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Summary

Climatic warming in northern alpine regions facilitates the thawing of permafrost, the
associated release of soil carbon into the atmosphere, and the altitudinal shifts in
vegetation patterns. Here, a multi-disciplinary approach is adopted to investigate the
response of an alpine permafrost landscape (Jotunheimen, Norway, with focus on
Galdhepiggen) to climatic changes over long- to medium timescales. First, a gas
analyser is used to explore how ecosystem respiration is affected by ecosystem (soil
and vegetation) and geomorphological (cryogenic disturbance) factors during the peak
growing season. A palacoecological record is then analysed to infer the past dynamics
of the alpine tree lines and the lower limit of permafrost on Galdhepiggen over the
millennial- and centennial scales. Finally, remotely sensed satellite imagery is
combined with observed air temperatures to create a model that provides an estimation
of land surface temperatures over the past six decades. The model is then used to
predict surface ‘greenness’ over the same period.

Palynological evidence from Galdhepiggen indicates that the altitudinal limits of
alpine tree lines have shifted by hundreds of metres in response to climatic changes
over the millennial scale. Since 1957, the model predictions indicate substantial
increases in land surface temperatures and growing season surface ‘greenness’ (i.e.,
vegetation abundance) in Jotunheimen, but the change has not been spatially uniform.
The highest increases were recorded over the low- and mid-alpine heaths above the
tree line (1050-1500 m a.s.1.), which was attributed to increased shrub cover. This trend
could facilitate carbon release from the ground, as peak growing season ecosystem
respiration was found to be most strongly controlled by soil microclimate and plant
growth forms. The likely future scenario in response to warming in Jotunheimen will
be continued permafrost degradation, with higher altitudes (>1500 m a.s.l.)
experiencing decreased cryoturbation, increased shrub encroachment and higher
surface CO; emissions.
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Figure 6.1

The reconstructed past and present dynamics of the birch-
and pine tree lines and the lower limit of permafrost on
Galdhepiggen, and future projections (indicated by dotted
lines). The approximate estimation of the past lower limit
of permafrost is based on the environmental reconstruction
presented in Chapter 4, staying within the limits of the
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the late Holocene. The future projection for the lower limit
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the A1B (IPCC, 2007) warming scenario. The period
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indicated for each altitude.
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Chapter 1

Introduction



1.1. Introduction: Rationale, study site and thesis structure

High-latitude and high-altitude regions are among the most vulnerable to climatic
changes on a global scale (Biskaborn et al., 2019). With rates of warming twice as high
as the global mean (Stocker et al., 2013), sub-surface permafrost is warming and
thawing (Romanovsky et al., 2010; Serreze et al., 2000; Streletskiy et al., 2017).
Permafrost degradation can result in the release of previously frozen carbon from the
soil into the atmosphere (Turetsky et al., 2019). Warming surface temperatures can
further provide more favourable growing conditions for tundra plants, facilitating the
shift — both latitudinal and altitudinal — of previously uninhabitable surfaces to shrubs
and grasses (Myers-Smith et al., 2011). Both mechanisms have the potential to affect
local and regional carbon- and nutrient cycling, and energy balance (Serreze and Barry,
2011; Schuur et al., 2015). However, the consequences of climatic warming vary, and
depend on the specific conditions (i.e., topography, ice content of permafrost,

composition of substrate, nutrient availability, etc.) of the area of interest.

The present thesis investigates the response of an alpine permafrost landscape to
climatic changes over different timescales. The area of interest is a mountainous region
in north-east Jotunheimen (Norway), with specific focus on the mountain of
Galdhepiggen. The region provides an excellent field laboratory to study shifts in
permafrost occurrence and vegetation patterns in response to changing air
temperatures over time. This is achieved by using complementary methods to examine

the processes across abiotic and biotic components of the landscape.

The approach adopted in this study is multi-disciplinary, as well as multi-scale, both
spatially and temporally (see sub-Section 1.1.3). Combining multiple disciplines and
spatiotemporal scales could be considered novel, as there is generally little interaction
between communities of periglacial geomorphologists, palacoecologists and remote

sensing specialists.

Chapter 3 investigates how ecosystem respiration (R¢) is affected or controlled by
ecosystem (soil and vegetation) and geomorphological (cryogenic disturbance) factors
by exploring the rates of Re across an altitudinal transect on Galdhepiggen. Chapter 4
extends the temporal scale, investigating the dynamics of the alpine tree line and the

lower limit of permafrost on Galdhepiggen over the millennial scale. Chapter 5



extends the spatial scale by examining changes in air- and surface temperatures and
vegetation cover in Jotunheimen over the past six decades, and tests whether there are
spatial differences in the rate of change. The specific aims of each study are outlined

in more detail in the introductions of the corresponding chapters.

Simultaneously, the applicability of the methods used for studying the response of this
alpine area to past and present climatic warming is tested in all parts of the research
project. Whilst Jotunheimen is a well-studied region (see sub-Section 1.1.2), some of
the methods presented here have not previously been used in this area and complement
the existing knowledge. For example, Chapter 3 will discuss the use of a portable
infrared gas analyser to measure surface CO2 emissions and test the novel idea that
disturbance by cryogenic processes in the soil might create ‘preferential pathways’ for
CO; release. Chapter 4 combines four different methods used in palynological
assessments to improve the accuracy of the past environmental reconstruction and the
identification of past local vegetation assemblages. Chapter 5 combines satellite
remote sensing and meteorological data to model land surface temperatures and
surface ‘greenness’ values for the past 60 years; the results are used to estimate the
past positions of the alpine tree lines and the possible past distributions of sub-surface

permafrost, which has not been done at a similar resolution in this area before.

1.1.1. Study site selection

The area of interest in this study is the mountainous north-eastern section of
Jotunheimen in southern Norway. The topographic, climatic and vegetational
properties of this area are described in detail in Chapter 5. Two chapters (3 and 4) will
focus specifically on Galdhepiggen, the highest peak in Scandinavia and northern
Europe. The sub-surface thermal- and permafrost conditions, and the methods used to
measure and monitor them on Galdhepiggen are outlined in more detail in sub-Section
1.2.4 and Chapters 3 and 5. Present and past vegetation distribution and dynamics are

discussed in Chapters 3 and 4.

Galdhepiggen was selected as a study site based on a combination of factors. First, it
is a high-latitude (north of 60° N) mountain underlain by high-altitude sub-surface
permafrost, making this area one of the most vulnerable to climatic warming

(Biskaborn et al., 2019). Second, Galdhepiggen is easily accessible, with a (13 km



long) paved road leading from the valley up to the altitude of ~1900 m a.s.l. on the
north-facing slope. This allows for repeated field measurements in the space of a single
day (as outlined in Chapter 3), and the transport of heavy equipment between sites.
Third, Galdhepiggen provides a setting where sub-surface permafrost ranges from
sporadic to continuous, with periglacial landforms (sorted circles) present at various
altitudes. Vegetation assemblages (belts) on the north-facing slope include the sub-
alpine dense woodland (~850-1025 m a.s.l.), low-alpine dwarf-shrub heath (~1025-
1350 m a.s.l.), mid-alpine grass-dominated heath (~1375-1600 m a.s.l.) and the
sparsely vegetated lichen and grass-dominated high-alpine vegetation belt (~1600-
2200 m a.s.l.) (Matthews et al., 2018). Such drastic vegetational and thermal
differences occur over relatively small distances, further facilitating research activities.
Moreover, this landscape provides a setting where different vegetation assemblages
grow above varying extents of sub-surface permafrost. Finally, Galdhepiggen has been
the focal point of numerous studies over the past decades. Both geomorphological
(Farbrot et al. 2011; Haugland et al., 2004; Lillepren et al., 2012; Matthews et al.,
1998; Bdegard et al., 1988; Odegérd et al., 1992; Winkler et al., 2016) and ecological
(e.g., Matthews 1992, 1999; Matthews et al., 2018; Robbins and Matthews, 2010,
2014) properties of the north-facing slope have been investigated in detail. This
provides an excellent baseline for a multi-disciplinary study that aims to combine

different methods to explore the response of the area to climatic warming.

1.1.2. Structure of the thesis

The present Introduction is followed by the Methodology Chapter (Chapter 2), which
provides additional detail about the background, the technical aspects of the equipment
and full laboratory procedures to complement the Methodology sections in Chapters
3-5. The main body of the thesis consists of three Chapters (3-5), each outlining the
research done on a specific spatiotemporal scale (Table 1.1). Chapter 3 examines the
soil CO2 emissions over a small spatial and temporal scale: across a transect on the
north-facing slope of Galdhepiggen during a single peak growing season. Chapter 4 is
a palynological study that investigates the long-term dynamics of the tree line and
tundra vegetation belts on the north-facing slope of Galdhepiggen over the past c. 4000

years.



Chapter 5 extends the spatial scale and uses satellite-derived land surface temperatures
and NDVI to model and describe the thermal and vegetational conditions and trends

in north-east Jotunheimen over the period 1957-2019.

Table 1.1. The primary research questions by chapter, and the spatial and temporal scales of the main

methods used in each study.

Main research questions Method Chapter Spatial Temporal

scale scale

What are the main biotic and
abiotic controls on peak growing

season ecosystem respiration Fleld—basedt 3 G ldI;lOC%l ) Short:

measurements aldhepiggen
(Re)? pies July 2018
How have the alpine tree line Long: 4350
and lower limit of permafrost nological cal. yr BP-
fluctuated over millennial and Palyno Oglca 4 Landsc'ape present
centennial scales? analysis (Galdhepiggen)
How have the temperature and
vegetation cover changed over i )

Satellite 5 Regional (NE Medium:

the past six decades, and are

there spatial differences in the remote sensing Jotunheimen) 1957-2019

rate of change?

The final section (Chapter 6) is a synthesis of the three preceding chapters, providing
a coherent summary of the observed changes, comparing the methods used in the three
research chapters and discussing future implications. Chapters 3-5 have appendices

that provide additional detail to the results associated with the relevant project.



1.2. Introduction: background and concepts

1.2.1. Impacts of climatic changes on high-latitude and alpine ecosystems

In the face of changing climate, high-latitude and high-altitude ecosystems are among
the most vulnerable on the globe. Today, regions north of 60° N are experiencing rising
surface air temperatures at more than double the rate of the global mean, a process

known as Arctic amplification (Overland et al., 2019; Stocker et al., 2013).

The drivers behind the amplified temperature increase are manifold, likely involving
various climate feedbacks and processes operating on a range of spatial and temporal
scales (Cho et al., 2018; Serreze and Barry, 2011). One of the proposed main causes
is the decline of snow and ice cover, which reduces surface albedo and allows the
surface to absorb more heat, creating a positive feedback that leads to further warming
(Chapin, 2005; Graversen et al., 2008). Other contributing factors are alterations in
cloud cover, water vapour and oceanic circulation, changes in atmospheric heat
transport, soot-covered snow, and increased concentrations of black carbon aerosols
in the atmosphere (Francis and Hunter, 2006; Graversen et al., 2008; Hansen and

Nazarenko, 2004; Serreze and Barry, 2011; Shindell and Faluvegi, 2009).

Due to the amplification effect, high-latitude ecosystems are predicted to experience
the consequences of climate warming more intensely compared to the rest of the globe
(Hinzman et al., 2013). Permafrost thaw driven by warming has already become a
pressing problem, reshaping the landscape, transforming ecosystems, and disrupting
livelihoods in the north. Permafrost degradation is considered one of the most
potentially destructive consequences of climate change due to its capacity to release
large quantities of buried carbon into the atmosphere. The resulting positive feedback
loop could have devastating impacts for the planet. Arctic amplification is predicted
to intensify in the future, and it will continue to impact biological, hydrological, and
geophysical systems across the circumpolar north (Hinzman et al., 2013; Serreze and

Barry, 2011).

High-altitude ecosystems are similarly vulnerable to warming air temperatures and
changing precipitation regimes. Mountain permafrost is particularly sensitive to
climate variation (Hipp et al., 2012) and has globally warmed by 0.19 £+ 0.05 °C
between 2007-2016 (Biskaborn et al., 2019).



Permafrost warming and degradation in alpine regions is accompanied by the upslope
shifts of trees and shrubs, as the conditions for vegetation growth become more
favourable at higher altitudes (Dial et al., 2007; Hallinger et al., 2010; Myers-Smith et
al., 2011).

The following sub-sections (1.2.2-1.4.1) will highlight the observed and predicted
consequences of warming on high-latitude alpine permafrost ecosystems and their
components based on contemporary literature and introduce a range of methods to

examine environmental change in these environments.

1.2.2. Permafrost and cryogenic processes in periglacial soils

Permafrost, the subsurface ground that remains below 0 °C for a minimum of two
consecutive years (Ballantyne, 2018), underlies an estimated 22% of the exposed land
surface of the northern hemisphere (Zhang et al., 1999). As the permafrost zone is not
uniform and ranges from continuous to sporadic (Figure 1.1), the actual land area
occupied by permafrost is approximately 12.8 — 18% (Gruber, 2012). Permafrost
occurrence and thickness are largely controlled by the surface energy balance, and to
some extent by local and regional conditions such as topography, hydrology,
vegetation, subsurface materials, and snow cover thickness (Schuur et al., 2008).
Permafrost occurrence therefore varies across latitudes, but around 70% is located

between 45°N and 67°N (Zhang et al., 1999).
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Figure 1.1. Northern hemisphere permafrost distribution at 1 km? resolution. Map taken from Obu et
al. (2019).

The thermal dynamics of permafrost soils in a given location are often presented in a
thermal regime graph (Figure 1.2). Such graphs illustrate the maximum and minimum
ground temperatures measured throughout the year at given depths, and the mean
annual ground temperatures (MAGT). As the depth increases, the amplitude of
measured temperatures decreases, eventually reaching the depth of zero annual

amplitude, where the MAGT fluctuates by less than <0.01°C.
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Figure 1.2. A simplified representation of the ground thermal regime in a permafrost region, illustrating

the temperature change with increasing depth. The blue line represents the temperatures below mean
annual ground temperatures (MAGT), and the red line indicates the values above MAGT. Zero annual
amplitude is the depth at which the MAGT remains constant (fluctuating by less than <0.01°C). Figure
modified from Ballantyne (2018).

Above the subsurface permafrost zone lies the active layer: a near-surface ground layer
which remains frozen in the winter and thaws in the summer (Figure 1.2). The depth
of the active layer can vary from tens of centimetres to several metres, depending on
local conditions and climate (Schuur et al., 2008). The thickness of the active layer
shapes the ecosystem by influencing local hydrology, plant rooting depth and the

quantity of soil organic matter that thaws in the summer (Schuur et al., 2008).

Cryogenic processes in the active layer shape the landscape in periglacial
environments. Cryoturbation, the movement of soil due to repeated freezing and
thawing, can create distinct patterns reflected in distribution of sediment and
vegetation on the ground surface (Ballantyne, 2018; Bockheim, 2007; Schuur et al.,
2008). These patterns can take the form of circles, stripes, polygons or nets, and can
be described as sorted or non-sorted depending on their morphology (Walker et al.,
2004). The size and shape of the feature are determined by the local environmental
conditions (Vonlanthen et al., 2008). Cryoturbation is most intense in soils with poor
drainage (Bockheim, 2007) and areas where ground freezes upward from the

permafrost table and downward from the surface (Schuur et al., 2008).



Several processes have been proposed to explain the genesis of patterned ground, but
the two main processes likely to be responsible in most cases are differential frost
Heave and buoyancy-driven soil circulation (Ballantyne, 2018). Due to the mixing of
the soil, patterned ground features affect several ecosystem properties and processes
such as vegetation patterns, active layer depth, soil pH, carbon sequestration and

energy fluxes (Walker et al., 2004).

Sorted circles are a form of patterned ground. They usually develop on surfaces with
little vegetation and fine soil, and form circles with bare centres and borders consisting
of larger clasts and boulders (Ballantyne, 2018; Figure 1.3). The diameters of these
features range from 10 cm to 4 m, with wider circles usually surrounded by larger
boulders (Ballantyne, 2018). In permafrost landscapes, the thickness of the active layer
can control the width of the circles, as smaller circles are often found on ground with

thinner active layers (Uxa et al., 2017).

Coarse

Fine centre

Base of active layer

Figure 1.3. An illustration of the sub-surface circular movement of non-frozen sediment and clasts

within sorted circles proposed by Hallet and Prestrud (1986) and reproduced by Ballantyne (2018).

Depending on the intensity of frost activity, sorted patterned ground can be considered
active or relict. Active sorted circles experience continuing uplift and sorting of clasts
through freeze-thaw processes, whilst relict circles have been inactive for a period of
time (Ballantyne, 2018). Due to regular disturbance, active sorted circles have little or
no vegetation cover (Haugland, 2006; Matthews et al., 1998). Relict circles can be
vegetated, but their centres can remain bare if some frost disturbance still occurs

(Haugland, 2006; Winkler et al., 2016).
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Seasonal freeze-thaw cycles and the depth of the active layer in permafrost soils are
being altered by warming air temperatures. Widespread thawing of permafrost has
been documented across the circumpolar north and in high alpine environments over
the past decades, causing concern over the stability of carbon stores in frozen soils

(Natali et al., 2015; Vonk et al., 2015).

1.2.3. Carbon storage capacity of permafrost soils

Permafrost soils across the globe, including Arctic, Antarctic but also alpine areas,
contain vast quantities of carbon as cold-climate ecosystems provide favourable
conditions for long-term carbon storage (Schuur et al., 2008). Short growing seasons,
low solar energy input and long, harsh winters combined with poorly drained soils lead
to slow rates of primary production, respiration, and decomposition (Virkkala et al.,
2018). Albeit slow, the primary production rates in cold environments exceed the
decomposition rates, facilitating the accumulation, burial, and storage of organic

carbon (Belshe et al., 2013).

The total estimated terrestrial permafrost carbon content in the northern circumpolar
permafrost zone is ~ 1,330 — 1,580 Pg (Hugelius et al., 2014; Schuur et al., 2015).
This is equivalent to almost half of global soil organic carbon (SOC) stores, and close
to double the amount present in the atmosphere today (Virkkala et al., 2018; Schuur et
al., 2008). Out of all the soil carbon within the top 0-3 m of the planet’s soils, around

44% is found in the northern hemisphere permafrost region (Tarnocai et al., 2009).

1.2.4. Permafrost environments — sinks or sources of carbon?

The exchange of carbon between terrestrial ecosystems and the atmosphere is
dominated by two fluxes. Ecosystems sequester carbon via photosynthesis (gross
primary production: GPP), whilst the combination of plant- and microbial respiration
(ecosystem respiration: ER) release carbon dioxide (CO2) back into the atmosphere
(Virkkala et al., 2018). A delicate balance exists between these fluxes. Whether high-
latitude and alpine ecosystems will act as a sink or a source of carbon in the future is
uncertain because warming can affect the carbon cycle in contrasting ways (Belshe et

al., 2013; Lundin et al., 2016; McGuire et al., 2012).
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Increased atmospheric greenhouse gas concentrations lead to higher air temperatures,
creating suitable conditions for permafrost degradation. As permafrost thaws,
previously frozen SOC becomes available for microbial decomposition by
heterotrophs, resulting in increased ecosystem respiration and carbon emissions from
soils into the atmosphere (Belshe et al., 2013; McGuire et al., 2009; Schuur et al.,
2008). The extent of carbon emissions is regulated by both the size of the newly
exposed SOC pool and the rate of microbial decomposition (Doetterl et al., 2015;
Schuur et al., 2008). Furthermore, higher temperatures can stimulate soil microbial
activity and accelerate carbon and nitrogen cycling in cold alpine soils (Donhauser and
Frey, 2018). However, soil microbial communities are also influenced by the moisture
content of the soil, and excess moisture hinders microbial activity (Kim et al., 2014).
Therefore, the effects of increased air and soil temperature on soil microbial activity
will in part depend on the precipitation patterns throughout the seasons. Whilst
precipitation is predicted to increase significantly in the Arctic due to climate change,
alpine areas are not expected to experience drastic changes in precipitation in the future
(Donhauser and Frey, 2018). Nevertheless, it is predicted that both alpine and Arctic
regions will experience decreased snowfall that will be replaced by rain, which will
have further implications for the soil temperature due to the loss of thermal insulation

in the winter in the form of snow cover (Phillips and Schweizer, 2007).

It is evident that the effect of warming on carbon emissions from cold-climate
ecosystems is not straightforward, as it can lead to both positive and negative feedback
loops. In addition to the possible carbon losses from the soil via respiration, higher
temperatures and atmospheric carbon concentrations also have the potential to
stimulate primary production. Longer growing seasons and increased availability of
soil nutrients released by decomposition of previously frozen organic material could
lead to higher rates of photosynthesis in tundra plants (Belshe et al., 2013; Natali et
al., 2011). If the resulting carbon sequestration rates exceed ecosystem respiration, the
feedback could in turn be negative, resulting in increased uptake of carbon from the
atmosphere. The encroachment of vegetation to previously uninhabitable higher
latitudes and altitudes, discussed in further detail below, also has the potential to

sequester carbon and offset emissions from heterotrophic respiration.

The carbon cycle in permafrost environments is further influenced by cryogenic

disturbances in the soil (Figure 1.4). Surface disturbance can negatively affect plant
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roots (Kade and Walker, 2008), reducing vegetation cover and thus carbon inputs from
photosynthesis, which in turn affects the thickness of the organic layer. Sparse plant
cover offers insufficient insulation to the soil, which further exacerbates frost activity
(Kade and Walker, 2008) and reduces the capacity of cryoturbated landscapes to
sequester carbon. Organic matter mixed with mineral soil via cryoturbation has been
documented to increase rates of short-term microbial respiration by 40% (Klaminder
et al., 2013). Moreover, alpine tundra sites experiencing freeze-thaw disturbance have
been found to be sources of CO2 (Becher et al., 2015; Lundin et al., 2016) whilst non-

disturbed, vegetated areas were weak sinks (Fox et al., 2008).

Conversely, cryoturbation can transport SOC from the carbon-rich near-surface layer
to deeper, colder soil horizons with limited microbial activity, where it can potentially
become stored in permafrost, contributing to carbon storage (Schuur et al., 2008).
Whilst SOC content is expected to be highest near the ground surface due to inputs
from photosynthesizing vegetation, cryoturbation can redistribute significant amounts
of carbon (Schuur et al., 2008). A study in northern Alaska revealed that over half
(55%) of active-layer and near-surface permafrost SOC has been relocated by
cryoturbation (Bockheim, 2007). Cryoturbation is expected to become more
widespread across high latitudes as temperatures rise, and there is evidence that this
process may in fact increase carbon storage in some areas (Bockheim, 2007; Kaiser et

al., 2007).
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Figure 1.4. A simplified illustration of the influence of cryoturbation on the carbon cycle in a periglacial

environment.
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The effect of permafrost degradation on soil carbon emissions and future climate
feedbacks is also controlled by the ice content of permafrost. Areas underlain by ice-
rich permafrost are facing substantial changes in topography and local ecosystem
dynamics as permafrost thaws (Schuur et al., 2008). The breakdown of ice-rich
permafrost can transform the landscape by bringing about saturated soils, wetlands and
thermokarst lakes (Vonk et al., 2015). Waterlogged soils and ponds provide anaerobic
conditions for decomposition, facilitating the release of another potent greenhouse gas,
methane (CHy), into the atmosphere (Vonk et al., 2015; Wik et al., 2013). This creates
an additional pathway for carbon exchange between the biosphere and the atmosphere,

influencing the carbon cycle and potentially contributing to future warming.

