, dew and fog. Under the
influence of evaporative forces, lichens lose water,
becoming dry and largely metabolically inactive. After
only 30 seconds of direct contact with water, the ab-
sorption exceeds the weight of the dry lichen biomass
and maximum water absorption is reached during the
first few minutes of exposure (Matwiejuk 2000).

Most lichen species require good light condi-
tions. Light saturation for lichen photosynthesis is
about 35 000 lux, which is higher than for vascular
plants (20 000 — 30 000 lux) (Skre 1975). Lichens can
begin photosynthesis early in spring, likely even be-
fore snowmelt. Lichens have a low optimum tem-
perature for photosynthesis (between 7 and 10 ° C),
depending on temperature pretreatment. Apparent
photosynthesis can continue down to -5 to -10° C
(Skre 1975). The growth rate of reindeer lichens is
generally low (Karenlampi 1971; Helle et al 1983;
den Herder et al 2003).

Lichens produce a wide array of secondary com-
pounds (Fahselt 1994; Molnar and Farkas 2010).
Although the best studied lichen secondary com-
pound is usnic acid (Cocchietto et al 2002), there are
countless other secondary compounds the functions
of which are less well understood. Several labora-
tory studies have been executed to test allelopathic
effects on plants and mosses (Huneck 1999; Sedia
and Ehrenfeld 2003). Some studies indicate that sub-
stances inhibit growth of a variety of plants (Lawrey
1995), while other field studies have not shown any
definitive effects (Kytoviita and Stark 2009).

Lichens are sensitive to different types of air
pollution. Fertilization experiments show that the
addition of approximately 150 kg N ha' produced
a negative effect (23-73%) on a standing crop of
Cladina spp. over a period of time exceeding eleven
years compared to the control standing crop (Eriks-
son and Raunistola 1993).

Bryophytes and lichens are ubiquitous in cold
ecosystems, and recently their roles in controlling

energy fluxes have been studied in alpine and arctic
areas (Petzold and Rencz 1975; Gornall et al 2007,
Peltoniemi et al 2010). Studies show that moss-
lichen layers function as important “thermal insula-
tors,” and strongly affect soil temperatures.

Development of mature lichen-dominated vege-
tation is a long-lasting process. It has been estimat-
ed that after a fire, it may take around 100 years for
lichen stands to achieve the climax stage (Morneau
and Payette 1989; Kumpula et al 2000). In many
cases, lichens fail to re-colonize sites after removal
due to their inability to compete with faster-growing
vascular species (Klein and Shulski 2011).

Lichen species are on the decline across the
arctic, alpine and boreal (Joly et al 2009; Fraser
et al 2014; Sandstrom et al 2016), due to climate
change and reindeer grazing (Joly et al 2007). Ac-
cording to Bjerke (2011) and Bokhorst et al (2012),
lichen-dominated heaths appear to be one of the
most vulnerable ecosystems in circumpolar re-
gions. It is therefore important to have more infor-
mation about which ecological factors are critical
for lichen heath development, and which factors
that threaten their future existence.

In this review, we will focus on the ecology of
low alpine lichen heaths. Lichen-dominated heaths
are characteristic for alpine landscapes, where they
are considered to be a major winter food resource
for wild and semi-domesticated reindeer. The fol-
lowing issues will be emphasized:

® Floristic variation of lichen-dominated heaths
in Scandinavian alpine areas,

e Environmental factors associated with alpine
lichen heath distribution and development,

e Effects of reindeer grazing, and

e Effects of ongoing climate change on the dis-
tribution of alpine lichen heaths

Alpine lichen heaths; distribution and flora
Distribution

Reindeer lichens have a wide circumpolar distribu-
tion and reach their maximum abundance in dry
and oligotrophic sites around the coniferous tim-
berline where competition with mosses, dwarf
shrubs, and grass is low (Ahti and Oksanen 1990).

The distribution of lichen heaths is, however
highly variable in the Scandinavian mountains. In
general, lichen heaths are more common in the east
than in the west, and they become more common
toward the north (Du Rietz 1925; Ahti and Oksanen
1990). According to Moen (1999), alpine lichen
heaths are mainly confined to the slightly continen-
tal and indifferent sections of Norway, character-
ized by an annual precipitation lower than 1 200
mm, and an air temperature frost-sum higher than
50 (Moen 1999; Odland et al 2014; Falldorf et al
2014; Sundstgl and Odland, 2017).

In oceanic areas, winter temperatures are gen-
erally warmer, and the winter conditions are often
unstable. This gives important clues as to how en-
vironmental conditions are affecting the climatic
tolerances of lichen-dominated heaths.

On the Hardangervidda mountain plateau
(southern Norway), the chionophobous heaths
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where lichens are more or less dominant have
been estimated to cover around 10% of the total
area (Wielgolaski 1975; Hesjedal 1975; Rekdal et al
2009). There are major geographic variations, with
a strongly decreasing frequency toward the south
and west (Moen 1999). According to Gaare and Sk-
ogland (1979), the cover of lichen heaths has been
estimated to be 25% in the eastern region, and less
than 1% in the snow-rich western region.

Studies of lichen heath elevation distribution
in south central Norway (mostly on the Hardan-
gervidda mountain plateau) show that they are
mainly found at elevations between 1 150 and 1
400 m, in the low alpine zone (Fig. 1). A regression
analysis of the data showed no significant trend
within this elevational span.
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Fig. 1. Altitudinal distribution of lichen heath vegeta-
tion types around Hardangervidda. 437 plots where to-
tal lichen cover was higher than 20% have been plotted
against altitude (data from Odland et al 2014 and unpub-
lished data). A Lowess smoother line (degree of smooth-
ing = 0.8, number of steps = 2) is drawn.

Floristic variation

Lichens can be dominant in different types of veg-
etation. Alpine oligotrophic and chionophobous
lichen-dominated vegetation types have been stud-
ied and described in Scandinavia for more than a
century. The most ecologically successful terrico-
lous lichens are mat-forming species within the gen-
era Cetraria, Cladonia, Flavocetraria, Stereocaulon,
and Alectoria (Ahti and Oksanen 1990). Lichens can
also be dominant in alpine shrub vegetation domi-
nated by Salix glauca, Juniperus communis, and
Betula nana (DuRietz 1925; Nordhagen 1928; 1943;
Jonasson 1981). Graminoids may also be abundant
in lichen heaths, especially Festuca ovina, Juncus
trifidus, and Carex bigelowii (Nordhagen 1943).
Most commonly associated with lichen heaths are
shrub species like Loiseleuria procumbens, Arctous
alpinus, Empetrum nigrum, Betula nana, Vaccinium
uliginosum and Vaccinium vitis-idaea.

In the northernmost parts of Fennoscandia,
Haapasaari (1988) described different heath types
where macro-lichens were dominant, e.g. Arctic
Empetrum-Cetraria nivalis type, Arctic-hemiarctic
Myrtillus-Lichenes type, Hemiarctic Empetrum-Li-
chenes type, and Betula nana-Lichenes scrub type.

In coastal areas (oceanic sections sensu Moen
1999) exposed sites in alpine areas are mainly dom-
inated by vascular plants and bryophytes, while li-

chens are less abundant (Reistad, 1997). Vegetation
on exposed alpine sites in oceanic areas have been
described by Odland (1981), Huseby and Odland
(1981), Ragsberg (1981), Loffler (2003), and Tveraa-
bak (2004). Cladonia arbuscula and C. rangiferina
may locally be abundant, but species like Bryocau-
lon divergens, Alectoria nigricans, A. ochroleuca,
Coleocaulon aculeatum, Flavocetraria cucullata, F.
nivalis and Cladonia stellaris are mostly rare or ab-
sent in oceanic alpine areas. The most abundant
vascular plants at these sites are Carex bigelowii,
Scirpus cespitosus, Molinia caerulea, and Juncus
trifidus, in addition to several dwarf shrub species
(Empetrum nigrum, Vaccinium uliginosum, Betula
nana, and Calluna vulgaris). Mosses are also often
highly abundant, especially Racomitrium lanugi-
nosum and Dicranum spp.

Pine forest floors, often completely dominated
by Cladonia stellaris are abundant in the continen-
tal parts of Fennoscandia (Kielland-Lund 1981; Ahti
and Oksanen 1990; Haapasaari 1988). Betula pu-
bescens forests at high elevations or latitudes can
also be dominated by C. stellaris (Nordhagen 1943;
Haapasaari 1988; Kumpula et al 2011). These are
not included in this review.