Based on the synthesis of relevant research, high-latitude tundra ecosystems have been
carbon sinks throughout the Holocene (Belshe et al., 2013; Hicks Pries et al., 2012).
However, this process has reversed since the mid-1980s, and a meta-analysis of 54
studies reveals that tundra environments are now acting as a source of CO> (Belshe et
al., 2013). The effects of climate change will not be uniform across permafrost regions,
and whilst the occurring changes are rapid and dramatic, the consequences are not fully
understood, and these ecosystems are currently poorly monitored (Grosse et al., 2016).
Moreover, high-latitude and alpine treeless tundra ecosystems are highly
heterogeneous, encompassing various plant communities and environmental
conditions that can vary significantly within only a metre (Aalto et al., 2013; Fox et
al., 2008). Landscape heterogeneity has the potential to offset some of the effects of
climate change, but this topic has received little attention so far (Post et al., 2009;

Ylanne et al., 2015).

1.3. Tundra greening and its regional and global effects

For terrestrial high-latitude ecosystems, a major consequence of rising temperatures
has been the increase in vegetation cover, accompanied by the northward movement
of vegetation belts (Frost et al., 2019), with similar upslope shifts noted in alpine areas
(Grytnes et al., 2014; Klanderud and Birks, 2003; Post et al., 2009; Tape et al., 2006).
In the literature, this is referred to as ‘the greening of the Arctic’. In addition to
increased biomass and altered distribution, there have been observed changes in the

composition and density of tundra vegetation over the past decades (Myers-Smith et
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al., 2011; Pearson et al., 2013). Climatic warming is considered to be one of the main
drivers of these trends because tundra plant growth is, to an extent, limited by
temperature. In addition to altering physiological processes, higher temperatures can
increase the availability of nutrients for plant uptake by boosting soil microbial activity

(Chapin, 1983).

Especially notable is the increasing expansion of trees and shrubs at the expense of
other tundra plants (i.e., graminoids, herbaceous plants). Shrubs are woody perennial
plants that are often the tallest forms of vegetation in the treeless tundra. The tallest
tundra shrubs (e.g., Betula nana) can reach up to 4 m in height, whilst dwarf shrubs
(e.g., Vaccinium uliginosum) generally remain between 0.1-0.4 m and prostrate shrubs
(e.g., Salix herbacea), which extend their stems laterally over the ground, remain
below 0.1 m in height (Myers-Smith et al., 2011). The encroachment of shrubs, or
‘shrubification,’ is widespread, as surges in woody shrub abundance and biomass have
been detected throughout the Arctic tundra (Myers-Smith et al., 2011; Tape et al.,
20006). In alpine ecosystems, the upslope advancement of shrubs and various other
alpine plants has also been observed across continents (Anthelme et al., 2007, Cannone
et al., 2007, Dullinger et al., 2003; Walther et al., 2005). For example, the altitudinal
progression of juniper in Sweden (Hallinger et al., 2010) and the shifts in willow and
alder cover in Alaska (Dial et al., 2007) are well documented. However, these trends
are not uniform and tundra ‘greenness’ as well as tundra productivity vary spatially

and temporally.

At lower elevations in the sub-alpine vegetation belt, tree lines are also advancing (e.g.,
Cazzolla Gatti et al., 2019; Grace et al., 2002; Holtmeier and Boll 2005; Kullmann,
2001). A large-scale study in southern Swedish Scandes by Kullman and Oberg (2009)
found that tree lines of Betula pubescens, Picea abies and Pinus sylvestris have
advanced upslope on average by 70-90 m in 95% of the monitored sites over the past
century. Maximum upshifts of 200 m were recorded and the ascent is unprecedented,
although the authors stress that tree line advancement is highly site-dependent and is
less likely to occur on wind-exposed slopes, highlighting again the heterogeneity of

such trends.

Satellite imagery is widely used to assess the tundra vegetation dynamics over the
recent decades. Indices such as the NDVI (Normalised Difference Vegetation Index,

discussed in further detail below) can be used to detect positive and negative trends in

15



the ‘greenness’ of the observed area. Therefore, the ‘greening’ of the tundra can refer
to both an increase in the satellite-derived index and to vegetation changes observed
in the field (Myers-Smith et al., 2020). Negative trends in NDVI, termed ‘browning’,
have also been observed across high-latitude tundra environments (Myers-Smith et al.,

2020).

Tundra greening, as viewed from space, is largely a result of vegetation moving onto
previously bare surfaces, increased shrubification or changing plant traits and/or
phenology (Boelman et al., 2011; Martin et al., 2017; Pattison et al., 2015). Such
transformations are brought about by more favourable growing conditions. Climatic
warming in high-latitude and high-altitude environments positively affects NDVI, as
warming can result in longer growing seasons due to earlier snowmelt as well as
enhanced microbial activity, which in turn increases the nutrient availability of the
soils (Myers-Smith et al., 2011). Precipitation (Cui and Shi, 2010; Wang et al., 2003)
and increased atmospheric CO> concentrations (i.e., ‘CO» fertilisation’) (Los, 2013)
are additional drivers of NDVI around the globe; for some regions, they can be

similarly important as temperature.

Conversely, browning, which is essentially the loss of photosynthetically active plant
material, can be caused by deteriorating growing conditions and extreme events
(Myers-Smith et al., 2020). Shorter growing seasons due to climatic anomalies and
reduced water and/or nutrient availability can have adverse effects on the temperature—
and nutrient limited tundra vegetation (Martin et al., 2017). Tundra vegetation is
vulnerable to various hazards, such as extreme climatic events (e.g., winter warming,
extreme weather events), permafrost degradation resulting in the transformation of the
landscape and its hydrology, pest outbreaks and fire (Bjerke et al., 2014; Bokhorst et
al., 2008; Lara etal., 2018; Lund et al., 2017; Rocha et al., 2012; Treharne et al., 2019).
However, overall long-term observations point to tundra greening as the dominant

trend across the high latitudes (Myers-Smith et al., 2020).

Such local- and regional-scale changes in tundra vegetation cover have a range of
wider ecological consequences as they influence several biosphere-atmosphere
feedbacks (Figure 1.5; Pearson et al., 2013; Post et al., 2009). Increased vegetation
height and cover can intensify land surface- and atmospheric warming through reduced
surface albedo and increased evapotranspiration (Euskirchen et al., 2007; Keenan and

Riley, 2018; Sturm et al., 2001). Further, it can alter greenhouse gas balances (Post et
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al., 2009), soil moisture (Hinzman et al., 2013), carbon and nutrient cycles (Frost et
al., 2019) and global-scale soil carbon storage (Myers-Smith et al., 2020). Whilst
tundra plants can reduce the CO> concentration of the atmosphere by sequestering
carbon, shrubification is likely to create an overall positive feedback to climate

warming (Cahoon et al., 2012; Chapin et al., 2005; Pearson et al., 2013).
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Figure 1.5. The potential influence of increased shrub cover and density on ecosystem processes.
Feedbacks are indicated by red (positive), blue (negative) and grey (undetermined) arrows. Figure taken

from Myers-Smith et al. (2011).

1.3.1. Permafrost-vegetation interactions in tundra environments

Vegetation cover in tundra environments affects the exchange of energy between the
permafrost soils and atmosphere. Vegetation cover generally tends to be darker
compared to bare soil or snow cover, lowering the surface albedo of the tundra and
leading to increased shortwave absorption by the vegetation. The vegetation-driven
lower albedo is especially notable in the spring and summer months (Blok et al., 2011;
Loranty et al., 2011; Pomeroy et al., 2006; Wilcox et al., 2019). During the growing
season, increased canopy height and cover act as a shade and reduce the soil
temperatures. Cooler soils in the summer reduce the active layer depths and constrain
permafrost thaw (Blok et al., 2011). Shrub removal experiments have indeed shown

the deepening of the active layer in the summer, regardless of the increased albedo of
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the surface after the removal (Blok et al., 2010; Nauta et al., 2014). In the winter, taller
shrubs trap snow, increasing the thickness of the snow cover over the shrub-covered
landscape. Snow accumulation insulates the soil, and this can lead to higher soil
temperatures compared to sites with no shrub cover (Sturm et al.,, 2001). An
experiment in Scandinavia reported higher mean wintertime soil temperatures,
increased active layer depths and changes in vegetation composition after artificially
increasing the snow cover on a sub-arctic peat plateau for several years (Johansson et
al., 2013). Warmer soils facilitate decomposition in the winter, releasing nutrients and
creating favorable conditions for increased shrub growth, forming a positive feedback
loop (Sturm et al., 2001). In spring, shrubs protruding through the snowpack can bring
forward the timing of snowmelt due to their lower albedo, which in turn exposes the
ground earlier in the season, amplifying permafrost thaw (Wilcox et al., 2019).
Conversely, it has also been recorded that shrubs can provide shade, thus delaying the
snowmelt around them and creating longer duration snow patches (Marsh et al., 2010;
Myers-Smith et al., 2011). The contrasting ways in which shrub cover affects the active
layer depth in permafrost tundra environments highlights the complex interactions
between the two. The effect is likely site-specific, and dependent on the height,
thickness and extent of the shrub cover. Therefore, it has been suggested that in order
to determine the overall effect of shrubification on permafrost stability, the summer
cooling effect and the winter warming effect both need to be considered (Myers-Smith

etal., 2011).

1.3.2. The influence of surface disturbances on shrubification

Whilst warming air temperatures are widely considered to be one of the key drivers of
enhanced vegetation growth and spread in high latitude- and alpine tundra (Martin et
al., 2017; Tape et al., 2006), there is evidence that other factors may also facilitate the
expansion of shrubs in cold environments. Surface disturbance caused by cryogenic
action, permafrost thaw, animal trampling, human activity or fire can create microsites
for shrub seedlings to develop and dominate (Figure 1.5), contributing to increased
shrub cover (Myers-Smith et al., 2011). Frost et al. (2013) find that cryogenic surface
disturbances in the form of patterned ground facilitated the establishment and spread
of Alnus in northwest Siberia. The authors recorded that all newly established shrubs

were growing on bare microsites created by frost heave in the soil, and concluded that
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the rapid expansion of shrubs in the area despite the lack of recent summer warming
is driven by cryogenic disturbances. However, surface disturbances do not always lead
to increased shrub recruitment, especially in circumstances where the post-disturbance
conditions are more favourable for other plants (e.g., graminoids) that outcompete the

shrubs (Kumpula et al., 2011; Myers-Smith et al., 2011).

Moreover, on sites that experience low to intermediate cryogenic disturbances, soil
temperature and pH are found to control the plant community distribution as opposed
to the disturbance itself (Mod et al., 2014). Similarly, cryogenic disturbance in the
form of frost heave was not the controlling factor of species distribution in a study in
northern Sweden; rather, the observed changes in vegetation dynamics (including
shrubs) depended on the composition of the initial, surrounding plant species (Becher

et al., 2018).

Whilst climatic warming and disturbances have been identified as the key drivers of
shrubification, it is important to stress that shrub establishment and growth is
influenced by numerous factors and processes, such as soil moisture and temperature,
available nutrients, CO> concentrations, solar radiation, active layer depth, snow cover
depth and duration, growing season length and biotic interactions (Myers-Smith et al.,
2011). Therefore, it remains a challenge to identify the main driver(s) of shrub growth
on a given site, and it is best to simultaneously consider a variety of environmental
factors to fully comprehend the influence of surface disturbances on plant

communities.

1.3.3. The effect of surface shrub cover on soil respiration

Surface vegetation cover can affect soil respiration through determining the quantity
and quality of litter input, by affecting soil microclimate and by contributing to CO>
emissions through autotrophic root respiration (Raich and Tufekcioglu, 2000). Several
studies have found a link between vegetation type and soil respiration in Arctic and

alpine environments (e.g., Cahoon et al., 2012; Grand et al., 2016).

Shrub-covered ground has been observed to have lower soil organic carbon stocks,
faster rates of respiration and a high carbon turnover compared to non-shrub (heath
and tussock) tundra in both permafrost (Wilmking et al., 2006) and non-permafrost

environments (Parker et al., 2015). The proposed explanations for this include greater
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plant productivity (Ge et al., 2017), increased abundance of ectomycorrhizal fungi
associated with shrub cover, the winter warming effect of snow trapped by shrubs, the
change in the type of litter added to the system (Parker et al., 2015) and higher litter
input rates (Phillips and Wurzburger, 2019).

Moreover, Cahoon et al. (2012) found that woody shrub-covered sites can be a net
source of CO2 in warm soil conditions (> 10 °C). Therefore, in permafrost
environments where soils store large amounts of carbon, soil warming and shrub
encroachment could potentially lead to increased carbon loss from the ecosystem

(Cahoon et al., 2012; Parker et al., 2015; Wilmking et al., 2006).

1.4. Mountain permafrost

Mountain permafrost (also known as alpine permafrost) in Europe is generally lower
in ice- and organic material content in comparison to permafrost in low-altitude Arctic
ecosystems (Figure 1.6) (Etzelmiiller et al., 2020). The active layer of mountain
permafrost soils is usually thicker, and the soils have a higher temperature and a lower
water content as a result of good drainage (Donhauser and Frey, 2018). As a result,
mountain permafrost soils are found to have lower rates of cryoturbation and thus
redistribution of organic matter compared to Arctic soils (Donhauser and Frey, 2018).
However, this is not the case at the main study site in this thesis, Galdhepiggen, where
strong evidence of past cryoturbation has left a mark on the landscape in the form of

sorted circles across altitudes (see Chapter 3).

The distribution of mountain permafrost is controlled by local surface microclimate.
Mountain permafrost environments experience large spatial differences in surface
conditions due to the highly heterogenous topography of mountains (Isaksen et al.,
2003). These topographic effects (for example the slope, or depressions in the ground)
influence the local microclimate through controlling the amount of incoming solar
radiation and precipitation that reaches the surface, the air flow, and the transfer of

heat between the surface and the atmosphere (Barry, 2008).

The temperatures below ground (i.e., ‘ground temperatures’), and by association the
absence or presence of permafrost, are largely influenced by this exchange of energy
between the surface and the atmosphere. High-altitude areas with sparse vegetation

cover and/or limited snow cover can experience a high correlation between air-,
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surface- and ground temperatures, as observed in Jotunheimen (Isaksen et al., 2003).
However, this relationship is not always straightforward, as surface properties can act

as a buffer between the atmosphere and the ground (Haeberli et al., 2010).
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As alpine areas are experiencing rates of warming that significantly exceed the global
average, the biogeochemical cycles in these regions could be altered more severely
compared to lower altitudes (McGuire et al., 2009). Biogeochemical reactions are
expected to accelerate in response to warming, resulting in increased photosynthesis
and respiration (provided that other environmental factors, such as moisture- and
nutrient availability are not limiting factors) (Donhauser and Frey, 2018). Despite the
cold conditions, mountain permafrost soils host a highly diverse community of soil
microbes, which govern the carbon- and nutrient cycling in harsh conditions with
restricted plant growth (Donhauser and Frey, 2018). With ongoing warming and
changes in soil moisture, shifts are predicted in the structure and function of microbial

communities (Donhauser and Frey, 2018).

Research concerning mountain permafrost in cold regions is still relatively young, as
systematic research did not begin until around 1970 (Haeberli, 2013). The most
common research topics include the distribution patterns of mountain permafrost, its

influence on near-surface properties and microclimate, and climate-related monitoring
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(Haeberli et al., 2010). Due to the increased human activity in alpine environments,
topics such as geophysical properties, slope stability and infrastructure are also

receiving more attention (Haeberli et al., 2010).

Long-term monitoring projects have been set up in alpine areas to observe thermal
changes in mountain permafrost (Etzelmiiller et al., 2020). The PACE (Permafrost and
Climate in Europe) project led the drilling of boreholes into mountain permafrost
between 1998 and 2000 across several sites in Europe (including the main study site,
Galdhepiggen) (Isaksen et al., 2001). Twenty years of monitoring revealed that
permafrost has warmed at all sites down to depths of 50 m or more, with increases in
active layer thickness between c. 10% and 200%. On Galdhepiggen, the thickness of
the active layer was found to have Increased 5% per decade from the start of the study

period in 1999 (Etzelmiiller et al., 2020).

1.4.1. Estimating the distribution of mountain permafrost in Jotunheimen

During the past three decades, numerous studies have documented the present, past,
and future state of mountain permafrost in Jotunheimen, several of which focus on
Galdhepiggen. In the 1990 and early 2000s, the methods used to create empirical
permafrost distribution models were largely indirect (Etzelmdiiller et al., 2020). The
methods included bottom temperature of snow measurements (Hauck et al., 2004;
Isaksen et al., 2002), DC resistivity soundings (Jdegérd et al., 1996), air temperature
measurements (Etzelmiiller et al., 1998) and electrical resistivity tomography (Isaksen

etal., 2002).

Figure 1.7 is a comprehensive permafrost distribution map for Norway, which was
produced by Gisnés et al. (2017) based on the combination of meteorological data (air

temperatures, snow cover, freezing-degree days) with land cover- and sediment data.
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With the inception of the PACE project and the borehole drilled 129 m deep into

permafrost on the peak of Galdhepiggen (Juvasshee) in 1999, models could be

developed by incorporating direct ground temperature measurements (Etzelmiiller et

al., 2020). Six additional boreholes were drilled on the north-facing slope of

Galdhepiggen in 2008 (Table 1.2.; Figure 1.8), further improving the monitoring

capacity and the knowledge of mountain permafrost processes. Numerous studies have

included ground temperatures from these seven boreholes to investigate the thermal

dynamics of permafrost (Farbrot et al., 2011; Isaksen et al., 2003, 2011), to model the

ground temperatures for the period 1860-2100 (Hipp et al., 2012) and the past

permafrost limits throughout the Holocene (Lilleoren et al., 2012).
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Table 1.2. The properties of Galdhepiggen boreholes. Table modified from Lillegren et al. (2012), with
additional information from Farbrot et al. (2011) and Isaksen et al. (2001). Boreholes JuvBH1-JuvBH6
were drilled in 2008, PACE in 1999. Active layer depths were measured in the period Sept 2008 — Aug
2010.

Borehole | Elevation | Borehole | Surface Active | Permafrost | Depth to | Permafrost
ID (ma.s.l.) ?eI;th conditions Layeél presence E)e(;rock thickness
m e m
P (m)
(m)
PACE 1894 129 Blockfield ~2.2 Yes 3-4 ~380
JuvBH1 1851 10 Blockfield ~1.5 Yes 4.5 -
JuvBH2 1771 10 Blockfield <2 Yes 2 -
JuvBH3 1561 10 Till ~8 Yes 2 -
JuvBH4 1559 15 Bedrock >8 Yes 0 -
JuvBH5 1458 10 Till N/A No 4.5 -
JuvBH6 1307 10 Till N/A No >10.5 -

However, determining the exact position of the lower altitudinal limit of discontinuous
permafrost on the north-facing slope of Galdhepiggen remains a challenge due to its
patchy distribution below ground. Based on abovementioned indirect measurements,
various altitudes have been proposed as the present-day lower limit of permafrost:
1450-1500 m a.s.l. (Ddegérd et al., 1996), 1450 m a.s.l. (Farbrot et al., 2011), 1460 m
a.s.l. (Isaksen et al., 2002), 1470 m a.s.l. (Isaksen et al., 2011) and 1410-1470 m a.s.l.
(Hauck et al., 2004). The lowest altitude on Galdhepiggen where patches of sporadic
permafrost have been recorded was 1350 m a.s.l. (Isaksen et al., 2002). Throughout
this thesis, the lower limit of permafrost on Galdhepiggen is assumed to be at 1450 m
a.s.l., which is roughly the mid-point of this estimated range. However, the exact
position of this limit will be subject to changes in time in response to warming, and,
given that the most recent estimates are a decade old, it is possible that it is somewhere
between 1450-1500 m a.s.l. today. The lower limit of permafrost is therefore

considered to be a transitional zone rather than a set limit.
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Figure 1.8. A sketch of the north-facing slope of Galdhepiggen between the altitudes 1200-1800 m

a.s.l. illustrating the rough distribution of permafrost and the position of boreholes. Figure modified

from Lillegren et al. (2012).

25



Chapter 2

Methodology
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Due to the paper-based structure of this thesis, the original Chapters (3-5) were chosen
to be presented in their submitted format, where methods and research design of
individual studies are described in their respective chapters. The present chapter
contains additional material on methods used in Chapters 3-5 that was not included in
the publications due to restricted word counts. Here, comprehensive background
information, the technical aspects of the equipment and the detailed laboratory
procedures are provided, where appropriate. Section 2.1 introduces the concepts used
in Chapter 3, Section 2.2 corresponds with Chapter 5 and Section 2.3 outlines the
methods used in Chapter 4. Overview of full methods and study designs used in

individual studies can be found in the respective chapters.

2.1. Measuring CO: efflux from the ground

2.1.1. Soil respiration and carbon fluxes

In the soil, COz is mainly produced by plant roots and heterotrophic microbes through
respiration and released to the atmosphere through air-filled pores present in the soil.
In permafrost areas, soil respiration and the release of CO; into the atmosphere are
influenced by soil conditions and microclimate. The two main controls, soil
temperature and soil moisture, affect soil respiration by stimulating microbial activity
and decomposition of organic material (Illeris et al., 2003; Larsen et al., 2007). Higher
soil temperatures generally lead to increased microbial activity (Klaminder et al.,
2013). Soil moisture, however, limits soil respiration at both extremes. Respiration in
very dry soils is limited by water availability, whilst water-saturated soils in turn create
an environment where respiration is limited by low oxygen concentration (Dagg and
Lafleur, 2011). Other significant controls on respiration and CO> efflux include
physical properties of the soil (texture, porosity, type, organic layer thickness),
chemical properties (soil nutrients), surface vegetation cover and active layer depth
(Figure 2.1). In a heterogeneous tundra, these conditions can vary within metres (Aalto

etal., 2013).
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Figure 2.1. Controls on CO; fluxes from the ground in different tundra environments. GPP = gross

primary production, ER = ecosystem respiration. Figure taken from Virkkala et al. (2018).

The exchange of CO2 between ecosystems and the atmosphere is often expressed in
terms of fluxes. The most frequently studied and reported flux is the net ecosystem
exchange (NEE) (Virkkala et al., 2018). NEE is the difference between the carbon
accumulated and stored in the ecosystem via photosynthesis (gross primary
productivity, GPP) and carbon lost through plant and microbial respiration (ecosystem
respiration, ER) (Figure 2.1). Ecosystem respiration combines heterotrophic
respiration by soil microorganisms and autotrophic respiration by plants and plant
roots (Hermle et al., 2010), and is here expressed in umol C m™ s™!. A positive NEE
indicates that the ecosystem is a source of CO», whilst negative NEE indicates that

CO: is taken up from the atmosphere and stored.

As photosynthesis and respiration peak during the growing season, most CO> flux
studies in tundra ecosystems have been conducted during summer, and data on
wintertime emissions are presently scarce (Belshe et al., 2013; McGuire et al., 2012).

In addition to seasonal variation, GPP and ER can vary inter-annually and diurnally,
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with daytime GPP rates exceeding ER and ER rates prevailing at night (Virkkala et
al., 2018).

Whilst NEE indicates whether the ecosystem is a sink or a source of CO», ER and soil
respiration are the processes that control carbon emissions and future carbon balance
(Virkkala et al., 2018). For this reason, Chapter 3 of this thesis will focus on
investigating the rates of ecosystem respiration across different land cover types in an

alpine tundra environment within three weeks during the peak growing season (July).

2.1.2. The chamber method

To advance our understanding of high-latitude and alpine carbon fluxes, a proportion
of research has focused on monitoring the emissions and the uptake of greenhouse
gases in the field. The two most commonly used methods of measuring CO; fluxes
between land and atmosphere are the eddy covariance technique and the chamber
measurement method (Marushchak et al., 2013). The eddy covariance technique is
tower-based and allows constant, undisturbed measurements over a larger area and

longer time span (McGuire et al., 2012).

In this study, the chamber method is used. This method involves an infrared gas
analyser (Figure 2.2) that measures CO emissions over a small area of ground, taking
account of small-scale spatial variability in the heterogeneous tundra environments
(McGuire et al., 2012). Whilst laborious, the chamber method is less costly and easier
to operate than the tower-based methods (Virkkala et al., 2018). Using a chamber will
also allow the researcher to focus on the separate components like plants, soil or moss,
and their carbon exchange with the atmosphere (McGuire et al., 2012). CO, gas
analyser survey chambers can be manual or automated, and come in different sizes,

with diameters ranging from 10 to 100 cm (Virkkala et al., 2018).

The CO; flux chamber method has been used in Greenland, Canada, Russia and
Svalbard, but the highest number of studies come from Alaska and Fennoscandia
(Virkkala et al., 2018). In northern Sweden, the method has been applied on non-sorted

circles, which were found to be net sources of CO; at present (Becher et al., 2015).
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2.1.3. LI-COR (LI-8100A) infrared gas analyser

The portable infrared gas analyser LI-COR (LI-8100A) (Figure 2.2) was used in this
study to measure CO> efflux from the ground in Jotunheimen during the peak growing
season in July 2018 (see Chapter 3). The design, theory of operation and the CO, efflux
measurement cycle are briefly summarised below; full detail can be found in the LI-

COR (LI-8100A) User Manual (LI-COR Biosciences, 2015).

LI-COR (LI-8100A) consists of the analyser control unit (the yellow box in Figure
2.2) which is connected to a portable survey chamber. The control unit contains the
infrared gas analyser, up to two rechargeable 12-volt lead acid batteries, memory card

and the wireless card required to connect to the device (LI-COR Biosciences, 2015).

The system was operated in the field using an iPhone 4s through the purpose-built
application LI-8100APP.

Figure 2.2. Portable infrared
gas analyser (LI-COR, LI-
8100A) with a @ 10 cm
chamber. Plastic collars have
been installed into the
ground in preparation for the
measurement. The chamber
on the image is ‘closed’
whilst the measuring is

taking place.

To ensure the portable survey chamber is sealed properly to the ground, the chamber
is placed on top of plastic collars pre-inserted into the soil. Here, polyvinyl chloride
(PVC) collars cut from a pipe (100 mm in diameter, 45 mm in height) were inserted
~20 mm deep into the ground for a minimum of 24 hours before the first measurement
and were left in for the duration of the study period (three weeks). To calculate the
total system volume used in the flux calculation, the volume of air inside the plastic
collar needs to be determined (LI-COR Biosciences, 2015). This is done by estimating
the offset through measuring the distance between the surface of the soil and the top
of the collar. The measurement value is inserted into the LI-8100APP prior to the

observation.
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2.1.4. LI-COR (LI-8100A4): Theory of operation

The survey chamber is connected to the analyser control unit through a cable and three
tubes to allow air to move between the two units. There is a constant air flow pumped
from the control unit to the survey chamber, where the shape of the chamber allows
for mixing of gases (Figure 2.3). Air flowing from the survey chamber back to the
control unit first passes through a filter, before entering the infrared gas analyser,
where CO> and water vapour (H>O) concentrations are measured. Atmospheric gas
molecules absorb infrared radiation at certain wavelengths (around 4.3 and 2.6 pm for
COz and HxO, respectively) (Auble and Meyers, 1992). Inside the gas analyser,
infrared light is emitted through the air sample, and some of it will be absorbed by CO>
and H>O. Based on the amount of infrared absorption, concentrations and flux rates

are calculated for each gas (Auble and Meyers, 1992).

Analyzer Control Unit
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Figure 2.3. An illustration of the measurement flow path between the chamber and the Analyser Control

Unit. Figure taken from the LI-COR (LI-8100A) User Manual (LI-COR Biosciences, 2015).

2.1.5. LI-COR (LI-8100A): The measurement cycle

The observation begins with the chamber closing and sealing over the PVC collar,
after which the device begins recording data (Figure 2.4). At the start of each
observation, there is a 10-30 second ‘dead band’ to ensure steady mixing of the gases
inside the chamber. The data were logged during the 90-180 second observation, and

the chamber opens again to allow gases to escape from the chamber in preparation for
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the next observation (this is known as the purge). The cycle is then repeated. In this
study, three consecutive observations were made. Each observation lasted for 120
seconds to ensure that the chamber CO> concentration changes were minimal. The

duration of the dead band was 30 seconds, and the purge period was 30 seconds.
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Figure 2.4. An illustration of a measurement cycle consisting of two measurements using a closed

chamber. Figure taken from the LI-COR (LI-8100A) User Manual (LI-COR Biosciences, 2015).

2.1.6. Addressing the research gaps in CO: flux studies

A review by Virkkala et al. (2018) analysed 93 studies on the topic of CO2 flux
chamber measurements in tundra environments during the growing season,
highlighted several weaknesses and research gaps, and made suggestions to improve
future research. This sub-section outlines their findings and suggestions and

summarises how these research gaps were addressed in this thesis.

One of the main weaknesses of reviewed CO; flux studies was the use of small data
sets, which make it difficult to cover all environmental gradients, such as topography
and hydrology. Moreover, data are lacking from various topographical conditions,
higher elevations, and barren surfaces. Virkkala and co-workers also recommended
including information on the local disturbance regimes to improve our understanding
of biogeochemical cycles in the tundra. Here, these gaps are addressed by measuring
CO; efflux repeatedly (n = 460 measurements) across different altitudes and

topographical conditions from 1550 m a.s.l. up to high altitudes of 1950 m a.s.l. The
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study sites include barren surfaces, and the study uses the (lack of) vegetation cover

extent to identify locally disturbed surfaces.

Virkkala et al. (2018) also identified a need to include more information on soil
chemistry. To date, most CO: flux studies conducted in tundra environments have
included information on soil temperature and moisture, air temperature,
photosynthetically active radiation, active layer depth and water table depth. However,
relatively few studies have included descriptions of soil types, SOC and nitrogen
content, litter biomass estimates and data on soil microbes. The authors further suggest
including information on pH and soil nutrients (phosphorus). Here, soil samples were
taken from each study site and analysed for SOC, nitrogen, phosphorus, and a range

of other elements. The pH of each sample was also determined.

Virkkala and co-workers stress the importance of carefully designing the study,
including the diameter of the chamber that will be used, and the manner and timing of
inserting the collar into the soil. To ensure minimal soil disturbance that could result
in erroneous readings, the collars in this field study were inserted a minimum of 24

hours before the first CO; efflux measurement.

2.1.7. Soil- and atmospheric conditions at the time of CO: efflux measurement

Soil moisture and temperature were recorded simultaneously using two ECH20 Model
EC-5 soil probes by inserting the probes into the top 30 mm of soil so that they were
parallel with the soil surface. Probes were inserted adjacent to the soil collar during

the CO; efflux measurements. Care was taken not to affect either measurement.

Air temperature (T) (C°), relative humidity (RH) (%) and wind speed (m/s) were also
recorded during each chamber measurement with a Kestrel 3000 Pocket Weather
Meter at 1 m height above the ground surface. These data were used to calculate vapour

pressure deficit (VPD) using the following equations:

610.78 x e(T/(T+238.3)x17.2694))
1000

Saturated vapour pressure (SVP) (kPa) =

1—RH
100

Vapour pressure deficit (kPa) = SVP X
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2.1.8. Soil chemical — and elemental analysis

Soil samples were taken from each study site (i.e., each sorted circle, n = 15) for
chemical analysis. Soil pH was measured by mixing 5 g of homogenised soil with 10

ml of deionised water and taking the reading with a standard pH probe.

An XRF (X-Ray Fluorescence) spectrometer (Rigaku NexCG ED-XRF) was used to
determine the concentration of a range of elements in the soil, including phosphorus

(P), the soil nutrient that is considered the most likely limiting factor of soil respiration.

Soil samples were placed in small plastic pots with a transparent clingfilm base and
placed in the XRF analyser. The XRF determines the concentration of different
elements in soil by emitting X-rays through the sample to ‘excite’ it, and measuring
the secondary (fluorescent) X-rays emitted back from the sample (Thermo Fisher
Scientific, 2021). As these fluorescent X-rays differ between elements, this technique
allows the determination of the concentration of each element. Three trials were run
with the XRF (n=45), and the mean of the three results was used to represent the soil

P concentration at each study site.

2.1.9. Carbon, nitrogen, and the C:N ratio

Soil carbon and nitrogen content and the C: N ratio were determined by using a Sercon
20/20 isotope ratio mass spectrometer interfaced with an ANCA GSL elemental
analyser at Swansea University. In preparation, a small amount of soil (0.40-0.41 mg)
was measured out into individual tin capsules, which were folded and rounded with
tweezers. A similar amount of the reference substance, acetanilide, was also measured
into tin capsules (n=13). All tin capsules were placed into the mass spectrometer for

analysis.

The samples pass through four stages in the mass spectrometer, described in detail by
Mellon (2003). First, the molecules present in a sample are ionised. Second, the ions
are accelerated through the mass spectrometer and separated based on their mass-to-
charge ratio. Third, the abundances of separated ions are measured by a detector as an
electrical signal, and finally, the signal passes a recording device that converts it into

a format that is suitable for Interpretation.
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Three soil samples were prepared per study site (n=45) and the mean of the three
outputs was calculated to represent the fraction of C, N, and the C:N ratio of the soil

at each site.

2.1.10. Determination of the soil organic matter content by loss on ignition

One soil sample from each study site was analysed for bulk density (g cm™) and loss-
on-ignition (LOI), following the method outlined by Chambers et al. (2011). The
samples were placed in pre-weighed ceramic crucibles, weighed again, and dried
overnight at 105 °C. To determine the dry weight of each soil sample, individual
crucibles containing samples were weighed after drying, and the weight of the crucible
was deducted from the final weight. The crucibles containing dry samples were then
ignited at 550 °C for four hours to combust all organic matter (also known as ‘ashing’),
cooled to room temperature in a desiccator and weighed again. The weight of the
remaining sample was calculated by deducting the crucible weight from the post-
ignition weight. The results were used to calculate the bulk density, organic matter

content and organic matter density of each sample, using the following equations:

dry weight (g)

B ] )=
ulk density (g/cm™) volume of fresh sample (cm3)

dry weight (g) — weight of sample after ashing (g) 100

Organic matter content (%) = dry weight (g)

Organic matter density (g/cm™3) = bulk density (g/cm™3) X organic matter content (%)

35



2.2. Remote sensing of alpine- and tundra landscapes

Satellite remote sensing is a commonly used method to investigate spatial and temporal
trends on the land surface, e.g., in surface temperature, albedo, and ‘land-surface
greenness’ by using vegetation indices. Sensors attached to satellites measure
electromagnetic radiation reflected or emitted by the Earth (Figure 2.5) (Tempfli et al.,
2009).

Sensor
Scattered
radiation
Atmospheric
/ Atmospheric Atmos. emission
absorption absorption
Cloud
Transmitted
Transmitted reflected
(direct) energy )
iati Emitted
Scattered radiation
A energy
radiation (thermal)

Earth Reflection Emission
processes processes

Figure 2.5. An illustration of the main energy interactions between the Earth’s surface, atmosphere,

and a remote sensor. Figure taken from Tempfli et al. (2009).

In the northern hemisphere, satellite imagery has been used to detect thermal and
vegetational changes in the Arctic permafrost landscapes (e.g., Langer et al., 2010;
Muster et al., 2015; Raynolds et al., 2008; Stow et al., 2004; Westermann et al., 2011),
but also alpine permafrost regions (Haeberli, 2013; Olthof and Pouliot, 2010; Wilson
and Nilsson, 2009; Zhang et al., 2009). Using satellite-derived data to examine thermal
and vegetational dynamics in alpine tundra complements field-based, in-situ research
projects. The ability to acquire information simultaneously over large spatial- and
temporal scales and over remote, inaccessible areas is a great advantage of remote

sensing techniques.
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2.2.1. Moderate Resolution Imaging Spectroradiometer (MODIS)

Remotely sensed data analysed in this thesis are acquired from the Moderate
Resolution Imaging Spectroradiometer (MODIS, Figure 2.6), an imaging sensor
attached to the Terra and Aqua satellites. As a part of the NASA Earth Observing
System (EOS) program, the satellites were launched into Earth’s orbit to a height of
705 km on December 18, 1999, and May 4, 2002, respectively (additional information
available from the NASA MODIS website: modis.gsfc.nasa.gov/). The satellites view
the surface of the entire planet every 1 or 2 days. Terra passes the equator from north
to south in the morning, whilst Aqua passes the equator from south to north in the
afternoon. This provides a view of the same area at four different times of the day
(once on the way up and once on the way down), keeping the time of observation
consistent from year to year minimises erroneous readings due to optical effects.
Combining multiple observations for a length of time (8 days, 16 days or a month)
minimises the effects of cloud cover (Lindsey and Herring, 2020). MODIS has a
viewing swath width of 2330 km; it collects data in 36 spectral bands (ranging from
0.405 to 14.385 um) and at three resolutions (250 m, 500 m, 1000 m), each resolution
using a different range of bands (Running et al., 1994). In Chapter 5, the bands used
for NDVI (NIR and red) are available at 250 m resolution, whilst temperature is
available at 1-km resolution. Each range of bands captures information about different
features, such as surface reflectance, land surface- and atmospheric temperature, snow

cover and several vegetation indices representing surface vegetation cover.
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Figure 2.6. Main components of the MODIS imaging sensor. Figure taken from the NASA MODIS

website: modis.gsfc.nasa.gov/about/components.php).
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The components and the working principles of MODIS are briefly summarised below;
full details <can be found on the NASA MODIS  website
(modis.gsfc.nasa.gov/about/components.php). The scan mirror in MODIS (Figure 2.6)
deflects visible- and infrared light travelling from the Earth’s surface onto the four
Focal Plane Assemblies (FPAs), which are cooled to 83K by the radiative cooler. The
light is then split between the four FPAs, and the 36 spectral bands are separated into
Visible (VIS), Near Infrared (NIR), Short- and Mid-Wave Infrared (SWIR/MWIR),
and Long-Wave Infrared (LWIR). Each FPA then focuses light onto a distinct section
of detector pixels, which in turn generates a specific signal, dependent upon the type
of light it is sensitive to. These signals provide information about the observed surface.
To ensure the accuracy of the observations, several components of the MODIS help to
calibrate the system. MODIS has onboard calibration (e.g., the blackbody and the solar

diffuser) to assure that the signals measured in solar and thermal bands are consistent.

Chapter 5 of this thesis explores the use of MODIS land surface temperatures (LSTs)
and the normalised difference vegetation index (NDVI) over a mountainous area with
patches of underlying permafrost in southern Norway. The Aqua MODIS Vegetation
Indices (MYD13A3, version 6.0) data were used to derive NDVI (Didan et al., 2015).
Land surface temperatures were derived from Aqua MODIS MYD21A1D
(temperature around noon) and MYD21AIN (temperature around midnight), both
products were version 6.0 (Hulley et al., 2016). The following sub-sections introduce

these MODIS products and summarise their application in tundra environments.

2.2.2. Normalised difference vegetation index (NDVI)

NDVI is the normalised difference ratio between the red reflectance and near infrared
(NIR) reflectance. As the red wavelength of the electromagnetic spectrum (0.620—
0.670 um) is absorbed by leaf pigments (e.g., chlorophyll) in live green leaves, near-
infrared radiation (0.841-0.876 um) is strongly reflected by leaf cells (Pettorelli, 2013;
Choubin et al., 2019). Red reflectance is therefore low over vegetated land, and
generally decreases with vegetation abundance. Concurrently, near-infrared
reflectance is generally high over vegetated surfaces and increases as the canopy

becomes denser (Beck et al., 2006). This differential response between red and near
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infrared reflectance is unique to vegetation and allows monitoring of vegetation from

space.

Using MODIS data, NDVI is calculated for every pixel using the following equation,

where NIR is the near-infrared reflectance, and ‘red’ signifies the red reflectance:

(NIR —red)

NDVI = —— ——
(NIR + red)

The theoretical range of NDVI is between -1.0 and +1.0; the observed range is from —
0.1 (e.g., snow and ice), to 0.8 (or higher dependent on sensor characteristics and level
of corrections applied to the data) for dense vegetation. NDVI is linked to the amount
of vegetation cover; for example, NDVI values of 0.6 and above indicate the highest
possible density of green leaves (i.e., tree cover), values between 0.4-0.6 correspond
to areas with moderate vegetation; NDVI values of 0.2-0.4 indicate sparse vegetation
cover and NDVI around 0.05 indicates bare soil (Al-doski et al., 2013; Grof et al.,
2018).

NDVT has been applied in numerous fields of research covering different areas across
the globe. In high-altitude and high-latitude tundra, remotely sensed NDVI time series
have been used to monitor vegetation dynamics over a large areas (e.g., Beck et al.,
2006). More specifically, it can be applied to study shrub expansion (Forbes et al,
2010; Macias-Fauria et al., 2012) and vegetation properties (Liu et al., 2017; Raynolds
et al,, 2012), but also disturbances and recovery after fires (Barrett et al, 2012;
Boelman et al.,, 2011), winter warming (Phoenix and Bjerke, 2016), permafrost
degradation (Cray and Pollard, 2015; Nitze et al., 2018), and herbivory (Newton et al.,
2014).

Despite its versatility, optical remote sensing faces several challenges. Remotely
sensed images can often become obscured by atmospheric conditions at the time of
data collection. This includes cloud cover, airborne dust and aerosols, and atmospheric
turbulence (Beck et al., 2006; Lagouarde et al., 2015). In high-latitude tundra, and also
in mountainous regions, frequent and dense cloud cover is common, and poses a

particularly difficult challenge for optical remote sensing (Beamish et al., 2020; Stow
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et al., 2004; Westermann and Boike, 2011). Additionally, the analysis is further limited
by short growing seasons as well as snow and ice cover in tundra landscapes (Hope
and Stow, 1995; Stow et al., 2004). Due to the short growing season, vegetation
growth, including the onset of leaves and other phenological changes, take place
rapidly, which may not be captured fully if the temporal frequency of observations is

low (Stow et al., 2004).

2.2.3. Predicting missing values in remotely sensed datasets

Numerous spatial and temporal approaches have been proposed to overcome the
problem of missing values due to dense cloud cover obstructing the remote observation
(e.g., Jonnson and Eklundh, 2004; Moreno et al., 2014; Neteler, 2010; Verger et al.,
2013; Zhu et al., 2015). In Chapter 5, we employ the ‘gapfill” package in R that was
recently published by Gerber et al. (2018). This method aims to predict missing values
in spatio-temporal satellite datasets. It is based on a subset-predict procedure and uses
both spatial coherence and temporal seasonal regularity. More specifically, the method
first iteratively selects spatio-temporal subsets of data that surround the missing values
(i.e., the ‘prediction set’). The individual images are then assigned a score that is based
on comparing all images in this prediction set. The images are ranked within subsets
according to their score. Finally, the missing values are predicted through quantile
regression (Figure 2.7). The advantage of ‘gapfill’ is that it considers the seasonal
dynamics through time, as well as spatial coherence. The method has been validated
against previously established methods and has been found to significantly outperform
the alternatives (Gerber et al., 2018). The open-source ‘gapfill’ package is free and

available to use in the statistical software R (R Core Team 2020).
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Figure 2.7. Visual representation of the main steps involved in the ‘Gapfill’ method. (a) Breakdown of
the steps involved in predicting missing values presented in a flow chart. (b) Example MODIS NDVI
data set, where satellite images are arranged in a matrix by years and days of the year. Black areas

represent missing values. Figure taken from Gerber et al. (2018).

2.2.4. MODIS land surface temperatures

The rapid increase in land surface temperatures at high latitudes has been documented
by using both field measurements and satellite data (Comiso 2003, 2006; Overland et
al., 2019; Serreze and Barry 2011). As discussed in Chapter 1, tundra land surfaces,
especially those underlain by permafrost, are sensitive to climatic changes. Woody
shrub encroachment driven by atmospheric warming can transform the landscape and
decrease its albedo, facilitating further warming of the surface. Such drastic changes
in surface properties affect the surface energy balance and the distribution of incoming

solar radiation into sensible heat flux and latent heat flux (Muster et al., 2015).

Satellite-derived radiometric land surface temperatures (LSTs) depend on the surface
energy balance and have been frequently used over the last decade to analyse the
thermal conditions of remote alpine- and Arctic permafrost landscapes (Tomlinson et
al., 2011). LSTs reflect the combination of surface- and atmospheric conditions, as

both control the energy transfer between the surface and the atmosphere (Jin and
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Dickinson, 2010; Muster et al., 2015). Remotely observed LSTs are an invaluable tool

for monitoring and detecting climatic warming in these vulnerable ecosystems.

The accuracy of satellite-derived thermal infrared MODIS LSTs has been tested in
several studies (e.g., Wan et al., 2002), and it has been found that the accuracy is better
than 1 °C in the range from —10 to 50 °C (Wan et al., 2004). In high-Arctic tundra,
Westermann et al. (2011) found that under clear sky conditions, weekly averages of
MODIS LSTs and temperature data recorded with field-based thermal imaging system
agreed to within less than 2 K (or 2 °C). Similarly, Muster et al. (2015) tested the
accuracy of MODIS LSTs over an Arctic permafrost landscape with variable patterns
of vegetation cover by comparing MODIS data to in-situ radiometer measurements.
The authors found a slight overall cold bias and reported that the accuracy of MODIS
LSTs was -1.1 °C and concluded that their results strongly suggest that MODIS LSTs

are a reliable method to measure surface temperatures in Arctic tundra.