Importance of substrate and soil

Most alpine soils have developed since the last
glaciations, during the last 9 000 years. The im-
portance of lichens for soil development processes
is not well known, but some information can be
gleaned from recent succession studies in the front
of retreating glaciers. Macro-lichens can be domi-
nant in both boreal forests and in low alpine heaths,
and one should therefore expect their soil condi-
tions to be different. Lichens can have many direct
and indirect effects on the substrate where they
grow. Sedia and Ehrenfeld (2006) found that many
biotic soil factors were significantly different under
naturally occurring lichen and moss mats than un-
der other ground covers.

Role of lichens in primary successions

Lichens and mosses are assumed to be pioneer spe-
cles on recently exposed, dry minerogenic sediments,
and in the early stages of primary successions (Coo-
per 1953; Ahti and Oksanen 1990). Studies on primary
succession of exposed glacier moraines show, how-
ever, that species dominant in alpine lichen heaths
arrive relatively late, long after bryophytes and many
vascular plants. Studies from retreating glaciers in-
dicate that reindeer lichens have minor ecological
impacts during the early stages of primary succes-
sions (Stork 1963; Vetaas 1994; Rydgren et al 2014).
According to Ahti and Hepburn (1967), reindeer
lichens require at least a thin soil layer for attach-
ment because they cannot colonize bare rock. The
role of reindeer lichens during primary succession
in the front of retreating glaciers has been studied
in different parts of the world (Matthews 1992). Dur-
ing the first stages (often 0-50 years), cryptogams
(primarily mosses) are most abundant, followed by
dwarf shrub heath and woodland, while macro-
lichens are sparse (e.g. Feegri 1934; Cooper 1953;
Ahti and Oksanen 1990; Coxson and Marsh 2001).
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Vetaas (1994; 1997) studied vegetation on moraines
of different ages in front of a retreating glacier in
west central Norway. The youngest moraine ridges
studied had been exposed for 54 years, and were
primarily dominated by mosses, especially Racomi-
trium spp., Dicranum spp., Polytrichum spp., Pohlia
spp., hepatics, and vascular plants. The most abun-
dant lichen was Stereocaulon spp., while Cladonia
spp. occurred only sporadically. Alectoria ochro-
leuca, Flavocetraria nivalis, and F. cucullata were
abundant on moraines exposed for between 84 and
186 years. Cladonia rangiferina, C. arbuscula, and
C. uncialis had a wider span, occurring on mo-
raines between 54 and 226 years old. C. stellaris
was most abundant on moraines around 200 years
old. Moraines more than 200 years old were mainly
dominated by birch, shrubs, herbs, graminoids, and
bryophytes. Lichens were very rare in plots on mo-
raines older than 200 years, likely outcompeted by
trees and shrubs. In addition, lichens had different
distribution on the moraine ridges, mainly confined
to the ridge tops. Vascular plants (mainly shrubs)
and mosses dominated both the distal and proxi-
mal slopes, probably a result of increased snow
downward the slopes. Soil development on the mo-
raines is a slow process, particularly at the high-
est altitudes. Mosses, especially Racomitrium spp.
were the main source for the humus development
(Vetaas 1986). Viereck (1966) also notes that mosses
were most important for the development of humus
on exposed moraine ridges.

Hestmark et al (2005) studied the population
biology of Flavocetraria nivalis on a glacier foreland.
They found that the largest thallus was 96 mm in
diameter, on moraines exposed for approximately
240 years. The fastest growth occurred during the
first 60 years. The density of individual thalli (in m?)
increased nearly linearly with time, and reached 10
after 240 years. The height of the thalli never ex-
ceeded 60 mm. Development of lichen-dominated
vegetation appears to be a long-lasting process. It
has been estimated that after a fire, it may take 100
years for lichen stands to achieve the climax stage
(Morneau and Payette 1989; Kumpula et al 2000).
In general, during primary successions, soil organic
matter and nitrogen content will increase with time.
This can favor vascular plant dominance and in turn
can decrease lichen abundance (Stork 1963; Tisdale
et al 1966; Vetaas 1994; Rydgren et al 2014 ).

Lichens are slow-growing and produce a low
volume of organic matter compared to most vas-
cular plants and mosses. On Svalbard, Uchida et al
(2006) found that lichen primary production was 5.1
g dry weight m™? and represented 29% of moss and
5% of vascular plant primary production. Conse-
quently, lichens have a limited effect on the devel-
opment of organic humus layers, and during early
stages of vegetation development vascular plants
probably contributed most to soil development. Li-
chens could only become dominant when the soil
layers were deep enough to remain frozen for long
periods during the spring and early summer.

Lichen heath soil types and soil depth

Lichen-dominated forest communities have mostly
been found on regosols or podsols (Nordhagen 1943;

Loffler et al 2008). Plant growth generally results in
accumulation of organic residues, developing an or-
ganic layer (the O- and A-horizons). After sufficient
time, a distinctive organic layer forms with humus
(the A-horizon) which rest on mineral soils. Eluvia-
tion is driven by a downward movement of soil wa-
ter. In time, this can develop an E-horizon. Beneath
the E-horizon lies the B-horizon, a zone where the
downward moving material is accumulated. The C-
horizon is the relatively unaltered parent material,
usually brightly colored directly from parent rock.

In alpine areas, conditions for soil development
are unfavorable, and the humus layers are often less
than 2 cm thick (Nordhagen 1943; Dahl 1956). Dur-
ing the warm Holocene period forest limits were up
to 200 m higher than at present, and sites presently
lichen-dominated were probably within the Boreal
forest region. Alpine lichen heaths have been found
on podsols, and an example is shown in Fig. 2.

Fig. 2. Soil profile from a lichen-dominated heath at Slon-
dalen, central Norway (cf. Table 1).

Previous studies of alpine heath communities have
shown they are mainly found on sites with variable
soil thickness, but often the depth to the underly-
ing bedrock can be more than 0.5 m. Lichen heaths
have frequently been recorded at sites with a growth
substrate of more than 30 cm, often with a humus-
rich upper layer (Nordhagen 1943; Dahl 1956; Od-
land and Munkejord 2008a). The humus layer (O) is
mostly between 1 and 10 cm thick, underlain by a
bleached soil layer (E) often 5-12 cm thick.
Nordhagen (1943) described soil profiles from
different types of lichen-dominated vegetation types
from Sikilsdalen, southeast Norway. In all profiles, there
was a humus-rich layer with a thickness between 1
and 8 cm. In some, there was a bleached soil layer 4-5
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cm thick, followed by a B-layer 15-20 cm thick, un-
derlain by moraine material Dahl (1956) studied soil
conditions in low alpine Alectorieto- Arctostaphyletum
communities (extreme exposed sites), and found a thin
humus layer and a 2-12 cm bleached soil layer below.
On Hardangervidda, lichen-dominated plant communi-
ties presented with a 0-8 cm humus layer, and a 40
cm thick B layer (Hinneri et al 1975). Lichen cover
degree and lichen biomass have been studied in sites
with different soil thickness (Myrvold 2013; Odland et
al 2014). These measurements include the thickness of
the moraine material (the C-horizons), and indicate that
high lichen abundance was mainly associated with a
soil thickness between 10 and 40 cm (Fig. 3). Sund-
stgl (unpublished) found podsol profiles in most lichen
dominated types (cf. Tab. 1).
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Fig. 3. Relationships between lichen cover (%), lichen
biomass (g.m?) and soil depth (cm) (Based on data from
Odland et al 2014). Average lichen cover was 65+26%,
average soil depth was 14.849.1 cm, and average lichen
biomass was 533+405 g.m? Lowess smoother lines (de-
gree of smoothing = 0.8, number of steps = 2) are drawn.

Soil richness

Previous studies have shown that alpine lichen-
dominated heaths are mostly confined to oligotro-
phic soils with a pH mostly below 5.0 (Dahl 1956;
Ahti and Oksanen 1990; Odland and Munkejord
2008; Sundstgl et al unpublished).

Fig. 4 shows a plot of relationship between soil
pH (upper 10 cm) and total lichen cover (data from
Reinhardt et al 2013; Odland et al 2014). The data
indicates that high lichen cover is mainly associ-
ated with pH values between 4.0 and 4.5.
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Fig. 4. Relationship between soil pH and total lichen
cover (Based on data from Odland et al. 2014 and Rein-
hardt et al 2013).

Soil Depth pH % Organic

horizon matter
(loss on
ignition)

Imingfiell, site 1 (ridgetop)

OA 1-10 4.1 6.71

E 10-15 4.3 3.20

B1 15-26 4.9 1.00

B2 26-51 5.0 0.65

B3 51-68 5.2 0.34

BC 68+ 5.1 0.33

Imingfiell, site 2 (midslope)

0 0-8 3.7 56.40

E 8-14 4.0 1.92

Bs 14-29 4.7 5.48

Bh 29-40 4.7 9.69

BC 40+ 5.2 0.88

Slondalen, site 1 (midslope)

0 0-10 4.6 22.25

E 10-13 4.8 6.00

Bs 7-23 5.6 1.67

B2 23-43 5.8 1.62

C 43+ 5.9 5.20

Slondalen, site 2 (snowbed)

0 0-3 4.5 11.67

E 3-6 4.9 4.57

Bs 6-26 5.8 3.45

C 26+ 6.1 2.60

Table 1. Data from four soil profile analyses in two alpine
areas in S Norway (Data from Sundstgl et al unpublished).
Sites: I=Imingfjell (north-eastern part of Hardangervidda),
L = Slondalen (Lesja mountain, Central Norway). Depth in
cm, H = soil horizon. LOI = loss on ignition.

The substrate has mostly low amounts of N and P,
and is often subjected to frequent episodes of acute
drought (Crittenden et al 1994; Crittenden 2000).
Lichens are adapted to growth in N-limited habi-
tats, are quickly outcompeted in areas where N lev-
els are higher (Hauck 2010), and are therefore sensi-
tive to air pollution and nitrogen deposition. In an
experimental study, Britton and Fisher (2010) found
a critical N load for terricolous lichen communities
(<7.5 kg N ha yr') and suggest that concentrations
of N may have detrimental effects on the growth
of sensitive species. Theodose and Bowman (1997)
found that species diversity increased with nutri-
ent additions to poor sites, while Natali et al (2012)
found that winter warming led to higher N avail-
ability. Higher soil temperatures in winter can also
increase leaching of inorganic N compounds during
snowmelt (Kaste et al 2008). In a study by Klander-
ud (2008), which simulated environmental changes,
the five most common lichen species decreased in
abundance, and in some cases disappeared com-
pletely, likely due to a combination of increased
temperatures and N inputs. Alpine lichen-dominat-
ed heaths are rarely found on calcareous sites. In
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these sites, the soils are generally less than 10 cm
thick and the lichen cover is usually lower than 20%
(Bringer 1961a, 1961b; Nordhagen 1955; Baadsvik
1974; Reinhardt et al 2013). Tab. 2 shows data from
soil chemical analyses from the upper 10 cm soil
layer in 13 plots dominated by lichens.

Mat-forming lichens are not dependent on
soil conditions because they are able to sequester
nutrients directly from atmospheric sources (Crit-
tenden 1988; Ellis et al 2004). They can efficiently
recycle nutrients from senescent tissue to support
growth, with high nutrient-use efficiency and resi-
dence times (Kytoviita and Crittenden 2007), and
are physiologically able to survive long periods of
desiccation (Kranner et al. 2008).

snow season and from year to year. Long-term av-
erage values are the main factor defining vegetation
distribution patterns that we can observe at pres-
ent. According to Wahren et al (2005) and Bidussi
et al (2016), direct effects of show depth, duration
and quality on lichens in natural habitats are less
recognized and only partly understood.

Lack of snow cover reduces the degree of in-
sulation and results in low soil temperatures, ex-
tensive soil freezing, and increases in freeze/thaw
cycles (Edwards and Cresser 1992; Groffman et al
1999; Freppaz et al 2008). Schimel et al (2004) fo-
cused on the importance of early snow accumula-
tion during autumn. Previous studies have mostly
concluded that the main factors associated with

Lichen pH Extract- Extract- Extract- Extract- Total C Total N

cover able P able K able Mg able Ca (%) (%)

(%) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
95 4.4 0.6 2.5 3.8 18.4 4.4 0.2

100 4.1 1.4 3.1 3.2 20.0 3.7 0.2

75 4.2 0.6 0.9 2.4 19.8 4.3 0.2
78 3.8 2.0 16.9 10.8 48.0 8.9 0.3
60 3.9 0.9 2.8 2.4 22.6 4.8 0.2
73 4.3 0.6 3.0 3.2 17.9 5.0 0.3
83 4.2 1.0 2.5 2.9 20.1 3.3 0.2
95 4.3 0.6 3.3 5.2 24.2, 3.3 0.2
90 5.2 0.9 3.1 15.0 129.0 4.8 0.3
95 4.4 0.7 2.2 6.5 28.8 3.1 0.2
85 4.4 0.9 6.6 10.5 35.8 8.3 0.4
80 4.4 1.9 8.6 12.0 51.3 9.6 0.6
73 4.7 0.7 6.8 18.3 55.0 5.2 0.3

AV 4.3 1.0 4.8 7.4 37.8 5.3 0.3

SD 0.3 0.5 4.1 5.1 29.3 2.1 0.1

Table 2. Results of soil chemical analyses from 13 lichen-dominated heaths (Data from Sundstgl et al unpublished). LC =
total lichen cover (%), P = phosphorous, K = Potassium, Mg = Magnesium, Ca = Calcium, C = Carbon, and N = nitrogen.

AV = average values, SD = Standard deviation.

Importance of snow

Ecological gradients generated by spatial patterns
of snow represent several correlated environmental
factors influencing alpine plant life. Ecological ef-
fects of snow can be either direct or indirect, and
these can have major impacts on both vegetation
composition and grazing animals.

In Norway, snow can be quantified in dif-
ferent ways: maximum thickness, length of the
snow cover period, timing of snow melt during
spring, snow density, amount of water (snow wa-
ter equivalent or SWE), and hardness. Snow has
generally achieved maximum thickness and distri-
bution during March/April, and by then most ex-
posed sites are free from snow (Kohler et al. 2006:
Odland and Munkejord 2008a; Loffler et al 2008).
Long periods with little snow resulted in extensive
soil frost that can last until late June.

Estimation of the effect of snow is difficult be-
cause all variables change continuously during the

the occurrence of alpine lichen-dominated heaths
are snow thickness and its effect on soil tempera-
tures (Dahl 1956; Odland and Munkejord 2008a).

Snow thickness

Snow thickness is a very important factor associ-
ated with lichen heath occurrence. Dahl (1956)
measured snow thickness (early spring) on the Ce-
trarietum nivalis association to between 0 and 0.4
m, and between 0.4 and 2.0 m on the Cladonietum
stellaris association. He found that a snow layer
less than 50 cm results in extensive soil frost during
autumn/winter, which was associated with largest
lichen communities dominated by Flavocetraria ni-
valis, while Cladonia stellaris was associated with a
thicker snow layer.

According to Loffler (2007), there was an in-
creased snow thickness where Alectoria ochroleu-
ca was growing (mostly totally without snow cover)
in comparison to the thinner snow cover (5-10 c¢m)
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present where Flavocetraria nivalis grew. And that
of Cladonia stellaris (10-30 cm). This gradient was
associated with late melting of frozen soil.

Sulkava and Helle (1975) and Kumpula et al
(1998) showed that Alectoria sp. and Bryoria sp. were
accessible to reindeer during the winter, and these
account for the main portion of the lichen biomass
found where snow thickness was less than 2 m.

The relationship between maximum recorded
snow thickness (early April) and total lichen species
cover (Fig. 5) clearly indicate that lichen-dominated
heath types were closely related to sites where the
maximum snow cover was less than 1.0 m thick
(Odland and Munkejord 2008a).
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Fig. 5. Relationship between maximum recorded snow
thickness (measured early April) and total lichen cover
(Based on data from Odland and Munkejord 2008a). Low-
ess smoother line (degree of smoothing = 0.8, number of
steps = 2) is drawn.

Snow layer duration

In general, length of the snow cover duration is
closely related to maximum snow thickness (r =
0.86, p < 0.001, Odland and Munkejord 2008a);
however, air temperatures and their variations due
to differences in altitude and aspect are also im-
portant. Date of snow-melt can be defined in the
field or based on the date when soil temperature
exceeds 1° C (Sundstgl and Odland 2017). Relation-
ships between day of snow-melt and the total cover
of lichens and vascular plants are shown in Fig. 6.
The investigation indicates that lichens have their
highest cover degree in sites where the snow had
melted earlier than day 100 (April 10), while total
vascular plant cover was highest in sites where the
snow was melted around day 130 (end of May).

The rate of snowmelt is variable. It is mainly a
function of air temperature, but can also be modi-
fied by factors such as rain, slope, aspect, and
elevation. The melt rate has generally been mea-
sured to lie between 3 and 4 cm day"' (Odland
and Munkejord 2008a).