Despite the high accuracy estimates, seasonal temperature bias of MODIS LST data
has previously been reported. In Arctic environments, studies have recorded a slight
warm bias (overestimation of temperature) in the summer, and a strong wintertime
cold bias (underestimation of temperature) (Langer et al., 2010; Muster et al., 2015;
Westermann et al., 2011; Westermann et al., 2012). This has been explained by the
seasonal difference in measurements taken during clear-sky conditions. In summer,
the surface warms more under clear skies compared to cloudy conditions due to higher
incoming net solar radiation. In winter, however, clear skies allow the long-wave
radiation emitted by the land surface to escape into the atmosphere, which cools the
surface. Conversely, a thick cloud cover in the winter re-emits the long-wave radiation
back towards the Earth and warms the land. A strong negative bias can also be created
in cases where the MODIS cloud detection algorithm fails to detect cloud cover and
leads to admixing of colder cloud top temperatures (Westermann et al., 2011). This
can lead to MODIS LST measurements that are 10°C/10 K lower than in sifu surface
temperature measurements (Muster et al., 2015; Westermann et al., 2012). This
problem needs to be acknowledged when using MODIS LSTs. In Chapter 5, an attempt
was made to eliminate the influence of the wintertime cold bias by focusing
exclusively on growing season surface temperatures in order to delineate permafrost

distribution in the area.
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2.2.5. MODIS LSTs as a proxy for permafrost presence

Unlike vegetation cover, which is visually detectable on aerial photographs, and which
is possible to estimate from satellite-derived data by using proxies like the NDVI,
permafrost distribution cannot be directly detected from airborne instruments. Whilst
permafrost activity is linked to numerous above-ground features and landforms (i.e.,
patterned ground, thaw slumps, pingos, ice wedges), permafrost is still a sub-surface
phenomenon defined by ground temperature and can extend below areas with none of
the above surface features. Nevertheless, studies have attempted to use proxies such
as certain vegetation types or changes in the size of lakes and ponds to determine
permafrost distribution, but such methods are more appropriate for regional rather than
large-scale studies (Stow et al., 2004; Westermann et al., 2011; Yoshikawa and
Hinzman 2003).

To date, permafrost mapping has often been reliant on near-surface air temperatures
derived from meteorological stations that can be far apart (Hachem et al., 2009, 2012).
MODIS LSTs provide a temperature measure that is closer to ground temperatures
than near-surface air temperature, and accounts for spatial differences across the
landscape (Hachem et al., 2009). Whilst there is currently no universal remote-sensing
method to accurately assess the presence of sub-surface permafrost or its thermal state
(Obu et al., 2019), LSTs have increasingly been used in permafrost modelling (Langer
et al., 2010; Westermann et al., 2011, 2012).

However, this method must be approached with caution because the relationship
between surface and below-surface temperatures is not always straightforward.
Moreover, satellite-bound instruments can only record the temperature of the top of
the canopy in densely vegetated areas, failing to capture the temperature of the surface
below the canopy (Westermann et al., 2011). Modelling schemes have been proposed
to overcome these problems and to estimate subsurface conditions from measured

LSTs (e.g., Marchenko et al., 2009; Sazonova and Romanovsky, 2003).

In Chapter 5, an attempt is made to infer sub-surface permafrost occurrence by using
satellite-derived LSTs. Whilst acknowledging the limitations of this method, the
attempt was made based on the findings of a previous study from the area that found a
high correlation between air-, ground surface- and ground temperatures at higher

elevations on Galdhepiggen (Isaksen et al., 2003).
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2.2.6. Relationship between MODIS LSTs and NDVI

MODIS LSTs have previously been successfully used in monitoring vegetation and
land cover changes (Bhatt et al., 2013; Coops et al., 2009; Zhang et al., 2004). As may
be expected, MODIS LSTs are negatively correlated with increasing elevation and
slope, but the relationship between LSTs and aspect is found to be insignificant (Peng
et al., 2020). However, several studies based in mid-latitude ecosystems have reported
a negative relationship between satellite-derived LSTs and vegetation indices (i.e.,
NDVI) (Coops et al., 2009; Goward et al., 1985; Mildrexler et al., 2007; Nemani et al.,
1996; Price, 1990; Wan et al., 2004). This negative relationship is explained by the
differences in the reflectance and emittance properties of bare soil and vegetation, as
the temperature of vegetated ground is lower than that of soil (Coops et al., 2009).
Over densely vegetated (i.e., forested) surfaces with high levels of evapotranspiration,
a larger proportion of incoming radiation is partitioned to latent heat flux, which cools
the canopy, whereas bare, dry soils can heat up more considerably (Mildrexler et al.,
2007). Therefore, as the vegetation density over a surface increases, the LST is

expected to decrease.

In Arctic tundra ecosystems, however, this trend is reversed due to the cold permafrost
soils providing an energy sink below ground, resulting in the bare surfaces being cooler
than the aboveground vascular vegetation (Hope et al., 2005). Therefore, NDVI
generally displays a positive relationship with increasing temperatures (particularly
growing season temperatures) in tundra environments (Blok et al., 2011; Cui and Shi,

2010; May et al., 2020; Raynolds et al., 2008; Walker et al., 2003).
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2.3. Palynological analysis for environmental reconstruction
2.3.1. Introduction and applications

Palacoecology investigates long-term vegetation patterns through various techniques,
including pollen analysis (Twiddle, 2012). Pollen analysis (palynology) uses fossil
pollen preserved in sediment to reconstruct past vegetation composition. Palynology
encompasses both pollen grains (produced by angiosperms and gymnosperms) and
spores (produced by ferns and cryptogams). Pollen grains (between 10 pm and 100 um
in size) consist of the male nucleus for fertilisation, surrounded by an extremely
resistant outer wall made of cellulose and sporopollenin (Bennett and Willis, 2001).
Plants generally produce an abundance of pollen grains, which are dispersed by insects
or wind. The majority of released airborne pollen will become mixed with pollen from
other sources in the atmosphere and eventually land on the ground as pollen rain.
However, as the sporopollenin in the grain wall is vulnerable to oxidation, pollen
grains are only preserved indefinitely in anaerobic conditions, provided by
environments such as bogs and water bodies (Bennett and Willis, 2001). The preserved
pollen is then extracted from the peat (or lake sediment) sample through the use of
strong chemicals (such as HCI and NaOH, and a mixture of sulphuric acid and acetic
anhydride during acetolysis) that remove other components of peat, leaving pollen
grains intact (Birks and Birks, 1980). Pollen grains are then identified according to

their physical characteristics, which differ among taxa (Birks and Birks, 1980).

Following the identification, the data are collated into a pollen diagram that
summarises all encountered taxa and their relative abundance as a percentage of the
total sum. The age of individual samples from a peat core (or a lake core) can be
determined using the radiocarbon dating method (Libby, 1972). Combining the age
estimate with the relative pollen abundance of the same sample provides a description
of the vegetation composition at the site at this point in time (Birks and Birks, 1980).
Dating several samples throughout the peat core allows ages to be modelled for all
samples, and peat accumulation rates to be estimated for different sections of the core
(e.g., Reimer et al., 2020). Based on these estimates, a pollen profile can be used to
reconstruct past vegetation communities through time. Pollen analysis can also be
applied in climate reconstructions, as past vegetation, represented by fossil pollen, is
shown to respond to past fluctuations in temperature and precipitation (Twiddle,

2012). In Scandinavia, this method has been used in pollen-based climate
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reconstructions (Seppé and Birks, 2001), to investigate the dynamics of past spread of
arboreal species (Giesecke and Bennett, 2004) and the response of past tree lines to
climatic changes (Barnett et al., 2001), and to detect land use changes (Kuoppamaa et
al., 2009). The following sub-sections present the methods used in Chapter 4 to extract
pollen from a peat core, to count and identify the pollen, and to interpret the pollen

profile.

2.3.2. Coring and sub-sampling

A 46-cm-long core was collected from the centre of a mire at 1000 m a.s.l. on
Galdhepiggen, Jotunheimen (Figure 2.8a). A Russian peat corer with a 5 cm diameter
chamber was used for the extraction of the core. Whilst the peat layer of the mire
extended deeper, only the top 46 cm (including the surface moss polster) was extracted
and analysed for the purposes of this study. The core was wrapped in plastic film and
placed in a plastic tube for transportation to Swansea University’s cold store. The core

was then stored in dark conditions at 5 °C prior to sub-sampling.

For laboratory analyses, the core was sub-sampled at 1 cm intervals to produce a total
of 46 samples. A modified syringe was used to measure out a known volume (1 cm?)
of peat material (Figure 2.8b) which was then placed in a labelled plastic test tube. The
5 cm thick moss polster covering the top of the core (Figure 2.8a) was removed and
cut into segments at 1 cm resolution from the top down. To assure enough pollen was
extracted from each segment (i.e., ‘depth’), 2 cm? of material was measured with the
modified syringe and placed in a test tube. Prior to analysis, 2 tablets of known
concentration of an exotic marker spore (Lycopodium) and 20 ml of water were added

into the test tubes containing the peat- and the moss polster samples.
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Figure 2.8. Various stages of pollen extraction from a peat core: (a) ~50 cm peat core collected from a
mire, (b) sub-sampling of the core, (c) preparation for water bath, (d) acetolysis in a water bath, (e)

preparation for fine-sieving and (f) preparation of slides for the microscope analysis.
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2.3.3. Determining the organic matter content by loss on ignition

Sediment samples with a volume of 1 cm® were analysed at 2-centimetre intervals for
bulk density (g cm™) and loss-on-ignition (LOI), following the method outlined by
Chambers et al. (2011). Due to the scarcity of material in the top 15 cm, samples were
taken only from depths between 16 and 44 cm. The results were used to calculate the
bulk density, organic matter content and organic matter density of each sample. The

protocol and calculations used are outlined in full in sub-Section 2.1.10.

2.3.4. Extraction of pollen from peat

The full extraction procedure is outlined by Bennett and Willis (2001). What follows
here is the protocol that was used for the analysis of the peat core in Chapter 4, with
some modifications from Bennett and Willis (the main steps are outlined below and in
Figure 2.9). Whilst the use of hydrofluoric acid (HF) is common in the extraction
process to remove silica and silicates, the mineral content of the peat core used in this
study was minimal as it consisted largely of organic material. A number of samples
were tested prior to analysis to determine whether HF was required to produce clear
slides where pollen is easily distinguishable under the microscope. Four samples were
treated with HF, whilst another four samples followed the rest of the procedure but
skipped the HF step. Comparison of the output from both types of samples established
that both approaches produced equally good results and it was decided to discontinue
the use of the HF extraction. Images of some of the stages involved in pollen extraction

are shown in Figure 2.8.

Step 1: To estimate the concentration of the pollen and spores, a known volume of
exotic suspension was added to each sample (Stockmarr, 1971). Two tablets of
Lycopodium (Batch no. 3862, concentration: 9666 spores per tablet) were added to
each test tube containing 1 cm® of peat sample and 20 ml of water. The contents were

mixed using a whirlimix and left overnight to allow the tablets to dissolve.

Step 2: To remove carbonates, 7% HCI was added to each test tube, and tubes were
placed in a hot water bath at 90 °C for 30 minutes. This step was followed by a water
wash, i.e., samples were centrifuged at 3000 rpm for 5 minutes, excess liquid was

decanted and remaining sample whirlimixed, distilled H>O was added, and samples
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were centrifuged again. The water wash was repeated several times until the

supernatant was clear.

Step 3: The removal of humic acids and the breakdown of sediment was achieved by

adding 10% NaOH to the tubes and placing them in a water bath at 90 °C for 5 minutes.

Step 4: The mixture in each tube was then sieved through a fine sieve (180 um mesh
size) using distilled water to remove large particles. This step was followed by several

consecutive water washes of the remaining fine material.

Step 5: Glacial acetic acid (CH;COOH) was used as a deflocculant; samples were

centrifuged and liquid decanted.

Step 6: The acetolysis step removes polysaccharides (e.g., cellulose), which are
present on the surface of pollen grains and often in the sediment. Nine parts of acetic
anhydride ((CH3CO)20) were mixed with one part of sulphuric acid (H2SOs4) and the
mixture was added to the remaining material. The test tubes were then placed in a

water bath at 90 °C for three minutes.

Step 7: Samples were washed with CH3;COOH and transferred into smaller tubes,

followed by several water washes.

Step 8: To increase the contrast of pollen grains, three drops of aqueous safranin dye

was added to each sample; samples were then washed with water.

Step 9: Tertiary butyl alcohol (TBA) was added to the samples to dehydrate the pollen
grains and the remaining sample was transferred into small tubes. Silicone oil was
added and thorougly mixed into the sample with a cocktail stick to avoid clumping of

the material. The tubes were left open for 24 hours to let the TBA evaporate.

Step 10: Remaining residue from each sample was mounted on individual microscope
slides, covered with a coverslip and sealed. Each slide thus obtained represents a given

depth in the profile.
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1. Addition of Lycopodium 6. Acetolysis 3 min.

\4 \4

2. 7% HCl at 90 °C for 30 min. 7. CH;COOH wash
v ) 4
3. 10% NaOH at 90 °C for 5 min. 8. Addition of safranin dye
\ 4 \ 4
4. Fine-sieving 9. TBA wash
v v
5. CHs;COOH wash 10. Preservation in silicone oil

Figure 2.9. The chronological order of the stages involved in pollen extraction from peat samples.

2.3.5. Pollen identification and counting

Microscope slides with residue were placed under a Leica DM 2000 light microscope
and examined in transverse sections, using magnifications of x400 and x1000. All
encountered pollen grains were counted and identified according to their unique shape,
size, and surface pattern (Bennet and Willis, 2001). Reference material was used to
compare the unidentified grains with pollen grains of known taxa. These materials
ranged from reference slides containing real pollen grains (Swansea University
collection), to published guides containing photographs and keys (e.g., Moore, 1994;
Reille 1992), to online databases with detailed descriptions (e.g., paldat.org).
Examples of pollen grains of different taxa found in the Raubergstulen (Norway) core
are illustrated in Figure 2.10. Following the protocol, a total of 500 land pollen (TLP)
grains and spores were counted and identified per depth level, excluding the added

exotic.
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Figure 2.10. Individual pollen grains of different taxa found throughout the Raubergstulen peat core at
various levels of magnification. (a) Pinus sylvestris (mean grain size: 50-70 pm), (b) Betula pubescens
(20-30 pum), (c) Alnus (23-30 um), (d) Picea abies (>100 pm), (e) Apiaceae (20-30 um), (f) Salix (10-
25 um), (g) Epilobium (51-100 um), (h) Empetrum nigrum (26-50 pm). Images were taken using a

Leica DM 2000 light microscope with an attached camera.
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2.3.6. Calculation of pollen relative abundance, concentration, and

accumulation rates

Pollen relative abundance and concentration at each depth were calculated following
Bennett and Willis (2001). The relative abundance of each taxon was calculated by
dividing the pollen grain count of a taxon at a given depth with the sum of TLP counted

at that depth:

Counted pollen of a taxa

Relative abundance (%) = Sum oftotal land pollen

The known volume of added exotic (Lycopodium) was used to calculate the fossil
pollen concentration (no. of grains per unit volume of peat, e.g., grains cm™) of each

taxon by using the following equation:

. Counted pollen of a taxa Lycopodium spores per tablet X no. of tablets
Concentration = - X -
Counted Lycopodium Sediment volume (cc)

If sediment accumulation rates are known, pollen concentration values can be used to
calculate pollen accumulation rates, i.e., the number of pollen grains incorporated

annually per unit area of substrate (grains cm™ year!) :

pollen concentration (cm?)

Pollen accumulation rate (PAR) = - - —
sediment accumulation rate (cm yr=1)

2.3.7. Radiocarbon dating and age calibrations

The humin fraction of three peat samples (taken at 10 cm, 24 cm and 46 cm depth)
was dated using accelerator mass spectrometry (AMS) radiocarbon dating at Queen’s
University Belfast. The resulting '*C dates for samples taken at depths of 24 cm and
46 cm were converted to calendar ages (cal. yr BP) using the calibration software

CALIB (8.2) (Stuiver et al., 2021) and the IntCal20 radiocarbon age calibration curve
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(Reimer et al., 2020; see Supplementary Figure 4.2) The dates were determined using
a 20 error (Stuiver and Reimer, 1993) meaning that there is a 95% probability that the
reported median calibrated age falls within the estimated age range. The ‘greater than
modern’ radiocarbon date (F'*C = 1.0915 + 0.0021) at 10 cm depth was calibrated
using the post-bomb calibration dataset ‘Northern hemisphere zone 1’ (NHZ1) by Hua
et al. (2013) and the online calibration resource CALIBomb (Available from:
calib.org/CALIBomb/). This dataset was selected because it is appropriate for latitudes
in the northern hemisphere above ~40°N, which is the closest match to the

Galdhepiggen study site.

The R package ‘clam’ (2.2) (Blaauw, 2010) was then used to create an age-depth model
based on linear interpolation between the three dated levels of the core (10, 24 and 26
cm) and the surface. The input file contained both *C ages and the calibrated F'*C
date. By default, ‘clam’ uses the northern hemisphere terrestrial calibration curve
(IntCall3) from Reimer et al. (2013), and the calibration assumes a Gaussian
distribution. The post-bomb calibration curve is again provided by Hua et al. (2013).
To include the negative (i.e., post-1950 AD) radiocarbon date, the “NHZ1’ calibration
curve was selected (R command: postbomb=1I), and the calendar scale was set to
BC/AD (R command: BCAD=TRUE). In the input .csv file, the '*C ages were included
for depths 24 cm and 46 cm. The non-'*C dates (i.e., at 10 cm and at the surface) were
assigned negative values to indicate their departure from 1950 AD towards modern
times. Knowing that the calibrated date at 10 cm is c. 2000 AD, this depth was assigned
the value ‘-50’ in the input file. The surface of the consolidated peat core was set at 6
cm, excluding the modern moss polster. Assuming that the 5 cm thick moss polster
represents 2-4 years of pollen accumulation (Lisitsyna and Hicks, 2014) and taking
into account that the core was collected in 2018, the age of the surface was set to 2014
(represented by ‘-64’ in the input file). An age-depth model was created in R (3.6.3).
The calibrated output for '“C dates was comparable to the age ranges produced by the

CALIB (8.2) software (Stuiver et al., 2021).
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2.3.8. Plotting diagrams

All pollen diagrams were created in psimpoll (4.27) (Bennett, 2000). The percentage
diagram was plotted using input files with calculated relative abundance values for
each taxon. Statistically significant pollen assemblage zones based on the relative
pollen abundance diagram were determined using the constrained cluster analysis

(CONISS) (Grimm, 1987).

Input files containing pre-calculated concentration values for nine dominant taxa
(>5%) were used to create pollen concentration and -influx diagrams. The
concentration diagram summarises the concentration of pollen grains in one cubic
centimetre of peat sample. The influx diagram was created by using the concentration
values and an input file with calibrated ages for dated depths. The influx diagram
illustrates pollen ‘influx’ (grains cm™ year™'), also known as pollen accumulation rate

(PAR).

2.3.9. Interpretation of pollen profiles: estimating local community

composition

The interpretation of pollen profiles can be complicated due the relationships between
pollen deposition and vegetation. It is often assumed that the proportion of pollen in
the profile depends on the local abundance of its source plants; however, the pollen
production and dispersal methods of individual plant species show considerable
variation. Plants that reproduce through wind-dispersed (anemophilous) pollen (e.g.,
Pinus sylvestris) generally produce more pollen than those with insect-dispersed
(entomophilous) pollen (e.g., Empetrum, Vaccinium) (Bennett and Willis, 2001).
Dispersal of airborne pollen is affected by atmospheric conditions, and the falling
velocity of pollen grains further depends on their size and shape (Jackson and Lyford,
1999). For example, Pinus pollen grains are equipped with two air bladders,
facilitating their dispersal (Twiddle, 2012). Moreover, wind can transport pollen for
short as well as long distances, complicating the estimation of the distance to the
source. Therefore, an accurate reconstruction of the past environment in terms of the
abundance of past local species remains a challenge. However, when it comes to
estimating past positions of tree lines and their dynamics, any meaningful

interpretations depend on the accuracy of estimating the local presence of individual
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species. Various methods have been used in palynological studies to improve this

quantification, as will be discussed in the following sub-sections.

2.3.10. Relative pollen abundance

Relative pollen abundance (%) is the abundance of pollen of a species in relation to
the sum of other species present in a sub-sample, or at a given depth. Relative
abundance is presented in pollen percentage diagrams, which is a common method of
representing pollen data. The value is often used in environmental reconstruction as
an indicator of the local presence of individual taxa, which can be used to infer past
vegetation community structures around the sampling area (Huntley and Birks, 1983;
Lisitsyna et al., 2001). However, as the data for each species in a percentage diagram
are represented as a percentage of the total pollen sum from the sample, the abundance
of any one species is dependent on the presence of other species. This complicates any
comparisons spatially (between individual sites) or temporally (different points in
time) (Hicks, 2001; Prentice and Webb, 1986). Nevertheless, relative pollen
abundance values have previously been used as indicators for local and regional
presence of different tree species in Europe. Huntley and Birks (1983) set the threshold
values for Betula (tree birch) as follows: 10% indicates local presence, 25% local
dominance and 50% a birch-dominated woodland. For Alnus, a value of 8% is
estimated to mark its local presence in Norway (Moe and Odland, 1992). The regional
presence of major European trees was estimated by Lisitsyna et al. (2011). The authors
report threshold values of 10%, 5% and 1% for pine, birch, and spruce, respectively.
The minimum values indicating regional presence of Alnus and Quercus are reported
as 2.5% and 1.5% respectively, and as low as 0.5% for low pollen producers Ulmus,
Juniperus, Fraxinus and Tilia.

However, the method of using relative pollen abundance alone to reconstruct past
assemblages in open alpine and Arctic environments must be approached with caution.
Palynological records from sparsely vegetated tundra sites can still be dominated by
long-distance derived arboreal pollen (up to 90%), and relative abundance values alone
cannot distinguish between local and regional pollen (Pardoe, 2006, 2014). To improve
the accuracy of estimating the local presence of taxa, relative abundance should be

used in combination with other established methods, such as indicator species,
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macrofossils, or pollen accumulation rates. This is the approach taken in Chapter 4 of

this thesis.

2.3.11. Pollen accumulation rates

Pollen accumulation rates (PARs) are defined as the net number of grains accumulated
per unit area of sediment surface per unit time (Davis, 1969). PARs have successfully
been used to determine the local presence of birch, pine, and spruce at their limit in
northern Fennoscandia (Hicks, 2001) and to detect land use changes in a sparsely
settled boreal forest (Kuoppamaa et al., 2009). The advantage of this method is that
PAR values are not affected by the presence or absence of other, more abundant, taxa,
allowing each taxon to be analysed individually over space and through time. Using
several pollen traps to estimate deposition rates, Hicks (2001) concluded that the long-
term (18-year) average pollen deposition is a good indicator of the presence, absence,
and abundance of arboreal species around the sample site. Hicks (2001) proposed PAR
threshold values of <500, 300-500 and 25-50 to indicate the absence of birch, pine,
and spruce (respectively) within a 1-km radius. At the other extreme, PAR values of
>1500, >2000 and >300 were found to relate to a dense local cover of birch, pine and

spruce, respectively.

2.3.12. Modern analogue technique

A number of pollen studies have used the modern analogue technique, which involves
determining the modern pollen-vegetation relationships in a given area and applying
them to pollen profiles constructed from sediment core analysis to quantify past
vegetation assemblages. Examples of this include Jackson’s (1991) work on altitudinal
gradients in North America. More relevant to our study area, surface pollen studies
using moss polsters and their application to Holocene pollen data have been studied in
Jotunheimen since the late 1980s (e.g., Caseldine 1989; Caseldine and Pardoe, 1994;
Pardoe 1996, 2006, 2014). A common method is to collect and analyse surface moss
polsters for pollen, as the trapped pollen is expected to reflect the modern vegetation
distribution in the surrounding area. Moss polsters are estimated to represent 2-5 years
of pollen deposition and are considered a good analogue for a peat sample, but cannot
be used to calculate PAR (Lisitsyna and Hicks, 2014; Pardoe, 2006). Moss polsters

can be a useful tool in tundra environments that have a relatively small relevant source
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area of pollen. Many tundra species, including shrubs and herbs, are insect-pollinated
and of smaller stature compared to trees, which can result in pollen source areas that
are 600-800 m in radius (Oswald et al., 2003). Moreover, Bunting (2003) states that
for cores extracted from mires, the non-arboreal and spore component of the pollen
spectra will be dominated by local species from within just a few metres from the
sample site. These findings are supported by Caseldine (1989), who found that up to
60% of surface pollen on the dwarf-shrub heath on Storbreen glacial forelands could
be locally derived, due to the ability of mosses to catch poorly distributed local pollen.
Moreover, certain species (e.g., Empetrum, Rumex, Cyperaceae and Salix) exhibited a
high correspondence between pollen and the vegetation on isopollen maps. Whilst the
glacial forelands are treeless, long-distance arboreal pollen was still found on the moss
polsters, but the relative amounts of arboreal pollen were lowest in heath communities
dominated by local pollen. Although the modern analogue technique has had success
in determining the local presence and abundance of species in tundra environments,
Caseldine and Pardoe (1994) stress that distinguishing vegetation communities

immediately above and below the tree line still remains a challenge.

2.3.13. Indicator species

Building on the modern analogue technique used on the glacial forelands in
Jotunheimen, Pardoe (2006, 2014) highlights the value of using indicator species to
distinguish between plant communities in a pollen profile and to assess the presence
of certain communities. Pardoe (2014) finds a strong correlation between the presence
of indicator taxa in the vegetation and their representation in the pollen spectrum.
Local non-arboreal taxa that produce little pollen (e.g., Empetrum and Salix) are found
to accurately indicate the vegetational composition of local assemblages. Moreover,
even a small proportion of herbaceous species present in the profile might assist in
determining past local tree cover. Empetrum, Vaccinium and Ranunculaceae were
strong indicators of the past presence of a herb-rich understorey and local tree cover
on a sampling site in Haugabreen in Jotunheimen (Pardoe 2006; 2014). The author
suggests that the presence of indicator taxa combined with the magnitude of PARs will
be more appropriate for distinguishing alpine vegetation than the overall pollen
composition. A similar method was adopted by Kuoppamaa et al. (2009), who

combined pollen accumulation rates with indicator taxa associated with disturbed
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ground (e.g., Epilobium, Plantago major, Ranunculus) to successfully detect past land
use changes. To date, indicator species have been successfully used in palynology to
identify plant communities in other parts of the world (e.g., Oswald et al., 2003), and
for assessing past disturbance (e.g., Kuoppamaa et al., 2009) and anthropogenic

activity (e.g., Behre, 1981).

Chapter 4 will combine these four commonly used indicators of local presence (i.e.,
relative pollen abundance (%), pollen accumulation rates, indicator species and
modern analogue technique) to reconstruct past vegetation assemblages on

Galdhepiggen over the past ~4000 years.
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Chapter 3

Carbon dioxide emissions from periglacial patterned ground under
changing permafrost conditions and shrub encroachment in an alpine

landscape, Jotunheimen, Norway

Fieldwork for this project was carried out on the Swansea University Jotunheimen
Research Expedition in 2018. This paper constitutes Jotunheimen Research
Expeditions Contribution No. 215 (see:

http://jotunheimenresearch.wixsite.com/home).

Co-authors: Hiemsta JF, Los SO, Matthews JA, Froyd CA

Published in: Permafrost and Periglacial Processes (2020) 31(4): 524-537.
(DOI: https://doi.org/10.1002/ppp.2078).
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Abstract

Whether Arctic and alpine ecosystems will act as a future net sink or source of
carbon remains uncertain. The present study investigates ways in which ecosystem
(soil and vegetation) and geomorphological (cryogenic disturbance) factors may
control or affect the future release of carbon in an alpine permafrost landscape. Rates
of ecosystem respiration (R¢) were examined using a portable gas analyzer across an
altitudinal transect ranging from mid- to high-alpine vegetation zones underlain by
discontinuous to continuous permafrost on Galdhepiggen (Norway). Measurements
were made of Re during the peak growing season on active and relict sorted circles
exhibiting varying levels of frost disturbance and shrub encroachment. Re was found
to be controlled more strongly by soil microclimate and plant growth forms than by
geomorphic indicators of cryoturbation in thawing permafrost or by atmospheric
conditions. The results indicate that increasing shrub cover leads to elevated Re, while
an increase in surface disturbance has the potential to lower Re. We conclude that
vegetation is likely to colonize frost-disturbed surfaces at progressively higher
altitudes as freeze—thaw processes slow down or cease, and this will result in increased

Re.
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3.1. Introduction

In a warming world, changes in high-latitude and high-altitude environments are
largest and arguably have the greatest impacts on regional climate change feedbacks
(Turetsky et al., 2019). Arctic regions are currently experiencing air temperatures
rising at a rate that is nearly twice as high as the global mean (Meredith et al., 2019;
Graversen et al., 2008; Serreze and Barry, 2011). One of the potentially most
destructive consequences of this warming has been the widespread thawing of
permafrost across periglacial landscapes and the resulting release of greenhouse gases
such as CO> and CH4 from thawed soils (Vonk et al., 2015; Natali et al., 2015;
Euskirchen et al., 2017). Permafrost underlies an estimated 22% of the exposed land
surface of the northern hemisphere (Zhang et al., 1999) and permafrost soils contain

vast quantities of carbon that can thus be mobilised (Schuur et al., 2008).

Whether Arctic and alpine tundra ecosystems will in the future act as a net sink or
source of carbon is uncertain (McGuire et al., 2012; Belshe et al., 2013; Lundin et al.,
2016; Celis et al., 2017; Euskirchen et al., 2017). As permafrost thaws, previously
frozen Soil Organic Carbon (SOC) becomes available for microbial decomposition,
resulting in increased ecosystem respiration and carbon emissions into the atmosphere
(Schuur et al., 2008; Belshe et al., 2013; McGuire et al., 2009). However, net effects
remain difficult to predict as longer growing seasons and increased availability of
newly released soil nutrients may lead to higher rates of plant photosynthesis,
stimulating primary production and carbon uptake (Natali et al., 2011; Belshe et al.,
2013), which would counteract the increasing carbon release. It is still more complex
since increased vegetation cover will lower albedo, and thereby increase the shortwave
radiation absorbed by the land surface, which in turn can lead to higher temperatures

(Pearson et al., 2013).

Changing environmental conditions combined with rising temperatures have already
resulted in northward and upward altitudinal shifts of vegetation in Arctic and alpine
tundra ecosystems over the past decades (Post et al. 2009; Grytnes et al. 2014); this
includes a change in composition and density of tundra vegetation (Pearson et al.,
2013). Especially notable is the encroachment of shrubs (’shrubification’) relative to
other tundra plants throughout the Arctic (Myers-Smith et al., 2011; Tape et al., 2006).

Changes in tundra vegetation can have a range of wider ecological consequences as
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they influence several biosphere-atmosphere feedbacks, such as greenhouse gas

balances (Pearson et al., 2013; Post et al., 2009).

Vegetation distribution and the carbon sequestration capacity of tundra landscapes are
further influenced by geomorphological factors such as freeze-thaw processes in
periglacial soils. Throughout high-latitude and high-altitude regions, cryoturbation —
the mixing of soil due to seasonal freezing and thawing — can also affect the tundra
carbon cycle in contrasting ways (Aalto et al. 2014; Ballantyne, 2018). Surface
disturbance can negatively affect plant roots (Kade and Walker, 2008), reducing
vegetation cover and decreasing photosynthesis-driven carbon inputs from the
atmosphere to the terrestrial biosphere. Poorly insulated soil further exacerbates frost
activity (Kade and Walker, 2008), and reduces the capacity of cryoturbated ground to
sequester carbon. Conversely, mixing can transport soil organic carbon from the
carbon-rich near-surface layer to deeper, colder soil horizons with limited microbial
activity, where it can potentially become ‘buried’ in permafrost, and contribute to long-
term carbon storage (Schuur et al., 2008). The efficacy of this process was illustrated
by Bockheim (2007) who found that 55% of active-layer and near-surface permafrost
SOC had been redistributed to lower depths via cryoturbation.

However, the process of cryoturbation is extremely susceptible to climatic changes
due to its dependence on soil moisture and temperature (Kaiser et al., 2007; Aalto et
al., 2014), which further complicates the estimation of its long-term effects. Some
studies have suggested that cryoturbation is expected to increase as the Arctic warms
(Bockheim, 2007), and evidence points to increased carbon storage through this
process (Kaiser et al., 2007). Conversely, others have reported a complete cessation of
cryogenic surface processes in response to increased air temperatures (Aalto et al.,

2014).

Cryoturbation drives the formation of patterned ground, of which sorted circles,
studied here, are ubiquitous in periglacial landscapes (Frost et al., 2013). Sorted circles
are created by differential frost heave and buoyancy-driven soil circulation
(Ballantyne, 2018); which is characterized by the circulatory movement of material
upwards and outwards in the central part of the sorted circle, and downwards near the
borders (Ballantyne, 2018; Kessler et al., 2001; Hallet, 2013). This may be expected

to produce predominantly vertical structures in the subsurface, which provides the
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intriguing possibility of creating preferential paths for carbon fluxes. This is another

way in which carbon release from the deeper subsurface could be enhanced.

The present study investigates the possible ways in which ecosystem (soil and
vegetation) and geomorphological (cryogenic disturbance) factors control or affect the
release of carbon in permafrost landscapes. Galdhgpiggen, an alpine site in
Jotunheimen, southern Norway was chosen because it provides an altitudinal transect
that represents areas of discontinuous to continuous permafrost, and mid- to high-
alpine vegetation belts (see Matthews et al., 2018). Numerous studies over the last
several decades have investigated the vegetation succession (e.g., Matthews et al.,
2018; Matthews 1992, 1999; Robbins and Matthews, 2010, 2014; Matthews and Vater,
2015), the patterned ground landforms (@Qdegard et al., 1988; Matthews et al., 1998;
Haugland et al., 2004; Winkler et al., 2016), and the distribution of permafrost in
Jotunheimen (@degard et al., 1992; Farbrot et al. 2011; Hipp et al., 2012; Lillegren et
al., 2012). Thus, we have excellent background information and understanding of the

geomorphology and ecology of the study area.

Sample sites were located on active and relict sorted circles with varying degrees of
vegetation cover and visibly disturbed ground surface. Ecosystem respiration (R¢) was
recorded with a portable infrared gas analyser on sites representative of different
permafrost conditions. This setup allows space-for-time substitution following the
ergodic principle (Clifford et al. 2009) and is assumed to provide an indication of how
Re may change over time with changing permafrost conditions and/or vegetation

encroachment.

The specific objectives of this study are: (i) to examine the rates of Re across an
altitudinal transect ranging from mid- to high-alpine vegetation belts underlain by
permafrost; (ii) to describe the patterns in Re, (iii) to identify and explore factors that
affect Re and (iv) to consider possible implications of our results for future rates of Re

following climatic warming.
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3.2. Study site

The study was conducted on the north-facing slope of Galdhgpiggen (2469 m above

sea level (m a.s.l.) in NE Jotunheimen, Norway (61°N, 8°E) (Figure 3.1). The

altitudinal transect covered 5.5 km and consisted of five sites located near the road

(Galdhgpiggvegen) from Galdesanden to Juvvasshytta at 1550, 1750, 1800, 1850 and

1950 m a.s.l., i.e., with a 400 m altitudinal range between the highest and the lowest

site. At each site, three sorted circles were investigated. All circles studied consisted

of bare or sparsely vegetated centres grading to relatively more vegetated outer edges

(Figure 3.2). Individual circles are composed of fine textured, silty sand centres

bounded by gutters filled with coarse calibre clasts (cobbles to boulders). The

diameters of the circle centres ranged between 1 and 4 m, with gutters up to 2 m wide

(Figure 3.2).
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Figure 3.2. Sorted circles at 1950 m a.s.1. (site 1, a and ¢) and 1550 m a.s.1. (site 5, b and d).

In the mid-1990s, the lower limit of discontinuous permafrost on the north-facing slope
of Galdhepiggen was at ~1450 m a.s.l. (@degdrd et al., 1992, 1996; Farbrot et al.,
2011; Hipp et al., 2012). At present this limit is assumed to be between ~1450 and
1500 m a.s.l. (see Figure 3.1). The thickness of the permafrost layer at Juvvasshge (in
the continuous permafrost zone at 1894 m a.s.l.; see Figure 3.1) is estimated to be 380
m (Isaksen et al., 2007). The active layer thickness varies between 1.6 m at Juvvasshge
(1851 m a.s.l., near site 2) and 8.6 m at 1559 m a.s.1. (near site 5), as recorded by Hipp
et al. (2012). The altitudinal transect stretched from discontinuous to continuous
permafrost zone, the latter is here assumed to occur between ~1750 and 1850 m a.s.l.
(Figure 1). Of the five sites, the lowest two (sites 4 and 5) are in the discontinuous
permafrost zone, site 3 is in the transitional zone to continuous permafrost and sites 1

and 2 are expected to be underlain by continuous permafrost (see Figure 3.1).
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All five sites are situated above the tree line, which reaches up to ~1000 m a.s.l.
(Matthews et al., 2018). The lowest site (site 5) lies in the mid-alpine vegetation belt
(~1350-1600 m a.s.l.), which consists of grass and lichen heath communities, whilst
the remaining sites are located in the high-alpine belt, which is mainly boulder-rich
fjellfield. Further details of the alpine vegetation belts on the north-facing slope of
Galdhepiggen, including their altitudinal subdivisions and plant communities are

outlined elsewhere (Matthews et al., 2018; NIJOS, 1991; Moen, 1999).

3.2.1. Climate

The mean annual air temperature (MAAT) at Juvvasshge (1894 m a.s.l.) is - 4.5 °C
(Farbrot et al., 2011) and the mean annual precipitation (MAP) of the area is between
800 mm and 1000 mm (Farbrot et al., 2011; Isaksen et al., 2007). As a result of strong
winds, flat and exposed areas have little to no snow cover until March or April, and a
maximum snow depth of 0.5 m in May (@degérd, 1992). However, prevailing south-
westerly winds result in snow accumulation on the north-facing slopes, providing

insulation in winter (Isaksen et al., 2002).

Weather conditions during the field season (July 2018) were exceptionally warm and
dry, with a mean air temperature ranging between 10-15 °C at the two lowest sites
above 1500 m a.s.l., and 5-10 °C above 1700 m a.s.l. during the three weeks of field
work (these values are 4-6 °C above the July average for 1971-2000 (NMI, 2019)).
The precipitation in July 2018 was negligible.

Rapid changes in climatic conditions on Galdhgpiggen have been recorded. Between
1999 and 2009, there was an observed increase in mean ground temperatures, with a
clear accelerated warming at 30-40 m depth (Isaksen et al., 2011). Greatest warming
was detected at sites where ground temperatures remained slightly above 0°C,
indicating sites with recent degradation of permafrost. These sites have experienced
increases in snow depths due to increased winter precipitation and were insulated from

cold temperatures during winter.

For several decades, the near-surface permafrost on Juvvasshge has warmed by an
average of 0.04-0.05 °C annually, which is mainly attributed to changes in air
temperature (Isaksen et al., 2007). According to a heat flow model by
Hipp et al. (2012), the lower limit of permafrost on Galdhgpiggen has moved up by
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200 m to the altitude it is at today since 1860, and the active layer thickness has
increased by 0.5-5 m at Juvvasshge. A further 55-75% probability of permafrost
degradation at 1900 m a.s.l. was predicted by 2100, and complete degradation of
permafrost at 1561 m a.s.l. before 2050. The associated movement of the lower limit
of discontinuous permafrost to above 1800 m a.s.l. (Figure 3.1) would lead to major
transformations in the area, which would be unprecedented since the beginning of the
Holocene (c¢f Lillegren et al., 2012). Moreover, visible changes in vegetation patterns
have already been observed. For example, based on information from aerial
photography, there has been a considerable upslope advancement of Betula pubescens

trees over the past 36 years (Figure 3.3).

©kartverket/norgeibilder.no/geovekst

Figure 3.3. Aerial photos of Raubergstulen (covering the altitudes between 1000-1200 m a.s.l.) from
1981 (left) and from 2017 (right). The white lines illustrate the upslope advancement of trees and shrubs
over the past 36 years. The peak of Galdhgpiggen is to the south-west. Reproduced with permission
from Kartverket, 2019.

3.3. Methodology

Mountain slopes in alpine regions such as Galdhgpiggen are often used as ‘natural
laboratories’, as they provide a setting where climatic and environmental conditions
(e.g., soil microbial communities (Shen et al., 2015) and vegetation composition
(Lomolino et al., 2001; Matthews et al., 2018) change over short distances. For
example, an increase of 1000 m in altitude provides a comparable change in
temperature as travelling 1000 km towards higher latitudes (Donhauser and Frey,

2018; Diaz et al., 2003).
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This study similarly uses an altitudinal transect as a proxy for future climate warming
(Yang et al., 2014; Satersdal et al., 1998). We identified a number of variables that
are likely to affect Re in this alpine environment and estimated how their control over

Re changed across an altitudinal transect.

3.3.1. Vegetation

Vegetation cover plays an essential role in the carbon cycle, but only half of CO> flux
studies have included descriptions of vegetation type (Virkkala et al., 2018), and data
from cryptogam- and moss-covered landscapes are lacking. To estimate the degree of
disturbance relative to vegetation cover on our sites, a relative measure combining both
variables was adopted. On each individual circle, the degree of disturbance was
estimated based on the visual assessment of vegetation cover. ‘Bare/sparse’ indicated
the most disturbance and consisted of either bare ground or cryptogamic crust. “Well-
established’ represented the most stable conditions, with mature vegetation types
including herbaceous plants and shrubs. ‘Transitional’ was an example of intermediate,
transitionary conditions between the two, often made up of cryptogams or graminoids.
The percentage cover of each category was estimated on every circle to determine the
effect of vegetation cover types over Re. However, as the assessment was based on
individual circles and as the ground cover varied across the altitudinal transect, the
species present in each category differed between sites, causing minor overlap between
categories. The effect of plant growth forms on Re was investigated by further dividing
vegetation cover into four functional groups (a) crust, b) cryptogams, c) herbaceous

plants, d) shrubs) (Table 3.1).

68



Table 3.1. Overview of species divided into functional groups.

Crust ‘Cryptogamic crust’

Cryptogams Mosses: Polytrichum spp., Racomitrium spp.
Lichens: Cetraria spp., Cladonia spp., Alectoria spp.,
Stereocaulon spp., Thamnolia spp., Solorina spp.,
Cornicularia spp., Pettigera spp.

Herbaceous plants Ranunculus glacialis, Hieracium alpinum, Festuca
ovina, Carex bigelowii, Luzula arcuata, Poa alpina

Shrubs Salix herbacea, Vaccinium vitis-idaea, Vaccinium
uliginosum

The cover fraction of each of the four groups was measured within individual collars
(surface area = 314.16 cm?). Identifiable cryptogams, lichens and mosses (a), that exist
as separate individuals or mats were distinguished from cryptogamic crust (b), in
which the species are undifferentiated. Cryptogamic crusts in this area consist of
mainly mosses and blue-green algae, and act as a good indicator of frost disturbance

and as pioneer colonisers on glacier forelands (Matthews and Vater, 2015).

3.3.2. Carbon dioxide measurements

The closed chamber method for measuring Re involves an infrared gas analyser that
measures COz emissions over a small area of ground, taking account of small-scale
spatial variability in the heterogeneous tundra environments (McGuire et al., 2012).
Here, these CO; emissions represent peak growing season ecosystem respiration (Re),
which is a combined value of autotrophic respiration (aboveground vegetation and
roots) and heterotrophic respiration (soil microorganisms) (Hermle et al., 2010),
expressed here in pumol C m™ s, Re was measured repeatedly using a portable infrared
gas analyser (LI-COR, LI-8100A) with an opaque 10 cm survey chamber. Three PVC
collars (100 mm in diameter, 45 mm in height) were inserted 20 mm deep into the
ground on each sorted circle for a minimum of 24 hours before the first measurement

and were left in for the duration of the study period. Three land cover types were
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identified on each circle: one collar was placed on the least vegetated part of the circle
(bare/sparse), one on a fully vegetated area (well-established), and one within an area
of intermediate vegetation cover (transitional) (Figure 3.4). Three consecutive
measurements with the duration of two minutes were taken immediately after placing
the survey chamber on a collar. There was a 30 second pause between measurements
to purge the chamber. Repeated measurements were taken between 9.30 am and 5 pm
on six separate days in July 2018 (n = 460 measurements). The aim was to conduct the
measurements in similar atmospheric conditions over multiple days, which was
achieved owing to the persistent dry and clear conditions throughout the study. The
time of each measurement was noted and included in the analysis to determine whether

R. exhibits diurnal variation.

Soil moisture and temperature, both known to affect microbial soil respiration
(Virkkala et al., 2018), were recorded simultaneously with two ECH20 Model EC-5
soil probes by inserting the probes into the top 30 mm of soil so that they were parallel
with the soil surface. Probes were inserted adjacent to the collar for the duration of the
chamber measurements. Air temperature, relative humidity and wind speed were

recorded during each chamber measurement with a Kestrel 3000 Pocket Weather

Meter at 1 m height above the ground surface. These data were used to calculate vapour

pressure deficit (VPD).

Figure 3.4. Collars placed on three land cover types: bare/sparse (site 1, left), transitional (site 3,

middle) and well-established (site 5, right).
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3.3.3. Disturbance

The parameters selected to approximate the effects of cryogenic disturbance were
based on a model that describes circular movement of soil within sorted circles
(Ballantyne, 2018; Hallet, 2013). We hypothesise that the seasonal freeze-thaw cycles
that drive circular movements in cell-like structures could create pathways for gas
escape that extend deeper into the active layer, possibly reaching recently-thawed
buried carbon in the deeper soil horizons that would thus facilitate and increase carbon

release.