Odland and Munkejord (2008b) have shown that
some macrolichen species show statistically signifi-
cant responses to snow layer duration (timing of
snowmelt). Species with significant responses are
listed in Table 3, where species with an indicator
value of 1 are mainly found on sites with little or no
snow cover (exposed early April). Species with an
indicator value of 2 normally require a protective
snow layer, and are mainly found on sites which
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Day of snowmelt

Fig. 6. Effects of snow layer duration (day of snowmelt)
on the total cover of lichens (Cov Lic) and total vascu-
lar plant cover (Cov vasc) (Based on data from Odland
and Munkejord 2008a). Lowess smoother lines (degree of
smoothing = 0.8, number of steps = 2) are drawn.

are snow free 10 days later (before April 20). Spe-
cies with higher indicator values are normally not
abundant in lichen heaths.

Weighted average snow indicator values
(WaSI) can be estimated for different alpine plant
communities based on indicator values for both
lichens, bryophytes and vascular plants (Odland
and Munkejord 2008b; Odland et al 2014). The
WaSI-values can range from close to 1.0 (the most
exposed lichen heaths) to below 6 (snow bed com-
munities mostly without lichens). As shown in
Fig. 7, lichen total cover and lichen volume (lichen
height*lichen cover) decrease with increasing Wa-
Sl-value. The thickest lichen mats, with the high-
est volume are found in communities with a WaSI-
value around 2, and in such communities (often
dominated by Cladonia stellaris) there is normally
a protective snow layer.

Species/Taxon Snow Index (SI)

Alectoria nigricans 1

Alectoria ochroleuca

—_

Bryocaulon divergens

—_

Flavocetraria cucullata
Flavocetraria nivalis
Thamnolia vermicularis
Cladonia uncialis
Cladonia rangiferina
Cetraria ericetorum
Cladonia stellaris
Cladonia arbuscula
Cladonia gracilis
Cladonia macrophylla
Cladonia spp. (unidentified species)

Stereocaulon spp. (unidentified)

N . S CC R S R AC R NS B S R S

Cladonia ecmocyna

Table 3. Indicator values for lichen species (SI) and li-
chen taxa that show significant responses to snow layer
duration (from Odland and Munkejord 2008b). Differences
between the SI-values are explained in Table 4.
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Effects of snow layer duration on the total abun-
dances of lichens and vascular plants can be ex-
pressed in terms of WaSI-values (cf. Tab. 4 and Od-
land and Munkejord 2008b) as shown in Fig. 7. Figs.
6 and 7 indicate, however, that lichen abundance is
highest where a thin snow cover is present.
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Fig. 7. Relationships between weighted average snow
indicator values (WaSI), total lichen cover and vascular
plant cover (Based on data from Odland et al 2014) (cf.
Table 4). Lowess smoother lines (degree of smoothing =
0.8, number of steps = 2) are drawn.

Lichen biomass and lichen volume show major varia-
tion with estimated snow layer duration as estimated
by WaSI As shown in Fig. 8, the highest biomass and
volumes have been found in sites with a WaSI-val-
ue between 2 and 3. Sites with low WaSI-values are
mainly dominated by Alectoria nigricans, A. ochro-
leuca, Bryocaulon divergens, Flavocetraria cucullata,
F. nivalis, and Thamnolia vermicularis. Lichen heaths
dominated by Cladonia species (especially C. stellaris)
have higher biomass. The large differences in lichen
biomass and volume as shown in Fig. 8 are mainly ef-
fects of reindeer grazing and trampling.

The gradient from the most exposed alpine
sites mostly without a snow cover to sites with
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Fig. 8. Relationships between weighted average snow
indicator values (WaSI), lichen biomass (g m? and lichen
volume (lichen cover*lichen height) (cf. Table 4) (Based on
data from Odland et al 2014).

heavy snow loads are often separated into six
zones (Odland 2012). Ecological characteristics
between these zones have been quantified in
Tab. 4. As shown in Figs. 7 and 8, lichens have
their main abundances in zone 1 and 2, and these
are mainly characterized by early snow-melt,
WasSI-values lower than 3, a thin or missing snow
cover and a long thaw period.

Bidussi et al (2016) studied how increased
snow accumulation affected lichen growth in
dominant mat-forming arctic-alpine lichens. The
species were transplanted for one year at different
snow depths. Snow depth significantly affected
lichen RGR (relative growth rate), but in species-
specific ways. A. ochroleuca and F. nivalis, which
are confined to sites with little or no snow, showed
reduced RGR % when exposed to 120 cm of snow.
C. mitis and C. delicei have a broader tolerance
and showed relatively small reductions in RGR %
when exposed to 200 cm snow. Their conclusion
was that increased snow most likely reduces the
abundance of dominant mat-forming lichens in al-
pine ecosystems of Scandinavia.

Vegetation zone SI WaSI Snow melt date Thaw- SGS Snow
period Day thickness
Day Date
1. Exposed ridge 1 <2 <99 Before April 9 >50 150 0-05m
2. Snow protected heath 2 2-3 100-110 Before April 20 30-40 145 0.5-1 m
3 111-121 Before May 1 20
) 4 122-127 Before May 7 15
3. Lee-side 3-5 140-150 1.6-3m
5 128-135 Before May 15 10
6 136-146 Before May 26 6
4. Early snow bed 7 5-6 147-153 Before June 2 5 155 .
-4 m
5. Late snow bed 8 6-7 154-162 Before June 11 6 165
6. Extreme snow bed 9 7-8 >162 Later than June 11 2 170 4-10 m

Table 4. Vegetation zonation along a snow gradient from an exposed lichen-dominated ridge, down to an extreme snow
bed community. Six zones are separated (Odland 2012). SI = characteristic species indicator values (Odland and Munke-
jord 2008b). WaSI = Weighted average snow indicator values estimated from plant communities (Odland and Munkejord
2008b; Odland et al 2014) (cf. Figs. 7 and 8). Snow-melt dates for different zones are given as day of the year (measured
during 2004 which was a warm season when snow melt was approximately 2 weeks earlier than normal (Odland and
Munkejord 2008b). The thaw period gives an average number of days between date of snow-melt and the start of the
growing season determined by the day when soil temperature exceeded 60C. Snow thickness gives values measured in
early April. SGS = start of the growing season (day of the year).
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Lichen heath albedo and insulating effects
Albedo

Albedo is the proportion of incident solar radiation
that is reflected by the land surface. The reflected
solar radiation averages 80 — 90% on snow-covered
surfaces, and there is a significant and rapid drop
from about 80% to 10% when snowmelt begins and
the vegetative surface emerges.

Thus, albedo plays a critical role in the surface
energy budget and is a direct feedback from veg-
etation to the climate system (Pitman 2003; Bala et
al 2007; Bonan 2008). Albedo varies substantially
among different vegetation types, and changes with
the development and senescence of the canopy.
More specifically, the seasonal course of albedo
is determined by the combined effect of seasonal
changes in the reflectance of photosynthetically
active (PAR, 400-700 nm wavelengths) and near-
infrared (NIR) radiation. Lichen albedo has been
measured at 0.31, mosses 0.24, and green vegeta-
tion 0.20 (Peltoniemi et al 2010). This shows that
lichens have high albedo compared to other vegeta-
tion surfaces. Where vegetation is sparse, the degree
to which the soil warms up depends on its color, wa-
ter and air content, and its structure (Larcher 1995).

The roles of bryophytes and lichens in control-
ling energy fluxes have been studied in alpine and
arctic areas (Petzold and Rencz 1975; Gornall et al
2007; Peltoniemi et al 2010). With their high albedo
and thermal conductivity, lichen mats also act as
insulators that greatly impede the flux of heat into
the underlying soil. A lichen mat 12 cm deep can
reduce the soil heat flux by almost 50% and thereby
significantly lower soil temperature (Bonan 1989).
According to Kershaw (1985) and Gold et al. (2001),
lichen mats will also reduce soil temperature dur-
ing summer and dampen diurnal temperature fluc-
tuations (cf. Figs 9 and 11). Reducing the lichen
cover increases the heat flux between soil and the
atmosphere, leading to higher soil temperatures in
the summer and lower average soil temperatures in
the winter (Olofsson et al 2002). When the lichen
canopy is disturbed, soils tend to warm up more
quickly, especially at the beginning of the vegeta-
tion period, which could have positive feedback on
plant growth since germination may begin earlier,
thus lengthening the vegetation period.

Cohen et al (2013) found that albedo was lower
on the Norwegian side of a border fence than on
the Finnish side during the snowmelt period, due
to the presence of shrubs that stuck out from the
snow surface. However, during the snow-free pe-
riod, the Norwegian side had higher albedo which
was attributed to the presence of lichens and lack
of disturbance. Stoy et al (2012), using satellite
data, also found that the albedo in the snow-free
season was higher on the less-intensively grazed
Norwegian side of a border fence than on the over-
grazed Finnish side.