Clasts buried directly under the surface are expected to show evidence of preferred
(vertical) long axis alignments if the surface was recently disturbed, for example by
uplift or frost heave (Evans et al., 2007; Benn, 1994). The clast’s long axis fabrics
should reflect the strength of recent cryogenic processes taking place within the circle
and the degree of alignment of this axis with the vertical is then a measure for the
degree of disturbance by cryoturbation. We expect actual gas emission or soil
respiration to be enhanced in areas of recent activity and close vertical clast
alignments. The proxy variables used to record this level of disturbance are the
percentage cover of bare ground on the sorted circle, orientation of the mean long axis
of the clast fabrics, Isotropy and Elongation (Benn, 1994). Isotropy and Elongation
indices (possible values ranging from 0 to 1) are commonly used in Eigenvalue or
Bingham analysis of 3-dimensionally distributed (or orientation) data (Benn, 1994). A
high Isotropy value (close to 1) indicates a uniform distribution of orientations whereas
a value close to 0 indicates a clustering along a single direction or in a plane (a girdle
distribution), i.e., some form of preferred orientation. A high Elongation value would
identify single modes, i.e., a single preferred fabric signal or orientation of clasts.
Measurements of long axis dip and orientation of 30 clasts were carried out on each
circle on sites 1-4. On the lowest site, 15 clasts were measured on each circle due to a

lack of availability.
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3.3.4. Soil chemical properties

Soil chemical properties (pH, soil organic matter (SOM)) and nutrient content
(phosphorus, carbon and nitrogen ratio (C:N)) were examined as they provide
information on nutrient limitations that are common in tundra ecosystems and on
carbon storage and respiratory losses from the soil (Benn, 1994). Soil samples were
taken from each sorted circle; and were later dried, sieved and ground in the laboratory
in preparation for analysis. Soil pH was measured by mixing 5 g of homogenised soil
with 10 ml of deionised water and taking the reading with a pH probe. Soil organic
matter (SOM) content was evaluated by loss on ignition at 550 °C. Soil carbon and
nitrogen content and the C: N ratio were determined by using a mass spectrometer. An
XRF spectrometer (Rigaku NexCG ED-XRF) was used for elemental analysis to

determine the concentration of soil phosphorus (P).

3.3.5. Statistical analysis

Least angle regression (LARS) was employed to identify combinations of independent
variables that explain most of the variance in CO2 efflux from the soil. LARS is a
technique to analyse multidimensional sets of explanatory variables. It ranks
combinations of explanatory variables starting from none to potentially the full set.
For each combination of variables, a criterion is calculated based on the sums of
squares explained whilst at the same time adding a ‘penalty’ for incorporation of a
higher number of variables. LARS has a similar objective as forward stepwise
regression but employs a more efficient algorithm and has the advantage that selection
of variables is less arbitrary. The LARS algorithm distributes equally the effect of
correlated independent variables on the dependent variable (Efron et al., 2004). All
statistical analyses were performed in R 3.6.1 (R Core Team 2019), and the R package

‘lars” was used to conduct least angle regression (Efron et al., 2004).
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3.4. Results

3.4.1. Least angle regression

Based on the LARS analysis (Figure 3.5) and the partial correlation coefficients (Table
3.2), a parsimonious set of seven predictor variables that explain the most variance in
Re were selected for further analysis. These variables are related to soil properties (soil
moisture, soil temperature), vegetation cover (cover fraction of shrubs in a collar,
cover fraction of herbaceous plants in a collar, cover fraction of crust in a collar and
percentage of bare ground on the sorted circle) and weather (vapour pressure deficit).
Figure 3.6 shows the results of a linear regression model predicting R. for (a) the whole

dataset and (b) for the top seven variables.

Table 3.2. Partial correlation coefficients between ecological/geomorphological predictor variables

and R, and Cp values from the LARS analysis.

Partial
Predictor variable correlation Cp
coefficient
Soil moisture 0.19 195.1
Shrub cover (%) 0.58 169.8
Bare ground (%) on circle -0.22 164.5
VPD 0.02 142.2
Crust (%) -0.10 120.5
Soil temperature 0.21 70.4
Herbaceous cover (%) 0.18 47.5
Cryptogam cover (%) 0.16 34.0
Elongation 0.02 343
Isotropy -0.12 32.1
Time of day 0.15 9.4
SOM 0.08 10.8
Elevation -0.10 12.5
C:N ratio 0.06 13.6
pH 0.07 15.5
Average dip angle -0.05 17.2
P -0.08 18.0
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Figure 3.5. The Least Angle Regression model ranking the predictor variables according to their

importance in explaining variance in R, rates (overall model R? = 0.593).

Based on the comparison of the two predictive models (Figure 3.5), it is evident that
the parsimonious set of seven predictor variables (Figure 3.6b) describes the
observations almost equally well as the full set of explanatory variables. Therefore, the

remainder of the discussion will focus on these seven variables.
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Figure 3.6. Observed values of R. (umol m™ s!) plotted against predicted values for (a) the whole

dataset (adjusted R?>= 0.59) and (b) the top seven predictor variables (adjusted R? = 0.52).
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3.4.2. Moisture and temperature

The study period during peak growing season was exceptionally warm and dry. Soil
moisture content was low and ranged from 0.2% to 22.7% but showed no significant
variation within individual sorted circles. Soil moisture increased (from an average of
6% at site 4 to 10% at site 1), but the highest value was found at the lowest site (14%)
(Table 3.4). Moisture content did not show a statistically significant variation between
the three land cover types. However, a noticeable pattern exists, as the bare and
sparsely vegetated patches at higher altitudes (sites 1-3) tend to have on average a
slightly higher moisture content (10%) compared to soils covered with well-
established vegetation (7%). This pattern reverses at lower altitudes (sites 4-5), where
the ground cover within circles is more uniform, and the average moisture content
ranges from 9% under sparsely vegetated patches to 11% under fully vegetated
surfaces. Soil moisture explained most of the variance in Re and is positively correlated
with it (r= 0.39, p =<0.001) (Figure 3.7a). This association was strongest on the
transitional land cover type (r=0.60, p =<0.001), followed by the well-established (=
0.49, p =<0.001) and bare/sparse land cover types (r= 0.40, p =<0.005).

Table 3.3. Results of an ANOVA conducted with the top seven predictor variables that explained the
most variance in Re rates. Predictor variables related to vegetation cover are expressed in percentage

cover fraction within collar.

Predictor Df Sumsq Meansq F value Pr(>F)
Soil moisture 1 10.94 10.937 51.362  2.99E-11
Shrub cover (%) 1 9.82 9.823 46.133  2.26E-10
Bare ground (%) on 1 8.82 8.822 41.429  1.47E-09
circle

Crust cover (%) 1 3.26 3.260 15.310  0.000137
VPD 1 2.47 2.469 11.594  0.000844
Herbaceous cover (%) 1 1.81 1.810 8.499 0.004084
Soil temperature 1 0.77 0.770 3.615 0.059131
Residuals 154 32.79 0.213
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Table 3.4. Mean values and standard deviation of R, soil temperature and moisture, pH, C:N ratio

and phosphorus content on individual sites.

Site and Re Soil Soil C:N
elevation (umol temperature  moisture pH ratio P (ppm)
o °

(m a.s.]) ms) o o) (%)
1 (1950) 1.31+1.01 20.9+£9.0 10.6 £57 4903 109£0.8 1580%96
2 (1850) 0.60 £0.27 16422 8.2+44 4.6£0.5 123+£1.1 1860 %60
3 (1800) 1.03 £0.68 234+77 7.9+4.0 4.7+0.1 11.3£0.6 1922 £ 157
4 (1750) 0.96 £0.82 19.5+45 6053 44+04 12913 2384+270
5 (1550) 1.50 £ 0.51 24.6 £6.8 147+£45 4303 13.5£1.1 2296 +405

Soil temperature in the top 30 mm ranged from 10 °C to 34 °C. It was highest in direct

sunlight and decreased under cloudy conditions. Soil temperature showed little

variation within individual sorted circles. Re shows a slightly weaker positive

relationship with soil temperature than with soil moisture that was similar across all

three land cover types (r= 0.32, p = <0.001) (Figure 3.7b). The highest correlation

between Re and soil temperature was observed on well-established land cover types

(r=0.48, p =<0.001), followed by transitional (r=0.34, p = 0.01) and bare/sparse types

(t=0.25, p = 0.06).
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Figure 3.7. (a) soil moisture and (b) soil temperature correlated with R. rates on bare/sparse (blank),

transitional (grey) and well-established (black) vegetation covers.
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3.4.3. Disturbance

Of the four proxy variables used to estimate the degree of disturbance, percentage bare
ground on an individual circle explains most variance in Re rates and has a significant
negative relationship with Re (r = -0.34, p =<0.001). The remaining three proxies
(Elongation, Isotropy and average dip angle) are less significant (Figure 3.5 and Table

3.2) in explaining the variance in Re.

Disturbance did not increase linearly with altitude, but a clear pattern between
disturbance and Re emerged. All four disturbance-related proxies indicate that site 2
(1850 m a.s.l.) experienced the highest rates of disturbance, whereas site 5 (1550 m
a.s.l.) was most stable. Site 2 had the highest extent of bare ground, and lowest Isotropy
indices (Figure 3.8a). Buried clasts were therefore more clustered, which indicates
recent occurrence of cryoturbation such as frost heave. The opposite was found on site
5. Re rates showed a close relationship with disturbance across elevations (Figure
3.8b).
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Figure 3.8. (a) Isotropy indices across all elevations. (b) R (umol m2 s!) rates across all elevations.

3.4.4. Vegetation

An association with vegetation cover was found as well. This association was highest
and positive for stable vegetation cover consisting of shrubs (r= 0.58, p = <0.001), by
contrast, it was weaker and negative for crust. Herbaceous plants and lichen cover were
positively correlated with Re. The distinct variation in R rates from surfaces covered

by different plant species is shown in Figure 3.9b. The strong influence of shrub cover
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on R. rates is further illustrated by the large range of CO> efflux values at the highest
elevation (Figure 3.8b). All collars placed on well-established vegetation cover on this
site included a significant percentage of Salix herbacea, and the mean Re for these

collars reached 1.98 umol m? s!, which is twice as high as the site mean.

Re values ranged from 0.1 to 3.88 pmol m™ s!' (Table 3.4) and varied significantly
between land-cover types (Chi squared = 89.91, p =< 0.001, df = 2). Highest efflux
rates were recorded on well-established vegetation cover (mean: 1.45 + 0.81 pmol m
2571, n=159), whilst lowest emissions were from bare/sparse surfaces (mean: 0.77 +
0.68 umol m? s, n = 151) (Figure 3.9a). This pattern is present on all sites. Re rates

did not vary significantly between individual circles on each site, and we found no

clear evidence of a daily cycle.
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Figure 3.9. (a) R, values (umol m?s™") recorded on three categories of ground cover across all sites.
(b) R. rates (umol m2s") recorded from a subset of data (collars that contained 20% or higher cover of

bare soil or different plant growth forms).

3.4.5. Soil chemistry

Soils are strongly acidic on all sites (pH 4.05 — 5.26), with greater pH values found on
higher altitude sites (Table 3.4). Soil C:N ratio ranges from 10.52 to 14.74, and SOM
ranges from 1.2 to 13.8%, with higher values recorded on lower sites. Soil phosphorus
content decreases with elevation and shows a negative correlation with Re on high-

altitude sites. No significant correlation was found of R with either soil carbon, N and
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P content, C:N ratio or soil pH (Table 3.4); these variables did not explain much of the

variance in Re in the LARS analysis either.

3.5. Discussion

The specific contribution of this study is to determine which, and to what extent
environmental components affect growing season Re rates in an alpine ecosystem. Our
analysis across an elevational gradient indicates that Re was controlled more strongly
by soil microclimate and plant growth forms than by geomorphic indicators of

cryoturbation in thawing permafrost or by atmospheric conditions.

3.5.1. Soil moisture and temperature

Soil moisture and temperature influence soil microbial communities, which are
particularly important in cold alpine regions as the main drivers of carbon cycling
(Donhauser and Frey, 2018). Both have a strong relationship with soil respiration (Rs)
(Lietal., 2017; Saiz et al., 2007; Illeris et al., 2003). Whilst soil temperature has often
been identified as the main controlling factor of Rs (Li et al., 2017; Saiz et al., 2007,
Grand et al., 2016), this was not the case in our study. Whilst still among the top five
most influential variables, soil temperature showed only a weak positive overall
correlation with Rerates (Table 3.3). Instead, soil moisture explained the most variance

in R rates across the altitudinal transect.

Soil moisture did not exceed 23% throughout the extremely dry field season (Table
3.4). However, whilst excess soil moisture hinders microbial activity, a strong positive
relationship with soil respiration has been noted when the soil water content is low, for
example at times of drought (Saiz et al., 2007; Kim et al., 2014; Dagg and Lafleur,
2011; Johnson et al., 1996). Davidson et al. (1998) demonstrated that soil CO; efflux
rates increased sharply in warm, dry conditions as the soil moisture increased from 0
to 0.12 m*m=. This trend is followed by a steady decrease from 0.2 m*m™ onwards
(Davidson et al., 1998). This in accordance with our study, as the two variables are

positively correlated, and soil moisture content remained under 23% (0.23 m*m™).

Whilst the soil moisture content did not vary significantly under different land cover

types, a pattern could be detected. Bare patches at higher altitudes exhibited a slightly
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higher soil moisture content compared to vegetated patches. This trend reversed at the
lowest two altitudes, where the soil was moister under full vegetation. Both soil
moisture and temperature have the strongest positive associations with Re on sites with
well-established vegetation; this influence diminishes with decreasing vegetation
cover (Figure 3.7). This indicates that soil moisture and temperature conditions at the
time of measurement were more favourable for root-and aboveground plant respiration

or that microbial communities are more vigorous in these conditions.

Soil moisture and temperature can be highly variable in space and time in
heterogeneous alpine environments (Li et al., 2017). On our sites, soil temperatures
were relatively uniform across the sorted circles, but soil moisture showed some
variability, in some cases on a sub-metre scale. Comparable results were reported by
Aalto et al. (2013), who emphasized the strong effect of vegetation on soil moisture
and temperature in Arctic and alpine environments. Therefore, the high heterogeneity
of soil microclimate must be considered when assessing Re on a landscape scale, as

well as the interaction between abiotic and biotic components.

3.5.2. Bare ground and soil disturbance

Of the four variables used as proxies for disturbance, percentage bare ground explained
the most variance in Re rates. Re decreases with increasing surface disturbance. This
contradicts our hypothesis that disturbance stimulates carbon release by creating
preferential pathways for gas escape (see Introduction). Instead our findings are in
accordance with Becher et al. (2015), who studied non-sorted circles in Sweden and
found that cryogenic processes resulting in surface disturbance were associated with
lower soil respiration rates. It is possible that the chamber used to measure the CO2
efflux predominantly recorded near-surface efflux, and the gas escaping from deeper
layers made a negligible contribution. This negative influence of soil disturbance on
Re rates is likely a consequence of restrictions on the establishment of a stable

vegetation cover.

The remaining three predictor variables associated with cryogenic disturbance
(Elongation, Isotropy and average dip angle) were less significant in explaining the
variance in Re rates. This may be due to the relict status of the circles, especially at

lower altitudes. Buried clasts in the most disturbed part of the circles did not generally
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have a strong preferred orientation, suggesting that soil circulation was incomplete

(Washburn, 1989; Kling, 1998) and frost disturbance was restricted to the surface.

Landforms experiencing frost heave exhibit substantial surface disturbance evident in
the form of bare ground (Kade et al., 2005). This was observed on all our sites except
the lowest, and the two highest sites (1950 m a.s.l. and 1850 m a.s.l.) had fresh
sediment on the surface of the bare ground. Frost activity on patterned ground can vary
in intensity over short spatial scales (Haugland, 2004), highlighting again the high
heterogeneity of these landscapes. The percentage of bare ground on surface varied
with altitude, and peaked at 1850 m a.s.l. However, the decline was not linear, as site
4 had defined patches of bare ground whilst none were detected on sites 3 and 5. This
suggests that frost activity on this north-facing slope is dependent on site-specific
conditions, such as surface (micro-)topography and exposure to wind and

precipitation.

Whilst soil disturbance has the potential to hinder the development of plant roots and
hinder the development of a stable vegetation cover (Kade et al., 2008), it has been
found to facilitate the establishment of shrubs relative to other plants (Myers-Smith et
al., 2011). Bare surfaces created by soil disturbance provide mineral-rich seedbeds
ideal for shrub recruitment on patterned ground, which in turn stabilises the ground
and provides a suitable environment for the establishment of continuous vegetation
cover (Frost et al., 2013). Indeed, the decrease in cryogenic disturbances has been
associated with temporal changes in vegetation dynamics, as vegetation colonises the

bare ground (Becher et al. 2018).

3.5.3. Cover of shrubs, herbaceous plants and cryptogamic crust

Vegetation cover had a clear effect on Re, with rates three times higher over shrub-
covered surfaces compared to bare ground (Figure 3.8b, Figure 3.9). This could be
explained by the variation in CO; sources: whilst CO; efflux from non-vegetated
ground is mainly controlled by microbial decomposition of soil organic matter,
vegetated ground has the additional COz sources of root respiration and aboveground
plant respiration. Out of the four vegetation types, shrub cover also explained the most
variance in Re rates (Table 3.2), followed by crust cover, herbaceous plants, and

cryptogams.
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Rerates recorded from shrub-covered ground had the largest range and reached higher
values compared to other plant growth forms (Figure 3.9b). Shrub-covered landscapes
have indeed been found to exhibit higher rates of soil respiration compared to non-
shrub tundra communities, presumably due to greater plant productivity (Ge et al.,
2017) and higher litter input rates (Philips and Wurzburger, 2019). However, physical
conditions may also play a role, as moist soil conditions over water tracks facilitate
shrub growth, and higher respiration rates have been recorded over these areas
compared to surrounding tundra (Curasi et al., 2016). Herbaceous plants (including
graminoids) exhibited the greatest mean R. values (Figure 3.9b). Highest rates of
respiration have previously been recorded on graminoid-covered peatland sites
(Dielman et al., 2017) due to their fast rate of litter decomposition that stimulates soil

microbial activity (Hobbie, 1996).

There is a weak negative correlation between crust cover and Re. The Re values from
crust-covered ground were lower than those from cryptogam-covered ground, but were
comparable to the CO; efflux rates from biological soil crusts in Svalbard recorded by
Chae et al. (2016). The results indicate that plant growth forms and functional groups
exert differing degrees of control on Re, which is in line with several other studies (e.g.,
Shaver et al., 2007; Williams et al., 2006; Loranty et al., 2018). This demonstrates that
future changes in community composition will affect the CO;, efflux from the
ecosystem, especially in the case of shrub encroachment. Whilst the number of shrub
species present on our study sites increased with decreasing altitude, Salix herbacea
was present on all sites from mid- to high-alpine belts but was most abundant on the
two highest sites. This indicates that surface disturbance can create a suitable
environment for shrub recruitment, even at high altitudes. Moreover, the mean R. from
shrub-covered ground at the highest site was twice as high as the mean for the whole
site, suggesting that shrub encroachment at higher altitudes on Galdhgpiggen is likely

to result in greater CO> efflux from the ground.

Early-snowbed shrub species (Vaccinium vitis-idaea and Vaccinium uliginosum) were
only present at the lowest altitude and have indeed been reported to prefer less
cryogenically disturbed soils (Becher et al., 2018; Walker et al., 2011). This
corresponds with the results of the vegetation survey conducted by Matthews et al.
(2018) on the same north-facing slope. Their results show a gradual increase in the

number of species with decreasing elevation, and an increase in the abundance and
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number of most shrub species from mid-alpine to low-alpine belts, with the exception

of Salix herbacea, which exhibited maximum abundance in the mid-alpine belt.

3.5.4. Future trends

Future changes in air temperatures and precipitation will have significant effects on
ecosystem respiration. For example, increased soil moisture is predicted to affect soil
and root respiration, especially in dry Arctic regions (Natali et al., 2015; Illeris et al.,
2003). Concurrently, higher temperatures could create a more favourable environment
for soil microbes in alpine regions, with the capacity to speed up carbon and nitrogen
cycling (Donhauser and Frey, 2018), leading to net losses from these ecosystems

(Rime et al., 2015).

Furthermore, warming temperatures facilitate the expansion of deciduous shrubs
relative to other tundra vegetation, such as graminoids, bryophytes and lichens
(Walker et al., 2006). Across the Arctic, Salix species have already extended their
range along with shrubby species of Betula and Alnus (Tape et al., 2006). Similar
patterns can be found on the north-facing slope of Galdhepiggen, where Betula

pubescens has advanced considerably upslope over the past 36 years (Figure 3.3).

Whilst the encroachment of shrubs can increase the uptake of carbon and the net
primary productivity of the ecosystem, this effect is likely to be temporary, and can be
offset by increases in ecosystem respiration during autumn and winter in the long term
(Mekonnen et al., 2018). Shrub-covered ground has been observed to have lower SOC
stocks, faster rates of respiration and high carbon turnover compared to heath and
tussock tundra in permafrost (Wilmking et al. 2006) and non-permafrost environments
(Parker et al., 2015). Moreover, Cahoon et al. (2012) revealed that shrub-covered sites
were a net source of CO; in warm soil conditions (> 10 °C). Therefore, shrub
encroachment in the Arctic, where soils store large amounts of carbon, could
potentially lead to increased carbon loss from the ecosystem (Wilmking et al., 2006;

Parker et al., 2015; Cahoon et al., 2012).

Lastly, surface disturbance in permafrost regions will also be affected by climatic
changes. Future alterations in disturbance patterns could result in either increased
shrub abundance as new seedbeds are created, or decreased abundance where

degrading permafrost creates a waterlogged environment unsuitable for shrub growth
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(Myers-Smith et al., 2011). Whilst there is evidence of cryoturbation leading to
increased storage of SOC by mixing soil layers and redistributing carbon to deeper soil
horizons (Bockheim, 2007; Kaiser et al., 2007), the future intensity of frost activity
remains uncertain. Bockheim (2007) suggests that cryoturbation will increase as the
warmer temperatures degrade permafrost. However, a model by Aalto et al. (2014)
predicts an almost complete cessation of cryoturbation in northern Fennoscandia if
current temperatures increase by 2°C. A number of other studies have also stated that
warming will lead to a decline in cryogenic activities and the probable encroachment
of previously cryoturbated surfaces by vegetation in the future (Kade et al., 2005;
Becher et al., 2018; Vaisanen et al., 2017) which was also observed in our study

(Figures 3.2b and 3.2d).

In accordance with previous research (Becher et al., 2015; Vaisdnen et al., 2017),
visual assessment of our study sites (Figure 3.2) indicates that vegetation is likely to
colonise the sorted circles along the altitudinal transect as cryoturbation ceases. Global
vegetation models based on satellite observations and climate data have already shown
increased vegetation greenness, gross primary production, and respiration over the past
decades as a response to increased atmospheric COz levels and higher temperatures
(Los, 2013; Zhu et al., 2016). If changing climatic conditions continue to make our
study site favourable for shrub expansion, increased vegetation cover will accelerate
carbon cycling and CO; emissions from the transformed landscape will increase.
However, the relationship between frost disturbance and vegetation cover is not

straightforward, especially in a highly heterogeneous alpine environment.