Insulator effects
The effects of lichens and bryophytes as tem-

perature insulators have been emphasized in sev-
eral studies (Olofsson et al 2002; Sofronov et al,

2004; Peth and Horn, 2006; Fauria et al 2008; Klein
and Shulski 2011; Stoy et al 2012). Consequently,
changes in lichen cover that result from trampling
during summer grazing alters the soil microclimate
(Stark et al 2000).

Well-developed lichen mats have been found to
strongly affect the moisture and thermal regimes of
forest soils, thereby reducing drought stress (Ker-
shaw 1985; Bonan and Shugart 1989; Fauria et al
2008). It is possible that the ecological effects are
similar in alpine lichen heaths.

Stoy et al (2012) quantified the surface and
subsurface temperatures and spectral reflectance
of common moss and lichen species at field sites
in Alaska and Sweden. Under alpine lichen heaths,
temperatures were lowered by 10 to 11°C com-
pared to bare soil. Similarly, cryptogams can also
prevent warming of the soil This is important for
preventing permafrost from melting (van der Wal
and Brooker 2004; Gornall et al 2007). Field ob-
servations have revealed that at the beginning of
June 2003, the soil underneath undisturbed lichen
cover was still frozen at a depth of 30 cm, whereas
no ice was encountered at that depth at the sites
with moderately and heavily disturbed lichen cover.
Similarly, Odland and Munkejord (2008a) found that
in exposed lichen alpine heaths with a thick, moist
humus layer in south Norway, soil temperatures
needed more than two months to thaw on humus-
rich soils. In exposed Dryas octo petala heaths with-
out a thick humus layer, there was no delayed soil
temperature increase during the spring (Reinhardt
et al 2013).

FEffects of soil temperature and thaw period
Soil temperature

In Arctic tundra, lichens are commonly associated
with permafrost and/or carbon-rich soils (Zimov et
al 2005; Schuur et al 2008; Tarnocai et al 2009).
In Fennoscandia, previous lichen heath studies
have reported that they are mainly found on sites
with a seasonally frozen soil (Dahl 1956; Wielgo-
laski 1975). The amount and duration of soil frost
has been associated with length of the thaw period,
but this relationship has rarely been quantified. Soil
temperature can be highly variable over very small
distances, being dependent upon snow cover, type
of vegetation cover and the heat capacity of the soil
(Dahl 1956; Larcher 1995).

The presence or absence of snow determines
the winter soil surface temperature (Dahl 1975; Lof-
fler 2005), and snow acts as an insulator that influ-
ences both the temperature and the extent to which
the soil is exposed to freeze-thaw events (Edwards
et al 2007). According to Kershaw (1985) and Rees
(1993), studies of surface and subsurface tempera-
tures and subsurface heat fluxes of bryophytes and
lichens at the species level has rarely been under-
taken. The relationship between air temperature
and soil temperature is in itself fairly complex. Soil
temperatures are dependent upon a number of fac-
tors such as moisture content, evaporation, albe-
do, and the thermal conductivity of the soil itself
(Garcia-Suarez and Butler 2006) and is generally
less variable than air temperatures (Gehrig-Fasel et
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al 2008). Sundstgl and Odland (2017), investigated
relationships between soil temperature and total li-
chen cover. Results (Fig. 9) show that a high lichen
cover is associated with low soil temperatures, but
also with relatively low summer soil temperatures.
Total shrub cover correlated with differences in soil
temperatures (Fig. 10), partly because some shrubs
can be present in lichen heaths while other require
a protective snow cover.

0 150 300 450 600

Heat sum Frost sum
100 o em eeo o oo . -
—_ L] (d [ ]
&
~ 80
g
o L]
Y 60
c
@
<
S 40
© . .
s
|9 20 L)

0
200 400 600 800 1000

Fig. 9. Average lichen cover degree in relation to soil heat
sum and soil frost sum measured during a three year pe-
riod (Based on data from Sundstgl and Odland 2017). Low-
ess smoother lines (degree of smoothing = 0.8, number of
steps = 2) are drawn.
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Fig. 10. Average shrub cover degree in relation to soil
heat and frost sums measured during a three year period
(Based on data from Sundstgl and Odland 2017). Lowess
smoother lines (degree of smoothing = 0.8, number of
steps = 2) are drawn.

Different lichen and vascular plant species frequent-
ly found in alpine lichen heaths respond differently
to the degree of frost sum (Sundstgl and Odland
2017). Lichen species characteristic of the most
exposed heath types (cf Tab. 2) such as Alecto-
ria ochroleuca, Bryocaulon divergens, Flavocetraria
cucullata and F. nivalis increase their abundance
with increasing soil frost. Cladonia arbuscula, C.
rangiferina, and C. stellaris however, decrease their
abundance with increasing frost. Betula nana has a
wide tolerance in relation to soil frost, while Fmpe-
trum nigrum, Vaccinium myrtillus, and V. uligino-
sum increase their abundance with decreasing frost
sum. Nardus stricta was only found on sites with
low or no frost while Juncus trifidus had a broad
tolerance, but was most abundant where frost-sum
was lower than 200. This indicates that many vas-
cular plants do not tolerate high soil frost, and are
therefore not competitors to lichen heaths so long
as the soil frost remained unchanged.

Length of the growing season and the thaw period

The start and end of the vascular plant growing sea-
son are closely related to soil freezing and soil thaw-
ing (Ryden and Kostov 1980; Bonan and Shugart
1989). The start of the growing season during spring/
summer has been defined in different ways (see re-
view by Odland 2011). In general, biological activ-
ity is low when temperature is low, and, growing
season start has frequently been defined by use of a
soil temperature threshold of 5 - 6° C (Heikinheimo
and Lappalainen 1997; Tuhkanen 1980; Karlsson and
Weih 2001). This applies mainly for vascular plants
with their roots in frozen soil where there is no avail-
able water. Low soil temperatures inhibit root elon-
gation and increase water viscosity, inhibiting water
uptake (Bonan and Shugart 1989). Lichens and bryo-
phytes, however, have no roots, and they can grow
when the substrate is frozen.

Thaw describes the change from a frozen solid to
a liquid phase by gradual warming. The term “thaw
period” has been defined in two ways: 1) On the most
exposed sites without snow during most of the win-
ter, the thaw period has been quantified as number
of days from DOY 90 (day of the year) (April 1) which
generally is the period when snow starts to melt (Od-
land and Munkejord 2008a). 2) In sites with a snow
cover, start of the thaw period has been defined by
timing of the event when soil temperatures reach +
1° C (Sundstgl and Odland, 2017). Odland and Munke-
jord (2008a) studied the distribution of oligotrophic al-
pine vegetation types in relation to length of the thaw
period. Lichen-dominated types had thaw periods
longer than 40 days, lee side vegetation less than ca.
20 days, and snow bed vegetation less than 8 days.

Thawing processes are highly influenced by the
high heat capacity of water. Moist soil with a high
heat capacity must be subjected to a long period of
frost to freeze, but a long period with high tempera-
tures is also needed to thaw the soil (Willis and Power
1975). Effects of air temperature on soil temperature
are strongly influenced by the species composition of
the surface and by soil (humus) water content. A rela-
tively dry soil freezes more quickly and deeply than a
wet soil, and thaws faster in the spring. Lichen cover
reduces heat transfer to the soil below during warm
periods because of its high albedo (Sofronov et al
2004). Although summer temperatures often exceed-
ed 40° C just above the surface of the moss-lichen lay-
ers, frozen soils remained under this coverage. The
strong effect of lichen cover on soil temperatures is
also evident from Fig 11. Sites with a high lichen cover
were associated with lower winter and summer soil
temperatures than sites where lichen cover was low.

Sofronov et al (2004) showed that soil temperature
increased from 0° C in an organic soil layer, to 8° C at
the soil surface measured in August (in Larix forest
in Siberia). Depth of the soil thawing was affected by
surface vegetation dominated by mosses and lichens.
There was a strong linear correlation between organic
layer thickness and soil temperature.