Mod et al. (2014) stress the importance of considering multiple environmental factors
in order to improve our understanding of the ways in which abiotic conditions (i.e.,
cryogenic disturbance) affect biotic interactions in Arctic and alpine environments.
For an accurate assessment of soil carbon fluxes, it is crucial to consider how soil
respiration is influenced by spatial heterogeneity (Li et al., 2017) and how it will
respond to future changes in the intensity of cryoturbation. Whilst the Re
measurements presented in our study were limited to the peak growing season, long-
term measurements would improve the predictions. Lastly, there is a need for
upscaling of the CO; fluxes on a landscape scale based on vegetation data (Virkkala

etal., 2018).
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3.6. Conclusions

Ecosystem respiration (R¢) was measured with an infrared gas analyser across an
altitudinal transect under different permafrost conditions. Atmospheric, soil and
vegetation parameters were measured simultaneously with the chamber
measurements. Re values ranged from 0.1 to 3.88 umol m™ s!. No distinct pattern was
found with increasing altitude, and there was no significant correlation between soil
chemistry and Re.. However, the highest rates of CO, were emitted from ground
covered with well-established vegetation at all altitudes, whilst the lowest rates were
recorded from bare ground. Following analysis (LARS), Re was found to be controlled
more strongly by soil microclimate and plant growth forms than by geomorphic
indicators of cryoturbation in thawing permafrost or by atmospheric conditions. Of the
four cryoturbation proxies, only surface disturbance exhibited a significant negative
relationship with Re. Conversely, vegetation cover had a positive effect on Re, with
shrub cover having the strongest influence on it. Heat flow models predict further
permafrost degradation for our study site whilst satellite images provide evidence of
increases in vegetation greenness and altitudinal upward shifts of plants across the
northern hemisphere. In this context, our results indicate that the likely response of
future warming in our study area will be decreased cryoturbation and enhanced
upslope shrub encroachment. We predict that under this scenario, carbon cycling will
intensify and CO; emissions from the transformed landscape may be expected to

increase in the future.
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Chapter 4

Tree line shifts, changing vegetation assemblages and permafrost
dynamics on Galdhepiggen (Jotunheimen, Norway) over the past
~4400 years

Fieldwork for this project was carried out on the Swansea University Jotunheimen
Research Expedition in 2018. This paper constitutes Jotunheimen Research
Expeditions Contribution No. 222 (see:

http://jotunheimenresearch.wixsite.com/home).

Co-authors: Froyd CA, Hiemstra JF, Los SO

Published in: The Holocene (2022) 32(4): 308-320.
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Abstract

An environmental reconstruction based on palynological evidence preserved in peat
was carried out to examine late Holocene alpine tree line dynamics in the context of
past climatic changes on Galdhepiggen (Jotunheimen, southern Norway). We analysed
a peat core taken from a mire at the present-day tree line (1000 m a.s.l.), c. 450 m
downslope from the lower limit of sporadic permafrost. We adopted a combination of
commonly used indicators of species’ local presence to reconstruct past vegetation
assemblages, such as the relative pollen abundance (%), pollen accumulation rate
(PAR), and presence of indicator species. Additionally, fossil pollen from the peat
sequence was compared to modern pollen from a surface moss polster in order to
establish a modern analogue. The results were compared with studies covering the late-
Holocene climatic changes in the area. The reconstruction demonstrates that a pine-
dominated woodland reached above the present-day tree line at c. 4300 cal. yr BP,
suggesting a warmer climate suitable for Scots pine (Pinus sylvestris) growth at this
altitude. Scots pine retreated to lower altitudes between c. 3400-1700 cal. yr BP,
accompanied by the descent of the low-alpine shrub-dominated belt, in response to
cooling climatic conditions. The colder period covered c. 1700—170 cal. yr BP, and an
open downy birch (Betula pubescens) woodland became widespread at 1000 m a.s.1.,
whilst pine remained sparse at this altitude. From c. 170 cal. yr BP onwards, warming

allowed pine to re-establish its local presence alongside downy birch at 1000 m a.s.1.
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4.1. Introduction

Over the past decades, northern mountainous areas have been experiencing the
thawing of permafrost and alterations in vegetation patterns in response to increasing
temperatures. Such changes have been recorded on Galdhepiggen (Jotunheimen,
Norway), the highest mountain in northern Europe and the subject of the current study.
Previous studies carried out on Galdhepiggen have recorded the decadal-scale
warming of near-surface permafrost (Isaksen et al., 2007) and mean ground
temperatures (Isaksen et al., 2011). Models indicate that the lower limit of permafrost
has moved upslope by 200 m since 1860, to its present-day altitude of ¢.1450 m a.s..
(Hipp et al., 2012). Concurrently, aerial photographs reveal upward altitudinal shifts
in vegetation (notably Betula pubescens) on the north-facing slope over recent decades
(Hallang et al., 2020). At higher elevations, shrub encroachment on Galdhepiggen has
been found to have a larger control over surface CO; emissions than geomorphological

factors (Hallang et al., 2020).

To understand the response of northern alpine vegetation communities and tree lines
to changing air temperatures, it is necessary to examine the patterns of such vegetation
shifts over longer time periods. Past alpine tree line movements can assist in
identifying warmer and colder periods and allow inferences about permafrost
degradation and aggradation. In turn, examining the long-term vegetation- and
permafrost dynamics could contribute to improving our understanding of the role of
northern alpine regions in the future carbon cycle. Here, we analyse a palacoecological
sequence in order to gain insight into centennial- and millennial-scale movements of
vegetation communities on the slope of Galdhepiggen in response to past climatic

changes.

Alpine regions are particularly suitable for studying vegetation dynamics, as they are
sensitive to climatic variations and provide a setting where climatic and environmental
conditions vary over short distances. Past palynological studies have used tree lines at
their altitudinal limits as proxies to infer past climatic conditions in Norway (Aas,
1969; Barnett et al., 2001; Bjune, 2005; Caseldine, 1984; Eide et al., 2006). Here, we
define the tree line as a general boundary area connecting the highest altitudinal

patches of woodland on the north-facing slope of Galdhepiggen (Aas, 1969; Korner,
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1999). As the position of alpine tree lines is mainly controlled by temperature, they
can be highly sensitive to even a small change in climate (Caseldine, 1984; Eide et al.,
2006; Kullman, 2002). For example, tree lines in the Scandes have advanced by
hundreds of metres in response to warming since 1950 (Kullmann, 2002). Therefore,
a record of tree line trends over several thousand years can provide insight to past

climatic changes.

The historic altitudinal movements of vegetation belts can be reconstructed from
sedimentary deposits (peat- and lake deposits), whilst modern pollen trapped in moss
polsters can be used to calibrate the palacoecological record. However, an accurate
estimation of the past vegetation composition based solely on palynological data is not
as straightforward as simple quantification of pollen abundance, due to the differences
in pollen production and dispersal methods between species. Here, we adopt a
combination of commonly used indicators of local species’ presence to reconstruct past
vegetation assemblages on the slope of Galdhepiggen. A peat core with an
accompanying surface moss polster was taken from a mire near the present-day tree
line at 1000 m a.s.l., 450 m downslope of the present-day lower limit of permaftrost.
Fossil- and modern pollen were extracted from the peat and moss polster and
identified. The interpretation of data is enhanced by combining several approaches:
(1) relative pollen abundance (%) is compared with thresholds from the literature; and
(2) modern pollen abundance is compared with fossil assemblages. Pollen
accumulation rates (PAR) and indicator species provide additional insight to past

vegetation composition.

Galdhepiggen has been the focus of several permafrost- and vegetation studies, which
provide comprehensive background condition data over recent decades. Holocene
climatic history and variability in the Jotunheimen region have also been extensively
studied. Periods of glacial expansions and retreats since the beginning of the Holocene
have been inferred from glaciolacustrine sediment cores (e.g., Matthews et al., 2000)
and from minerogenic sediment layers in stream-bank mires (e.g., Matthews and
Dresser, 2008). Holocene ground temperatures and permafrost extents on
Galdhepiggen have previously been modelled using temperature-monitored boreholes
for model calibration (Hipp et al., 2012; Lilleeren et al., 2012). Combining the existing

climate reconstructions with local palynological data will contribute to improving the
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interpretation of changing environmental conditions on Galdhepiggen over the past

~4400 years.

The specific objectives of this study are: (i) to reconstruct the late-Holocene vegetation
assemblages on Galdhepiggen and describe their patterns of distribution through time;
and (ii) to analyse the reconstructed vegetation dynamics to infer the late-Holocene

climatic conditions and permafrost limits on Galdhgpiggen.

4.2. Methodology

4.2.1. Study site

A 46 cm Sphagnum peat core was collected from a small mire (Figure 4.1) situated at
1000 m a.s.l. on the north-facing slope of Galdhepiggen mountain in NE Jotunheimen,
Norway (61°43°07.4”N, 8°23’58.7”E),

Raudbergstultjenne Lake. The mire is c. 460 m below the lower limit of discontinuous

approximately 250 m southeast of

permafrost, which was most recently estimated at around 1450-1470 m a.s.l. (Farbrot

etal., 2011; Isaksen et al., 2011).
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Figure 4.1. Coring site near Raubergstulen on the north-facing slope of Galdhepiggen in Jotunheimen.
Site location is indicated by a triangle, pine (Pinus sylvestris) and birch (Betula pubescens) upper

altitudinal tree limits are shown in contrasting shades of grey.
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The coring site lies approximately on the present-day tree line (Figure 4.1), near the
upper boundary of the sub-alpine vegetation belt (Table 4.1). The upper altitudinal
limit of the mixed pine-birch woodland at 1050 m a.s.l. (Figure 4.2) represents the
‘timber line’, or the limit of the continuous forest in the area. This is also the altitudinal
limit of Pinus sylvestris (Scots pine), both here and in Jotunheimen (Bjune, 2005). The
tree line extends up to almost 1200 m a.s.l., and consists of stands of Betula pubescens

(downy birch).

Tree line positions have been related to the temperatures of the warmest month in the
area (Korner, 1999) or a minimum of 100 days per year over 5°C (Ellenberg, 1963).
Paus (2010) estimated that Pinus sylvestris requires minimum July mean temperatures
of'c. 11°C for growth in central Norway, whilst Nesje and Kvamme (1991) found that

mean June-September temperatures of at least 7°C are required for Betula pubescens.

Based on data from the Fokstua meteorological station (60 km from site), the 2010-
2019 mean July air temperature at c. 1000 m a.s.l. in the area is 11.4°C and the mean

growing season (June-September) temperature is 9°C (NOAA, 2020). The mean

number of days above 5°C per year was 121 during the past decade, a considerable
increase from an annual mean of 110 days during 1950s, 1960s and 1970s (NOAA,
2020).

Figure 4.2. Present-day vegetation composition around the mire includes a sparse stand of Pinus
sylvestris to the north (left of the lake) and the altitudinal upper limit of the Betula pubescens tree line
to the south (right of the lake). The coring site is indicated by a star. Image reproduced from Google
maps (2020).
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The strategic location of the mire was selected to obtain a core with a surface moss
polster that would contain a pollen assemblage representative of the vegetation at the
present-day tree line. The surface vegetation on the mire is dominated by Sphagnum
moss and sedges (e.g. Eriophorum spp.), with scattered shrubs including Betula nana
(dwarf birch) and Salix (willow) species (S. herbacea, S. glauca). The mire is
surrounded by a sparse stand of Pinus sylvestris c. 260 m to the north, mixed with
individual junipers (Juniperus communis). Approximately 200 m to the south,
scattered stands of Betula pubescens are mixed with Salix spp. and Betula nana. A
birch-dominated mixed woodland is found 500 m to the east of the coring site, whilst
the mixed woodland 600 m to the west is dominated by pine (Figure 4.2). The
vegetation belts on Galdhepiggen are described in Table 4.1.
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Table 4.1. Vegetation assemblages across altitudinal vegetation belts on Galdhepiggen, including (a)

species characteristic of mature vegetation and (b) pioneer species found in each belt (based on

Matthews et al. 2018).

Sub-alpine belt

Low-alpine belt

Mid-alpine belt

High-alpine belt

mixed with
meadowland and
stands of pine

above the tree line

with late-snowbed
communities; shrubs at

~ 850-1025 m ~1025-1350 m a.s.1. ~1375-1600 m ~1600-2200 m
a.s.l. a.s.l. a.s.l.
Birch woodland Dwarf-shrub heath Grass- and lichen heath | Discontinuous

vegetation cover

Pinus sylvestris
Alnus incana
Juniperus communis
Empetrum nigrum
Vaccinium myrtillus
Vaccinium vitis-idaea
Salix herbacea

Salix glauca

Betula nana

Gymnocarpium
dryopteris

(b)
Rumex acetosella

Epilobium

anagallidiflium
Plantago lanceolata
Trifolium repens

Ranunculus acris

Salix glauca

Salix lanata
Juniperus communis
Empetrum nigrum
Vaccinium myrtillus
Vaccinium vitis-idaea

Vaccinium
uliginosum

Solidago virgaurea

Hieracium spp.

(b)
Rumex acetosella

Epilobium

anagallidiflium
Plantago lanceolata
Trifolium repens
Poa alpina
Saxifraga spp.

Festuca ovina

Cetraria spp.

Nardus sticta

Salix herbacea

Salix glauca

Salix lanata
Empetrum nigrum
Vaccinium vitis-idaea

Vaccinium uliginosum

(b)
Rumex acetosella

Epilobium
anagallidiflium

Plantago lanceolata
Trifolium repens
Poa alpina
Saxifraga spp.

Festuca ovina

lower part of the belt
(a) (a) (a) (a)
Betula pubescens Betula nana Carex bigelowii Poa alpina

Luzula arcuata
Ranunculus glacialis
Saxifraga spp.
Cetraria nivalis
Stereocaulon alpinum

Racomitrium
canescens
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4.2.2. Sample collection

A 50 cm Russian peat corer with a 5 cm chamber diameter was used to collect a 46
cm-long core (including a 5 cm moss polster) from the centre of the mire. Whilst the
peat layer extended deeper, only the top 46 cm was extracted and analysed for the
purposes of this study. The core was wrapped in plastic film and placed in a plastic
tube for transportation. Prior to sub-sampling, the core was stored in dark conditions
at 5°C. For laboratory analyses, the core was sub-sampled at one centimetre resolution
to produce a total of 46 samples. A modified syringe was used to measure out a known
volume (1 cm?) of peat material per sample. Based on previous studies that estimated
the pollen deposition time in moss polsters in Scandinavia (Lisitsyna and Hicks, 2014;
Pardoe et al., 2010; Von Stedingk et al., 2008), the 5-cm Sphagnum moss polster
covering the peat was assumed to represent c. four years of pollen accumulation. To
examine the pollen composition throughout the moss, the polster was cut into segments
at 1 cm resolution from the top down. To ensure that enough pollen was extracted from

each segment, 2 cm?® of material was measured out for analysis.

To determine the organic matter content and density of the peat, loss-on-ignition
analysis was undertaken following the method outlined by Chambers et al. (2011). The
core was sub-sampled at 2 cm intervals (covering depths between 16-44 cm due to the
lack of sediment in the top 6-15 cm). Samples with known volume (1 cm?) were dried
overnight at 105 °C in weighed ceramic crucibles to determine the dry weight of each
sample. The samples were then ignited at 550 °C for four hours to combust all organic

matter, cooled to room temperature in a dessicator and weighed again.

4.2.3. Pollen extraction

Pollen extraction followed the standard method by Bennett and Willis (2001). Two
Lycopodium spore tablets (Batch no. 3862) with known concentration of spores were
used per sample as a marker to calculate the concentration of pollen (Stockmarr, 1971).
The samples were first treated with hot HCI, humic acids were broken down with hot
NaOH and sieving through a 180 pum sieve removed large particles from the peat
material. Initial samples were tested with and without the use of hydrofluoric acid
(HF). Due to the high organic matter content of the samples, the use of HF was

determined to be unnecessary after the trial. All samples were subjected to three
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minutes of acetolysis to remove polysaccharides. To increase the contrast of pollen
grains, 0.2% aqueous safranin was added to stain the pollen. The samples were

mounted on glass slides using silicone oil.

4.2.4. Radiocarbon dating and age calibrations

The humin fraction of three peat samples (taken at 10 cm, 24 cm and 46 cm depth)
was dated using accelerator mass spectrometry (AMS) radiocarbon dating. The
resulting '*C dates for samples taken at depths of 24 cm and 46 cm were converted to
calendar ages (cal. yr BP = calendar years before present [1950]) using the calibration
software CALIB (8.2) (Stuiver et al., 2021) and the northern hemisphere terrestrial
calibration curve IntCal20 (Reimer et al., 2020). The dates were determined using 2c
error (Stuiver and Reimer, 1993) meaning that there is a 95% probability that the
reported median calibrated age falls within the estimated age range. The ‘greater than
modern’ (F!*C) radiocarbon date at 10 cm depth was calibrated using the post-bomb
northern hemisphere calibration dataset ‘NHZ1’ by Hua et al. (2013), and the online
calibration resource CALIBomb (available from: calib.org/CALIBomb/).

4.2.5. Pollen counting

A Leica (DM 2000) light microscope was used at x400 and x1000 magnification to
identify and count the pollen. A minimum of 500 TLP were counted at each depth; the
sum includes all pollen taxa and spores (Sphagnum and Filicales). Moore (1994),
Reille (1992) and a collection of reference slides held in the Department of
Biosciences, Swansea University, were used to identify the pollen grains and the
spores. Due to their different growth forms and ecological significance, pollen
belonging to the genus Betula was identified to species level where possible as either
Betula nana, Betula pubescens (Birks, 1968) or Betula hybrid (Karlsdottir et al., 2008).
The division was based on visual assessment of pollen combined with measurments of
diameter (mean values: B. nana =20.42 pm, B. pubescens =24.20 pm) and pore depth
(mean values: B. nana = 2.20 um, B. pubescens = 2.81 pum) of individual grains. A
number of Betula pollen grains that were damaged or deformed and therefore difficult

to identify were counted as Betula undiff.
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4.2.6. Pollen diagrams

Pollen relative abundance (%) and concentration (grains/cm’®) were calculated
following Bennett and Willis (2001). All pollen diagrams were created using psimpoll
(4.27) (Bennett, 2000). Statistically significant pollen assemblage zones based on the
relative pollen abundance diagram were determined using binary splitting by sums-of-
squares and constrained cluster analysis (CONISS); both methods resulted in the same
output (Grimm, 1987). The influx diagram illustrating the pollen accumulation rates
(grains cm? year!) for nine dominant taxa was created using input files with
concentration values and calibrated ages for dated depths. PARs were not calculated

for the modern moss polster because the exact age of the polster is not known.

4.2.7. Methods of analysis

Detection of Holocene tree line positions and dynamics based on pollen relative
abundance is difficult (Aario, 1940; Birks and Bjune, 2010; Seppé and Hicks, 2006).
Firstly, estimating the local presence of species through traditional pollen analysis is
complicated because the relationships between pollen deposition and vegetation cover
are rarely straightforward. Differences in the pollen type, production and dispersal
methods of individual plant species, but also atmospheric conditions (e.g., wind speed
and dominant direction) and topography will play a role in how and where pollen is
deposited for long-term preservation (Jackson and Lyford, 1999). Secondly, B.
pubescens and P. sylvestris have been found to produce less pollen near their
altitudinal limits than at lower altitudes in Norway (Eide et al., 2006). Above the tree
line, pollen production by local tundra species is similarly low, and pollen records are
often dominated by long-distance derived tree pollen (up to 90%), masking the local

tundra pollen component (Birks and Bjune, 2010; Pardoe, 2006; 2014).

Being aware of the complications regarding the use of pollen data to delineate past tree
lines, and acknowledging the limitation posed by the absence of macrofossil analysis
(Birks and Birks, 2000), we do not attempt to determine the exact position of the tree
lines at any given time. Instead, we aim to describe the directions of past trends in
vegetation cover, and draw general conclusions about the late Holocene environmental

conditions on Galdhegpiggen in the context of previous publications. To achieve this,
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we combine several proxies (relative pollen abundance, PAR, and indicator species)
to interpret the pollen data. Relative pollen abundance has been used as an indicator of
the presence of local taxa (e.g., Barnett et al., 2001; Huntley and Birks, 1983; Lisitsyna
etal., 2011), and pollen percentage threshold values have been estimated for dominant
European tree species to differentiate between local and regional pollen (compiled in
Table 4.2). However, the use of relative pollen abundance alone to reconstruct past
assemblages in open alpine tundra environments can be misleading, as it cannot
distinguish between local and regional pollen (Birks and Bjune, 2010; Prentice and
Webb, 1986). For example, Barnett et al. (2001) reported periods of local presence of
birch and pine throughout the Holocene in Leirdalen, Norway (approximately 14 km
from our site, at 920 m a.s.l.) based on relative pollen abundance (>10% and 55%,
respectively). Conversely, similar relative abundance values of arboreal pollen (15-
35% of birch, 20-60% of pine) were recorded in surface moss polsters collected from
modern open pioneer communities on a nearby glacial foreland at Storbreen, far from

tree cover (Pardoe, 2006).

Similarly, we have used the relative abundance of modern pollen in the surface moss
polster (and in the top five centimetres of peat in our core) to establish a modern
analogue and allow for comparison with fossil pollen assemblages in the peat. This
tested approach allows a direct linkage of present-day pollen and vegetation, which
can then be used to make inferences about palaeo-relationships (e.g., Caseldine, 1989;
Caseldine and Pardoe, 1994; Jackson, 1991; Pardoe, 1996, 2006, 2014). Surface moss
polsters are estimated to represent two to five years of pollen deposition and are
considered a good analogue for determining plant community composition within
palaeoecological records, but they cannot be used to calculate PAR if the exact age of
the moss polster is unknown (Lisitsyna and Hicks, 2014; Pardoe, 2006). Moss polsters
are useful for estimating local vegetation composition in tundra environments, where

the relevant source area of pollen is relatively small (600-800 m) (Oswald et al., 2003).

To further characterise the Galdheppigen palaco-vegetation, we examined pollen
accumulation rates throughout the core. PARs represent the net number of grains
accumulated per unit area of sediment surface per unit time (Davis, 1969). PARs are
not affected by the presence or absence of other (abundant) taxa in the pollen profile,
allowing each taxon to be analysed individually over space and through time.

Assessment of PARs have been used to determine species’ local presence (Kuoppamaa
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et al., 2009) and to quantify the presence of birch, pine and spruce at their latitudinal
limit in northern Fennoscandia (Hicks, 2001). Using a network of pollen traps to
estimate deposition rates over 18 years, Hicks (2001) found that the long-term average
pollen deposition is an accurate indicator of the local presence, absence and abundance
of arboreal species. The PAR threshold values for pine and birch presence from Hicks

(2001) are also outlined in Table 4.2.

Table 4.2. Threshold values of Betula pubescens, Pinus sylvestris and Picea abies pollen accumulation
rates (grains cm? yr') and relative pollen abundance (%) from the literature indicating local and

regional presence of arboreal species.

Betula Pinus Picea
Hicks (2001) PAR Not present N/A <300 <25
(grains cm2 yr-l) within 10 km
Not present <500 300-500 25-50
within 1 km
Sparse presence 500-1000 500-1500 50-100
Open forest 1000-1500 1500-2000 100-300
Dense forest >1500 >2000 >300
Huntley and Birks Local presence 10% >25% 5%
0
(1983) % values Local dominance 25% >50% N/A
Dominant woodland 50% N/A N/A
Lisitsyna et al. Regional presence 5% 10% 1-5%

(2011) % values

Finally, we have identified several species in our pollen profile that may be indicative
of certain environmental conditions. This approach has been evaluated in more detail

by Birks et al. (2010) and introduced in more detail in the discussion.
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4.3. Results

The peat sample is relatively uniform and consists of well-humified organic matter.
The organic matter content is high (87-91%) throughout the tested 41 cm of peat
material. The bulk density of the samples ranges from 0.14 to 0.23 g cm™, showing a
gradual decline with increasing depth. The ash-free bulk density (organic matter
density) shows a similar decline, from 0.12 to 0.2 g cm™. The pollen percentage values
are presented in Figure 4.4 and influx values are outlined in Figure 4.5. The
radiocarbon dates for three depths (10, 24 and 46 cm) and calibrated ages are listed in
Table 4.3.