Lichens and vascular plants have different re-
sponses in relation to the length of the thaw period
(Fig. 12). Lichens have their highest cover degree
where the thaw period is longer than 15 days, while
vascular plant cover decreases when the thaw pe-
riod is longer than 15 days. Betula nana, Arctous
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Fig. 11. Effects of variable average lichen cover in rela-
tion to average monthly soil temperatures. Sampled study
sites were divided into three groups where lichen cover
was >80% (average in 13 plots was 98%), cover 30 -50%
(average in 7 plots was 42%), and cover <30% (average in
6 plots was 15%). Sites with a high lichen cover were as-
sociated with lower winter and summer soil temperatures
than sites where lichen cover was low (Data from Sund-
stgl and Odland 2017).
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Fig. 12. Relationships between total lichen cover (Cov
Lic) and total vascular plant cover (Cov vas) in relation to
number of days needed to increase soil temperature from
1°C to 6" C. Start of the growing season is often defined
as the day when soil temperature exceeds 5° C (Based on
data from Odland and Munkejord 2008b and Sundstel and
Odland 2017). Lowess smoother lines (degree of smooth-
ing = 0.8, number of steps = 2) are drawn.

alpinus, and Empetrum nigrum can however, toler-
ate a long thaw period (Sundstgl and Odland 2017).

A relatively deep soil (cf. Fig. 3) has a decisive im-
pact on the start of the growing season and length of
the growing period. A moist, humus-rich soil is essen-
tial for development of a long soil frost period. Water
has a high specific heat capacity, meaning that the
soil needs to be exposed to extensive frost to freeze,
and that the frozen soil needs to be exposed to high
temperatures for a long period to thaw. Exposed sites
with lichen heaths may need more than 50 days to
thaw (Odland and Munkejord 2008a). Exposed Dryas
octopetala vegetation with a thin soil layer were, how-
ever, associated with less than 15-30 days to thaw
(Reinhardt and Odland 2012; Reinhardt et al 2013).

Even if the snow has melted on a site, vascular
plants may not start to grow because the soil can
be frozen. Lichens, however have no roots and can
therefore initiate growth.

Lichen growth, biomass, and relationship to other
plants

Lichen photobionts are concentrated in the apical
part of the thalli (Nash et al 1980). Experiments

have shown that the relative growth rate of the
apical parts is higher than that of the lower basal
parts, which are constituted of fungal, sometimes
senescent, tissues (Karenlampi 1971; Kytoviita and
Crittenden 2002; Gaio Oliveira et al 2006).

The optimal growth temperature for lichens lie
between 15-25° C, but in summer the temperature
at the surface of lichen mats can reach 35-40° C
without affecting their vitality (Tegler and Kershaw
1980; Coxson and Wilson 2004). Laboratory experi-
ments show that lichens are extremely tolerant of
freezing stress and of exposure to low tempera-
tures. CO2 exchange was already active at around
-20° C, while the optimum temperature for net pho-
tosynthesis lies between 0 and 15° C.

Most vascular plants are not able to grow on sites
with a long-lasting frozen soil. A precondition for li-
chen heaths is therefore a relatively thick and moist
soil layer which will freeze solid. The great success
of lichens in cold areas gives evidence of their physi-
ological adaptation to areas with low temperatures.
In general, lichens are able to persist through glacial
periods, but extended snow cover and glaciation are
limiting factors (Kappen et al 1996).

Lichen growth and biomass

According to Ahti (1959), three growth stages ex-
ist throughout the reindeer lichen lifespan. The first
stage, the growth-accumulation period, lasts an av-
erage of 10 years but can vary from 6 to 25 years.
During this stage, size increases annually, and no
part of the podetium dies. The internodes grow 10
to 15 times the height attained in the first year of
life. During the second stage, podetium height still
increases, but internode death occurs at the base.
Despite some internode decay, height growth con-
tinues. This stage may continue for several decades
and can exceed 100 years. During the third stage,
the withering period, the podetium decays at the
base faster than internodes lengthen. This stage of
growth lasts some 10 to 20 years.

Maximum reindeer lichen height is around 12
cm, which is found when the top zone growth
equals the rate of death and decomposition in the
bottom zone (Morneau and Payette 1989). In old
undisturbed lichen stands reaching heights of 12
cm, the lowermost 1-2 cm of the podetia are dead
or decaying (Odland et al 2014).

Lichen growth follows a logistic or sigmoidal
curve with a maximum growth rate at an intermedi-
ate lichen height (Kumpula et al 2000; Heggberget
et al 2002). Different methods have been used to
determine the growth rate of reindeer lichens (see
discussions in Kumpula et al 2000), resulting in
growth rates ranging from 2 to 6 mm year’'. Kum-
pula et al (2000) found that the maximum thickness
increase in the living part of the whole lichen stand
was only 1.5-1.6 mm year’, and the estimated bio-
mass increase was 11% year™.

Standing biomasses in oligotrophic lichen
heaths at Hardangervidda have been estimated
to be 61, 7, and 380 g m™ respectively for vascu-
lar plants, mosses and lichens (Wielgolaski 1975).
Annual production in lichen heaths was 88 and
182 g m™? year! respectively for lichens and vas-
cular plants.
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In Kevo, north Finland, the lichen biomass produc-
tion was estimated to be 77 g m™* year’' and for
vascular plants it was 375 g m™® year" (Kallio 1975).
The highest annual increase in lichen biomass has
been estimated at approximately 120 kg ha year!
in a lichen mat with a biomass of ca. 800 kg ha™!
(Helle et al 1990). According to Kumpula et al
(2000), the maximum lichen production has been
estimated to be 170 kg dry matter ha year! mea-
sured in a lichen stand that was around 40 year
old, with a standing living biomass of nearly 3 000
kg dry matter ha.

Estimations of lichen production in heath
communities often include vascular plants grow-
ing in the heaths. In some cases, total production
has been found to be as high as 250 — 300 g m™
year! (Kjelvik and Karenlampi 1975). When domi-
nated totally by lichens, the total production was
only around 100 g m™® year' even in dense lichen
heaths. The production to biomass ratio in lichen
at Hardangervidda was estimated to be ca. 0.2
(Wielgolaski 1975). Lichen productivity was calcu-
lated from an estimated growth rate of 0.23 g g!
year! (Kjelvik 1978).

Relationships to vascular plants

It is generally considered that lichens are very
poor competitors (Grime 1977), growing in places
where vascular plants and bryophytes are less
successful. In areas where their competitors are
suppressed by severe climate, lichens would ex-
pand to new habitats due to competitive release
(Ahti and Oksanen 1990). It can therefore be as-
sumed that lichens are in greatest abundance at
sites where the establishment of vascular plants
is difficult or unsuccessful. The main factor criti-
cal to most vascular plant growth is, as described,
soil frost and a long period with frozen soil (Karls-
son 1985; Sofronov et al 2004). Several studies
have emphasized the negative effects of low soil
temperatures for the growth of vascular plants
(Tranquilini 1979). There are, however, only a few
vascular plant species which are able to grow
on frozen soil together with lichens (Odland and
Munkejord 2008b). Unfrozen soil is a prerequisite
factor for the initiation of springtime root-zone
processes and recovery of photosynthetic capac-
ity (Karlsson and Nordell 1996; Sutinen et al. 2009).

Decrease of lichen poplations has frequently
been described as an effect of strong competi-
tion from the expanding shrub cover due to in-
creased leaf litter and subsequent shading which
prevents the re-establishment of lichen cover
(Gaare 1997; Heggberget et al. 2002; Fraser et al
2014). These views are not in accordance with
the conclusions above. Some alpine lichen heath
communities can have a co-dominance of vascu-
lar plants, but the data shown in Fig. 13 indicates
a negative correlation between total lichen cover
and total vascular plant cover. Species with snow
indicator values of 1 (cf. Table 3) rarely have a
high cover of shrub species. Cladonia species
with snow indicator values of 2 or higher, which
have a relatively thin snow layer during the win-
ter, can have a high cover of Betula nana which
also has a snow indicator index of 2.
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Fig. 13. The relationship between total vascular plant
cover and total lichen cover from 471 study plots at the
Hardangervidda mountain plateau, south Norway. Only
plots where total lichen cover was higher than 20% were
included (Based on data from Odland et al 2014 and un-
published data). Lowess smoother line (degree of smooth-
ing = 0.8, number of steps = 2) are drawn.

Effects of reindeer grazing

Reindeer grazing and trampling can locally be
the most important factor affecting the state of
lichen pastures. Reindeer prefer certain lichen
species to others, and this selective grazing can
change the species composition of lichen pas-
tures. Lichen mats can be heavily affected by
overgrazing and trampling which, in high-density
populations, can cause substantial winter forage
depletion and trigger large scale habitat shifts or
population declines (Crittenden 2000; den Herd-
er et al. 2003; Klein 1987, Manseau et al 1996;
Vistnes and Nelleman 2008; Falldorf et al 2014,
Heggenes et al 2018).

Graminoids (grasses and sedges) have been
found to increase under heavy grazing pressure
from reindeer and caribou on lichen-dominated
plant communities (Klein 1968; Thing 1984; Post
and Klein 1999), and such species have also been
predicted to increase under global warming sce-
narios (Chapin et al 1995; Joly et al 2009).

Intensive reindeer grazing reduces lichen bio-
mass, being commonly 10% or even less of the bio-
mass typical in un-grazed mature lichen associa-
tions (Mattila 1981; Temmervik and Lauknes 1988;
Kojola et al 1995). On the Hardangervidda moun-
tain plateau, lichen biomasses or volumes have
been estimated to have decreased by more than
60% (Odland et al 2014). Vare et al (1996) found
that grazing reduced lichen biomass from 790 to 86
g dw m* Similarly, Akujarvi et al (2014) found that
the lichen cover was about five-fold greater and the
biomass about fifteen-fold greater in the ungrazed
(fenced) sites than in the grazed ones.

van der Wal (2006) reports that increased graz-
ing pressure results in a transition to first a moss-
dominated tundra and finally a graminoid-dominat-
ed vegetation. He suggested that lichens have to be
protected by snow in winter to prevent overexploi-
tation (cf. also Adamczewski et al 1988; Ferguson
et al 2001). This may be valid for Cladonia stellaris-
dominated forest vegetation but probably not for al-
pine lichen dominated vegetation. Increased snow
would insulate the soil from extensive soil frost and
thereby give vascular plants a chance to establish
and outcompete lichens.
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In the tundra, grazing by reindeer has been shown
to reduce the cover of both lichens (Véare et al 1995;
den Herder et al. 2003; van der Wal et al. 2001)
and dwarf shrubs (Olofsson et al. 2009; Dahlgren
et al 2009; den Herder et al 2008). Stepwise
transition from unproductive lichen-dominated
vegetation to more productive moss and grami-
noid-dominated vegetation types have been hy-
pothesized by Oksanen and Oksanen (2000), Zi-
mov et al. 2005, and van der Wal (2006).

Destruction of cryptogamic vegetation by her-
bivore grazing and trampling can lead to extensive
melting of permafrost, both directly and by accel-
erating the decomposition of organic matter, which
in turn will increase soil temperatures (Woodin and
Marquiss 1997; van der Wal and Brooker 2004). So-
fronov et al (2004) showed that the depth of soil
thawing increased with a reduction in the moss-
lichen layer thickness.

FEffects of climate change

Reviews of effects of climate change on the win-
ter food resources for reindeer (Rangifer tarandus
tarandus), have been published by Suominen and
Olofsson (2000), Heggberget et al (2002), and Ber-
nes et al (2015). Most of these have, however, not
included effects of soil frost and thaw period.

Ongoing climate change has had multiple ef-
fects on alpine lichen-dominated heaths. The main
climate changes affecting lichen heaths can be as-
sumed to be increased precipitation, both in the
form of rain and snow, higher winter temperatures,
and more unstable winter conditions. The general
climate character will therefore be increasingly oce-
anic in most areas. Such changes have already re-
sulted in both floristic and ecological changes, and
those will probably be accelerated into the future.

Recent studies have found that the abundance
of reindeer lichens have decreased in alpine heath
communities. This has often been associated with
increased dominance of shrub species (Cornelis-
sen et al 2001; Virtanen et al 2003; van Wijk et
al 2003; Kullman 2005; Oberg 2002; Hudson and
Henry 2009; Temmervik et al 2009; Pajunen et al
2011; Danby et al 2011; Fraser et al. 2014; Vuorinen
et al 2017). After resampling of Loiseleuria procum-
bens heaths, Virtanen et al (2003) found that lichen
abundance had decreased while Empetrum nigrum
and mosses had increased. Other studies have
also found that dense mats of lichens have been
replaced by expanding Empetrum nigrum or other
dwarf-shrubs (Kullman 2005; Oberg 2002).

Increased nutrient inputs combined with
warming treatments have been found to decrease
lichen abundance in northern Sweden (Jagerbrand
et al 2009), and a changing climate along with
increased herbivory led to such losses of lichen
cover in Arctic Canada that reintroduction was
not viable (Klein and Shulski 2011).

FEffects of changes in snow cover

So far, precipitation has increased in most parts
of Fennoscandia. Increased rain, especially during
the winter (rain on snow) has multiple effects on
lichens, especially rate of snow-melt, soil tempera-

tures, and soil thaw. Increased precipitation com-
bined with low temperatures will increase snow
depths. However, despite increased precipitation,
the snow layer duration has decreased in most low-
alpine areas. This is mainly an effect of faster snow-
melt due to increased air temperature.

A reduction in snow depth could also lead to
an increase in the depth and extent of frozen soil,
which would have effects on biogeochemical and
microbial processes and could result in direct in-
juries to roots (Hiilber et al 2011). However, in
Norway, most models predict an increase in snow
depths at higher elevations, coupled with a short-
er snow season (Dyrrdal 2013; Klimaservicesenter
2015). Snow depth increases of about 2 cm per
decade since the early 1900s have been recorded
at Abisko in northern Sweden, despite there being
no changes in snow season duration (Kohler et al
2006). According to Bidussi et al (2016), increas-
ing snow depths will likely reduce the abundance
and distribution of dominant mat-forming lichens in
Scandinavian alpine ecosystems.

Autumn and winter climate change due to
changes in snow regime and temperatures can
have major impacts on northern plant communities.
Vascular plants, particularly shrubs, appear to be
most prone to damage while lichens appear toler-
ant (Bokhorst et al 2012).

Turunen et al (2009) suggested that increased
winter precipitation, the occurrence of ice layers,
deeper snow cover, and the appearance of molds
beneath the snow cover may reduce the availability
and/or quality of reindeer forage, but prolongation
of snowless periods might have the opposite effect.

Effects of soil warming

Changes in the snow cover and higher air tempera-
tures have been reported to increase soil tempera-
tures and thereby the length of the growing season.
This can change the competition between lichens
and vascular plants. According to Sturm et al
(2001b, 2005), Bret-Harte et al (2002), and Mack et
al (2004), the potential impacts of shrub expansion
are warmer winter soils, enhanced nutrient cycling,
and altered plant communities.

According to Lemke et al (2007), the amount of
seasonally frozen ground has decreased by about 7%
during the last one hundred years. Henry (2006), re-
porting on data from weather stations across Cana-
da, found that warmer winters resulted in fewer soil
freezing days, associated with reductions in snow
depth and number of days with snow on the ground.

Macias Fauria et al (2008) found large differ-
ences in soil temperature values and dynamics be-
tween grazed and un-grazed heaths. Soils in the
grazed part warmed up faster in spring, thawed 2-4
weeks earlier, and cooled down faster in autumn at
all depths. Soil in the grazed parts reached lower
winter temperatures, and higher summer temper-
atures at all depths. Indeed, significantly higher
growing season degree-days were found in the
grazed part of the stand at depths of -5 and —20 cm.

Porada et al (2016) estimated average cooling
effects of the bryophyte and lichen cover of 2.7° C
on temperature in the topsoil for the region north
of 50" N under the current climate. Locally, a cool-
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ing of up to 5.7° C was found. These results sug-
gest that the reducing effect of the bryophyte and
lichen ground cover on soil temperature should be
accounted for in studies which aim at quantifying
feedbacks between permafrost soil temperature
and climate change.

Results from experimental warming suggest
that lichens may become less competitive due to
climate warming (Lang et al 2012). According to
Cornelissen et al (2001), macrolichens in climati-
cally milder Arctic ecosystems may decline if and
where climate changes cause vascular plants to
increase in abundance. They suggested that cli-
mate warming and/or increased nutrient availabil-
ity leads to decline in macrolichen abundance as a
function of increased abundance of vascular plants.

A decline in lichen biomass or abundance in ar-
tificially warmed fertilized ecosystems has been re-
ported repeatedly in subarctic and mid-Arctic stud-
ies (Jonasson 1992; Chapin et al 1995; Molau and
Alatalo 1998; Press et al 1998; Graglia et al. 2001).
This was suggested to be a response to increased
shading by the taller vascular plants or the litter
that they produce. Studies, both in situ and ex-
perimentally, have shown that warming increased
height and cover of deciduous shrubs and grami-
noids, and decreased cover of mosses and lichens
(Lang et al 2012). Shrub abundance influences the
summer albedo, and the effects of increasing shrub
abundance on albedo will contribute to changes in
the surface energy balance (te Beest et al 2016).

General discussion and conclusions

It is of vital ecological importance to bear in mind
that lichens are very poor competitors (Grime 1979),
and that the distribution of alpine lichen heaths are
primarily controlled by their inability to compete with
fast-growing vascular plants (Kershaw 1985). Appar-
ently, lichen heaths are mainly developed in envi-
ronments where competition from vascular plants
is excluded or reduced (Bonan 1989). As indicated
in previous studies, the main factor associated with
alpine lichen heath distribution is determined by the
degree of soil frost and the length of the thaw period.
It has been suggested that wind speed is the main
factor for lichen heath distribution in alpine areas
(Crabtree and Ellis 2010), but in our opinion, wind is
an indirect factor which blows the snow cover away.

Lichen heath ecology

As shown above, alpine lichen heaths are devel-
oped on sites with a thick substrate and a humus
layer on top, which is generally more than 5 cm
thick. Based on results reviewed in the current pa-
per, important factors influencing the distribution
on an exposed low alpine ridge may be presented
in a schematic way as shown in Fig. 14. The most
exposed sites (zone 1) are dominated by species
like Bryocaulon divergens, Alectoria nigricans, A.
ochroleuca, Coleocaulon aculeatum, Flavocetraria
cucullata, and F. nivalis. In zone 2 (snow protected
heath), Cladonia stellaris, C. arbuscula, and C. ran-
giferina are more important. In zone 3 (lee sides),
dwarf shrubs graminoids, and herbs dominate but
Cladonia species can be important.
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Fig. 14. Schematic drawing of an exposed low alpine ridge
with important ecological factors influencing the distribu-
tion of lichens. The zones are described in Table 4.

Any factor that changes the period with frozen soil
will reduce the lichen abundance. Reindeer graz-
ing and/or climate will change the surface albedo.
The high albedo of a lichen mat decreases the heat
influx to the soil, both during winter and summer.
Consequently, a reduction of the lichen cover due
to grazing and trampling will increase soil thawing
during spring, and increase soil temperature during
the summer and autumn. As a result, the growing
season (defined as the period when soil tempera-
ture exceeds 5° C), will increase and this will again
favor the growth of vascular plants.

Relationships to vascular plants

Numerous studies have recently reported decreasing
lichen abundances in boreal, alpine and Arctic areas.
This trend has often been explained by an increased
dominance of vascular plants. In general, the total
cover degree of vascular plants and lichens have op-
posite trends, and this can be explained by their dif-
ferent responses to snow and soil temperatures.
Ongoing climate change involves changes in
several environmental factors which can be criti-
cal to lichens. Numerous studies have concluded
that vascular plants, especially shrubs, have in-
creased as an effect of ongoing climate change.
Few studies have linked this change to the un-
derlying critical factor: soil temperatures have to
be increased before vascular plants can outcom-
pete lichens in the most exposed heaths. How-
ever, Brooker and van der Wal (2003) concluded
that factors influencing soil temperature such
as climate change or herbivory may also direct
changes in vascular plant community composi-
tion. Fauria et al (2008) and Porada et al (2016)
have also emphasized the negative effects of soil
temperatures on lichens in a warmer climate.
Low temperatures and long-lasting soil frost
may restrict vascular plant growth directly by limit-
ing the rate of tissue respiration (Semikhatova et
al 1992) and thus nutrient uptake. Indirectly, soil
frost slows the rate of soil decomposition and thus
reduces the availability of essential nutrients (Jona-
sson 1983; Rustad et al 2001). Frozen soils give
vascular plants reduced soil water supply leading to
tissue water deficits, especially if air temperatures
increase before the soil is thawed (Gold and Bliss
1995). Winter desiccation happens when plants are
rooted in frozen ground, but are trying to continue
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their metabolic processes anyway. Low soil tem-
perature inhibits root growth as well as water up-
take, and thus affects seedlings’ water absorption
and nutrient uptake rates (Mellander et al 2004).
This indicates that most vascular plants will proba-
bly not be able to invade lichen-dominated heaths,
even if they have been well grazed before the frozen
soil period has increased to a certain threshold.

Changed alpine lichen heath distribution

Climate change may modify the geographical distri-
bution of lichen heaths in the future. Lichen heaths
have their main distribution within the low-alpine
zone in the continental parts of Fennoscandia where
precipitation is relatively low, and winter tempera-
tures and frost sum are low. An assumed general
effect of climate change is that the climate charac-
ter in Scandinavia will become increasingly oceanic,
with more precipitation and less frost, even in con-
tinental regions. Consequently, the abundance of al-
pine lichen heaths in the future may become similar
to the present situation in oceanic parts of Norway.

It has been suggested that lichen heaths may
“move upward” as an effect of climate change
(Heggberget et al 2002). According to Moen et al
(2004), plant studies simulating climatic change
indicate that a warmer and wetter climate may
cause an altitudinal upward shift of macrolichens.
This can result in an increased potential for lichen
growth at high altitudes. At lower elevations, there
may be increased competition from taller, faster-
growing vascular plants, e.g. Betula nana. In our
view, this is not a probable scenario, at least not
in the near future. Lichen heaths are associated
with a relatively thick soil layer, and in the mid-
alpine zone (more than ca. 300 m above the forest
limit), soils are shallow. Total thickness of organic
and moraine substrate where the lichen cover was
higher than 20% varied between 5 and 60 cm (aver-
age was 14.8+9.1 cm). Secondly, the snow amount
may increase in high elevations due to increased
precipitation and low temperatures.

Recent climate models indicate that the cli-
mate may become increasingly oceanic. Future
climate in continental parts of Fennoscandia may
then be similar to conditions in the western parts
of Norway. In these areas, the distribution of al-
pine lichens heaths are generally small, and li-
chen abundance low.

FEffects of grazing

Relationships between abundances of lichens and
effects of reindeer grazing and climate have been
discussed in several studies. It has frequently
been reported that lichen abundances have de-
creased because of increased competition from
expanding vascular plants, but this has rarely
been verified by relevant studies. Certainly, li-
chen biomass will decrease with reindeer grazing
and trampling, but the long-term effects remain
unclear. Ecological effects of grazing have been
discussed in several papers, however without ref-
erence to the importance of soil frost (e.g. Gaare
1997; Heggberget et al. 2002).

Cohen et al (2013) suggested that effects of rein-

deer grazing with subsequent shrub expansion
could cause climatic feedback through changed al-
bedo. Similar feedback loops that couple vegetation
changes, change in albedo and climatic feedback
processes have been presented in other studies,
particularly from Arctic areas (Hinzman et al 2005;
Sturm et al 2005a; Chapin et al 2005; Wookey et al
2009; Myers-Smith and Hik 2013).

Sofronov et al (2004) found that growth rates
of young larch (Larix spp.) trees declined due to
the reduction of the average soil thawing depth
resulting from a recovery of the moss-lichen layer.
This indicates that we cannot generally assume
that vascular plants will outcompete and replace
lichens. If vascular plants are to replace lichens, soil
frost and thaw length must decrease first.

According to this, we suggest a possible expla-
nation of lichen heath ecology, impacts of reindeer
grazing, climate change, changed albedo, and soil
temperature change (Fig. 15). Combined effects of
extensive reindeer grazing and climate changes
may result in feedback effects that in time may in-
crease soil temperatures and thereby significantly
decrease the distribution of the oligotrophic, chi-
onophobous alpine lichen heaths.

Exposed alpine sites with a thick mat of moist organic material where snow is
blown away, resulting in no snow insulation from low winter temperatures. The soil
freezes during winter, and it takes a long time to thaw the soil because of the high
lichen albedo.

v

Oligotrophic, and chinophobous heaths where lichen species are dominant J

Vv «—

Strong reindeer grazing )

precipitation (rain and snow) and
higher winter temperatures resulting
in increasing soil temperature (

Climate change )

\

Decreased lichen abundance and decreased surface albedo

> ¥

{ Climate change with more

growing season length

[ Increased vascular plant cover and decreased abundance ]

[ Higher soil temperatures, shorter soil frost period, and increased

of lichens due to strong competition

\

( Further surface albedo decrease

Fig. 15. Pathways for assumed relationships between li-
chen heath ecology, impacts of reindeer grazing, changes
in climate, albedo, and soil temperatures. Feedback from
reduced lichen cover result in reduced albedo and increas-
ing soil temperatures. This may in turn give vascular plants
favorable growth in the lichen heaths. Long-term impacts
of lichen heaths without effects of climate changes are so
far not known. As indicated, reindeer grazing may not nec-
essary result in permanent loss of lichen heaths. A lichen-
dominated heath can possibly be naturally reestablished if
there are no effects of climate change.
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