Table 4.3. Radiocarbon dates and age calibrations using the IntCal20 calibration curve (Reimer et al.,

2020) and the post-bomb calibration dataset ‘NHZ1’ (Hua et al., 2013).

4C 20 Relative area Median
Depth  Laboratory Age Fl4C Calibrated under Calibrated
ref. code (years distribution Age
(cm) ) y Age Ranges
BP)
10 UBA-44553 - 1.0915 1999-2001 0.98 2000 =
iO.l()OZ AD 1 AD
24 UBA-42480 2872+ - 2921-3074 0.95 2997+ 76
24 cal. yr BP cal. yr BP
46 UBA-42479 3918+ - 4241-4424 1.00 4332 +£91
32 cal. yr BP cal. yr BP

An age-depth model (Figure 4.3) based on linear interpolation between the three dated
levels of the core (10, 24 and 46 cm) and the surface was created using the ‘clam’ (2.2)
package (Blaauw, 2010) in R (3.6.3) (R Core Team, 2021). The input file contained
both 'C ages and the calibrated F'*C date. By default, ‘clam’ uses the IntCall3
calibration curve from Reimer et al. (2013) for '“C ages. To include the F'*C date, we
selected the post-bomb calibration curve ‘NHZ1’ by Hua et al. (2013). The non-'C
dates (i.e., at 10 cm and at the surface) were assigned negative values to indicate their
departure from 1950 AD to present. For example, the calibrated date at 10 cm is c.
2000 AD, therefore this depth was assigned the value ‘-50’ in the input file. The surface
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of the consolidated peat core is set at 6 cm, excluding the modern moss polster.
Assuming that the 5 cm thick moss polster represents two to four years of accumulation
(Lisitsyna and Hicks, 2014) and the core was collected in 2018, the age of the surface
was set to 2014 (represented by ‘-64’ in the input file).

Depth (cm)
20 10
1

an
|

40
|

4000 3000 2000 1000 0
cal BP

Figure 4.3. An age-depth model based on linear interpolation between dated levels (10, 24 and 46 cm)
and the surface, using the calibration curves IntCall3 and post-bomb curve ‘NHZ1’. The model was

created using the ‘clam’ (2.2) package in R (3.6.3).

Accumulation rates vary throughout the core (see Supplementary Table 4.1). Between
46 and 24 cm, accumulation rates are relatively high, and 1 cm of peat covers 61 years.
The rates drop between 24 and 10 cm, where 1cm covers 217 years. The remaining 4-
cm section of peat at the top corresponds to only three years of accumulation per 1 cm.
This apparently disproportionately high rate of accumulation can be explained by a
combination of incomplete decomposition of the less compacted and less consolidated
near-surface peat. Direct comparisons between the top and deeper parts of the core
should be made with caution (c¢f. Young et al., 2019). In our study we therefore

excluded the PARs of the section of the peat core between six and nine centimetres
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from the influx diagram (see Figure 4.5). However, as the top four centimetres of peat
date post-2000, the section provides an additional modern reference, and the relative
abundance of pollen from this section can be used in comparison with deeper peat

layers.

4.3.1. Zone 1 (4350 — 3430 cal. yr BP)

The relative abundance of arboreal pollen (86-92%) is high in the basal zone of the
pollen profile (Figure 4.4). Pinus sylvestris pollen dominates the percentage diagram
(45-64%), followed by Betula pubescens (20-35%). Both exhibit highest PARs at c.
3670 cal. yr BP (6500 and 3000 grains cm™ year!, respectively). Other arboreal taxa,
i.e., Alnus, Quercus, Sorbus, Ulmus, Juniperus and Tilia, are represented by small
quantities of pollen (<3%). The proportions of shrub and herb pollen increase in the
upper portion of the zone. The relative abundance of Empetrum nigrum pollen
increases from 0.2% to 3%, with Betula nana and Salix pollen following a similar
pattern. The highest relative pollen abundance of some herb genera throughout the
4400-year sequence (e.g., Asteraceae, Filipendula, Rumex) are recorded in this zone,
whilst other genera (e.g., Valeriana, Plantago) appear exclusively in this time period.
The relative abundance of Filicales spores decreases from 4% to 0.8% in Zone 1, and

Sphagnum spore abundance increases from <0.5% to 1%.

4.3.2. Zone 2 (3430 — 1690 cal. yr BP)

A sharp decrease in PAR for all taxa is evident in the middle of Zone 2. Arboreal
pollen relative proportions drop to the lowest values of the entire profile (77%), before
recovering to 91% by 1690 cal. yr BP. Pinus sylvestris pollen exhibits a consistently
lower PAR (300-2600 grains cm™ year™'), and its relative abundance decreases from
57% to 16% by c. 3000 cal. yr BP, recovering to 37% by c. 1690 cal. yr BP. The
relative abundance of Betula pubescens pollen fluctuates between 20% and 52%
throughout the zone, with PAR comparable to P. sylvestris. Relative pollen proportion
of other arboreal taxa remains low. Shrub pollen abundance increases from 8% to 19%
by mid-zone, followed by a decline to 6% by the end of the period. Betula nana pollen
reaches the highest PAR (500 grains cm™ year™!) and relative abundance (14%) in the

profile. Salix, Empetrum nigrum and Vaccinium pollen is recorded throughout the
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period (<4% each). Herb pollen and spores are present in small quantities in this zone
(4% and <6% respectively). Epilobium angustifolium pollen occurs, whilst Ulmus,
Geranium and Apiaceae pollen are not recorded in the profile after this time period.
The relative abundance of Filicales and Sphagnum spores both fluctuate between 0.4%

and 4%.

4.3.3. Zone 3 (1690 cal yr. BP —2014 AD)

PARs for all taxa remain low. Arboreal pollen continues to dominate the profile (84%-
91%). Pinus sylvestris pollen exhibits lowest overall PAR (<500 grains cm? year™)
and relative abundance (18-33%). Betula pubescens pollen shows higher values (30-
52%) and PAR rates (500-1500 grains cm™ year™) exceed those of P. sylvestris. Picea
abies pollen appears in the profile from c. 800 cal. yr BP (<1%). Shrub pollen relative
abundance shows a slight increase, but remains between 6% and 11%. After an initial
drop, Betula nana pollen exhibits a steady rise (3-9%) throughout this zone. Empetrum
nigrum pollen proportion declines from 4% to 1% whilst Salix pollen abundance
increases to 2%. Herb pollen drops below 1%, but regains values of 3%. The relative
abundance of spores declines from 2% to 0.6%. Sphagnum spores exhibit the highest
values (4%) whilst the proportion of Filicales spores remains consistently low (0.4-

2%).

4.3.4. Zone 4: Modern moss polster (~2014-2018 AD)

The relative abundance of arboreal pollen is slightly higher (87-92%) in the modern
moss polster compared to the underlying peat of Zone 3. Pinus sylvestris pollen
abundance is also higher here (34-43%), and comparable to the abundance of Betula
pubescens pollen (36-42%). Picea abies pollen is present throughout the moss at <1%.
Quercus (0.5-2%) and Alnus (<0.4%) pollen retain low presence, Tilia cordata pollen
is recorded again after an absence in Zone 3. Shrub pollen proportion is lower than in
peat samples, and remains between 3-6%. Low relative abundances are recorded for
Betula nana pollen (2-5%), Empetrum nigrum pollen (<1%) and Salix pollen (0.2-2%).
Herb pollen abundance remains between 2-4%. Poaceae (1-2%) and Cyperaceae
(£2%) relative pollen proportions are higher than in underlying peat samples. Aster,

Filipendula, Rumex and Ranunculaceae pollen are present, and Caryophyllaceae is
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recorded again after being absent in Zone 3. Spores account for 0.5-3% of TLP.
Sphagnum spores exhibit a lower relative abundance in the moss polster (0-1%),

whereas the proportion of Filicales spores is slightly higher than in Zone 3 (up to 2%).
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Figure 4.4. Pollen diagram summarising the relative abundance (%) of taxa throughout the peat core. Distinct zones in the pollen profile are separated by lines. The modern
moss polster (top 5 cm) is indicated with a border. The ages (cal. yr BP) indicate departure from 2018 AD. Dots indicate the presence of pollen at <0.5%.
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Figure 4.5. Pollen influx of select dominant taxa, illustrating the pollen accumulation rates between 46

and 10 cm of the peat core. The ages (cal. yr BP) indicate departure from 2018 AD.

4.4. Discussion

Comparison of present-day vegetation composition with pollen from moss polster and
modern peat (2000-2018 AD) The relative abundance of Betula pubescens pollen in
the modern (post-2000 AD) peat- and moss samples indicates the local dominance of
the species (Table 4.2). B. pubescens is undoubtedly a dominant presence in the
landscape today, and forms a belt between the mixed forest and the tundra, ¢. 200 m
upslope from the coring site (Figure 4.1). There is a slight increase in B. pubescens
pollen abundance between 2000-2014, which could be indicative of the increased
abundance or maturation of the species in the area. The rapid warming over the past
decades has increased the mean summer temperatures at the tree line by 2°C, and
lengthened the growing season by 11 days compared to 1950s-1970s (NOAA, 2020;

see Study site). Birch is highly sensitive to temperature fluctuations, because the
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species grows quickly, reaches maturity early and has a short life span (Aas, 1969).
The upslope advancement of B. pubescens in response to warming over the past
decades has previously been recorded from aerial photographs in the area (Hallang et
al., 2020). Whilst the climatic conditions today are favourable for tree growth at even
higher altitudes above the tree line, the rapidity of the change has likely resulted in a
lag in migratory response, as current species’ compositions are often determined by
the climate of previous decades (Klanderud and Birks, 2003). Additionally, the
response is dependent on the availability of suitable substrate and habitat at higher

altitudes for seedling recruitment.

The modern pollen abundance of Pinus sylvestris also accurately reflects local
presence. P. sylvestris is less abundant around the mire compared to B. pubescens; the
closest pine stand north of the mire is sparse, and the nearest dense woodland is ¢. 500
m downslope (Figure 4.1). There is also evidence of long-distance transported modern
tree pollen of Alnus, Quercus and Tilia cordata, which likely originates from further
down the valley, as they are not currently found near the sampling site. Whilst the
presence of tree species is accurately estimated from the modern samples based on the
threshold values in Table 4.2, the non-arboreal component of the surface moss sample
contains some discrepancies. Despite the comparable presence of both Betula nana
and Salix spp. on the surface of the mire around the coring site, Salix is under-
represented in the moss sample with a mean of 0.5% in the moss (compared to 1.2%
in the modern peat) whilst B. nana accounts for 3% and 6%, respectively. A similar
under-representation of Salix pollen in 4 cm thick moss samples compared to adjacent

pollen traps was observed in Lisitsyna and Hicks (2014).

The low presence of Salix pollen is unexpected, especially since for mire samples, the
non-arboreal component of a pollen profile is often dominated by species from within
a few metres of the sampling location, as mosses have the capacity to catch poorly
distributed local pollen (Bunting, 2003). A strong correlation has previously been
found in Jotunheimen (1150-1500 m a.s.l.) between the abundance of Salix in the
dwarf-shrub vegetation assemblage and the frequency of Salix pollen in the pollen
spectra (Caseldine, 1989). However, Salix pollen is present throughout the 4000-year
peat sequence in comparably small quantities (<1.6%). Due to the close proximity of

the tree line, it is possible that the arboreal component dominates the pollen profile so
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heavily that it masks non-arboreal species in the profile, suggesting that even the

smallest signal of Salix pollen could indicate local presence of the species.

Additionally, the previously reported encroachment of shrubs affecting the higher
elevations of Galdhepiggen (>1550 m a.s.l.) in response to warming in the recent
decades (Hallang et al., 2020) is not evident from the modern peat- and moss samples.
The shrub cover near the coring site has likely not changed significantly in the past 14
years, and samples from the mire at 1000 m a.s.l. are not reflecting the changes at

higher elevations.

Several species that are considered indicative of certain environmental conditions are
present in this zone. Previous studies conducted in Jotunheimen demonstrate strong
correlations between the abundance of indicator taxa in tundra vegetation and their
representation in the pollen spectrum (Pardoe 2006, 2014). Local non-arboreal taxa
that produce little amounts of pollen, such as Empetrum and Salix, were found to be
accurate indicators of the composition of local alpine plant communities above the
treeline. Kuoppamaa et al. (2009) listed a number of taxa that are linked to disturbance
from land-use change in northern Fennoscandia; the following also appear in our
pollen profile: Epilobium, Filipendula, Plantago major, Ranunculus acris-type and
Rumex acetosa/acetosella. In Table 4.1, we have compiled a list of pioneer species and

species characteristic of mature vegetation assemblages on Galdhepiggen today.

The species dominating the pollen spectra in this zone are largely characteristic of the
present-day sub-alpine vegetation belt (Table 4.1). Several open-ground and
disturbance indicators, such as Rumex acetosa/acetosella type and Filipendula
(Kuoppamaa et al., 2009) are also present. The most likely Ranunculaceae species in
the area 1s Ranunculus acris, whilst the common Caryophyllaceae species is Silene
dioica; both occur in the ‘tall herb’ communities in the sub-alpine belt, and extend into
the low-alpine belt (John Matthews, 2021, personal communication). The pollen of
both families is found in the moss polster. Poaceae pollen is represented in the moss
polster in higher quantities than throughout most of the sequence; the common local
Poaceae species is the alpine meadow-grass (Poa alpina), another light-demanding
pioneer species. The vegetation near the mire was recently disturbed in 2004, when
the road leading up the slope was asphalted, creating roadside verges suitable for

colonisation by pioneers (Matthews et al., 2018). However, no major disturbance
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events in the surrounding landscape, such as clearing of the woodland or wildfires,
have occurred in the period 2000-2018, and no disturbance indicator is represented by

unusually high amounts of pollen in this zone.

4.4.2. Mid-Holocene pine-dominated mixed woodland
(c. 4300-3400 cal. yr BP)

The altitude of the present-day tree line on Galdhepiggen was covered by a local pine-
birch woodland between c. 4300-3400 cal. yr BP. The relative abundance of pine
pollen for most of the period exceeds the contemporary values by 50%, and indicates
local dominance. PARs are up to 10 times higher than estimated for 2000 AD and
indicate a dense pine forest (Table 4.2). This suggests relatively warm summer
temperatures (likely exceeding contemporary values) at this altitude suitable for
abundant pine growth, and the advancement of the pine tree line. Aas and Faarlund
(1988) suggest that that pine tree lines were 200 m higher (at 1200 m a.s.l.) in
Jotunheimen between (5000-2500 cal. yr BP), and c. 150 m higher than today towards
the end of this period.

Further, past climatic reconstructions of the area have indicated a decrease in glacial
extent between c. 4000-3000 cal. yr BP (Matthews and Dresser, 2008), and models
suggest increased mean annual ground- and surface temperatures at higher altitudes on
Galdhepiggen (up to 1458 m a.s.1.) that remain above 0°C during this period (Lilleeren
et al., 2012; Winkler et al., 2021). Higher temperatures, supported by the high relative
abundance and PAR of pine pollen, certainly would have influenced the extent of
regional permafrost. Combining the evidence from our pollen study with wider
literature, we assume that the lower limit of permafrost reached above 1500 m a.s.l.

(Figure 4.7).

Whilst B. pubescens also appears locally present at 1000 m a.s.l., the relative
abundance of its pollen remains below the present-day values (2000-2014 AD)
throughout (Figure 4.6). PAR, however, exceeds the modern (2000 AD) value during
most of this period (Table 4.2). The lower relative abundance values could be due to
the substantial dominance of pine pollen in the profile, as PARs suggest a more
abundant birch presence. Moreover, a study combining pollen data with macrofossil

evidence suggests that a subalpine birch zone has prevailed above the pine tree line
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during the period 9000-2500 cal. yr BP, and despite the advanced pine tree lines, pine
did not represent the upper forest limit at any point during this time (Aas and Faarlund,
1988). It is difficult to determine whether downy birch reached above the pine tree line
on Galdhepiggen during this period without incorporating macrofossil evidence, but
birch was most likely a component of the pine-dominated mixed woodland at 1000 m

a.s.l.

A woodland presence is further supported by the highest relative abundance of shade
preferring Filicales spores (Kuoppamaa et al., 2009). The only common Filicales
species at this altitude today is Gymnocarpium dryopteris, a fern that prefers shady
north-facing slopes and forms a continuous carpet under birch trees (Matthews et al.,
2018). The pollen of Geranium, which is commonly found in the understorey today,
is also present. Other trees were absent from the woodland at this altitude, with A/nus
pollen being regional, and Quercus and Tilia cordata pollen derived via long-distance

transport (Lisitsyna et al., 2011).

However, several disturbance- and open ground indicating species are also present
throughout this period. Plantago media/major occurs exclusively during this period,
whilst Asteraceae, Filipendula and Rumex acetosa/acetosella type exhibit their highest
relative abundances in the pollen profile, and Poaceae peaks in this zone. Several light-
demanding Asteraceae species grow in the sub-alpine and low alpine belts today,
including Hieracium spp., Achillea millefolium, Solidago virgaurea and Gnaphalium
norvegicum. It is also notable that from around 3700 cal. yr BP, there is an increase in
light-demanding shrub pollen (Betula nana, Empetrum nigrum, Vaccinium spp. and
Salix spp.) (Robbins and Matthews, 2014). Whilst the shrub pollen might have
originated from the surface mire vegetation, the high relative abundance of light-
demanding herb pollen suggests that the mixed woodland may not have been as dense
as indicated by pine PARs. Overall, the species present during this period are
comparable to the mature vegetation assemblages of the present-day sub-alpine belt

on Galdhepiggen (Table 4.1).
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Figure 4.6. Relative abundance (%), concentration and pollen accumulation rates (PAR) of downy

birch (Betula pubescens) and Scots pine (Pinus sylvestris).

4.4.3. Pine retreat and descent of the low-alpine belt
(c. 3400 — 1700 cal. yr BP)

The progressive decline in relative abundance and PAR of pine pollen between c.
4330-3000 cal. yr BP coincides with the gradual decline in modelled temperatures in
southern Norway. Modelled July temperatures were 1°C higher in 4500 cal. yr BP
compared to present day (1961-1990 mean) values; by c. 3000 cal. yr BP, the
temperatures had declined and resembled present-day values (Lillegren et al., 2012).
The heat flow model by Lillegren et al. (2012) is based on studies examining pollen,
macrofossils and chironomids from lake sediments, as well as the deposition rate of
speleothems in Scandinavia, and the model is calibrated using modern borehole
temperatures, including those recorded on Galdhepiggen. Climatic cooling during this
period is also suggested by the concurrent increase in downy birch pollen at the
expense of pine. Relative pollen abundance indicates local dominance and PARs are
indicative of open birch woodland for most of this period, suggesting that the

conditions became cooler (and possibly wetter), which benefits birch rather than pine.
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By c. 3000 cal. yr BP, pine pollen reaches its lowest relative abundance in the entire
profile, coinciding with the decline of total arboreal pollen to its lowest level. Relative
abundance and PAR suggest that pine was not present within one kilometre of the
coring site at the time, whilst downy birch retains local dominance. Simultaneously,
shrubs collectively reach their highest relative abundance in the entire sequence,

suggesting that the landscape at 1000 m a.s.l. was becoming more open.

The synchronous increase in light-demanding species that characterise present-day
low- and mid-alpine vegetation belts, such as Betula nana, Empetrum, Vaccinium spp.,
and Salix spp. Could indicate a possible descent of the low-alpine vegetation belt in
response to colder temperatures. The timing of the pine retreat and shrub encroachment
corresponds to a cold period of glacial expansion (Smerstabbtindan IV, 17 km from
our site) between 3200-2550 cal. yr BP (Matthews and Dresser, 2008); and a drop in
modelled ground temperatures on Galdhepiggen by 0.2°C in the low alpine belt, and
by 0.5°C in the mid-alpine belt between 4000 and 3000 cal. yr BP (Lillegren et al.,
2012). Moreover, Bjune (2005) reported a decline in arboreal pollen and the opening
of the landscape at 1309 m a.s.l. due to cooler conditions in E Jotunheimen between

4950-2700 cal. yr BP.

All shrubs in our profile exhibit relative pollen abundance values that exceed the
modern-day values, illustrating a scenario where the sampling site was covered by
denser stands of dwarf shrubs at the expense of trees. Furthermore, Epilobium
angustifolium, a light-preferring species often occurring on sites following disturbance
such as windthrow of trees or vegetation dieback due to drought (Myerscough, 1980),
appears in the profile at c. 3300 cal. yr BP in small quantities (0.7%). Other disturbance
indicators, such as Rumex acetosa/acetosella type, Ranunculaceae, Caryophyllaceae
(likely Silene dioica) and Asteraceae are also present. Simultaneously, the proportion

of shade preferring Filicales spores remains low.

The pollen diagram (Figure 4.4) indicates signs of climatic warming between 2800-
1900 cal. yr BP, as the relative abundance of arboreal pollen begins to recover whilst
the proportion of shrub pollen declines. The relative abundances of pine- and downy
birch pollen indicate local presence of pine and birch dominance. However, the PARs
of pine and downy birch remain low between 2500-1700 cal. yr BP, indicating a

merely sparse local presence. This could be due to the increase in cooler and more
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humid periods from 2500 cal. yr BP to present, resulting in depressed tree lines and
low pollen production (Aas and Faarlund, 1988). Matthews and Dresser (2008)
identified numerous cold periods of glacial expansion in the area from c. 3000 cal. yr
BP to present day, including between 2350-1700 cal. yr BP. Modelled July
temperatures for southern Norway also decline further, remaining approximately 0.1-
0.3°C lower than the 1961-1990 mean from 2000 cal. yr BP until c. 1900 AD (Lillegren
et al., 2012). Such conditions reflect a period suitable for permafrost aggradation and
the possible depression of the limit of sporadic permafrost to altitudes lower than today
(Figure 4.7). According to Lillegren et al. (2012), however, the lower limit of
permafrost on Galdhepiggen never reached below 1200 m a.s.l. during the Holocene,
suggesting that our coring site (1000 m a.s.l.) was free of permafrost throughout this

period.
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Figure 4.7. Schematic diagrams illustrating possible vegetation cover and permafrost limits at c. 4300 and 3000 cal. yr BP, and 2000 AD. Predictions are based on the relative

abundance of pollen at these points in time. Note that the permafrost limit is higher than 600 m between 4350-3430 cal yr BP.
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4.4.4. Pine decline and the establishment of birch-dominated open woodland

(c. 1700 cal. yr BP- 2000 AD)

The topmost zone of the pollen profile covers c. 1700 years, and represents very low
peat- and pollen accumulation rates. The relative pollen abundances of the main
arboreal species indicate that from 1700 cal. yr BP to 2000 AD, downy birch was
locally dominant, whilst pine fluctuated close to the threshold of local presence,
remaining regionally present throughout most of this period (Table 4.2). Relative
pollen abundances describe the local arboreal composition in 2000 AD accurately,
demonstrating that pine was locally present (26%) and downy birch dominated (36%).
PARs, however, are low for both species, fluctuating around the threshold value for
sparse presence, and suggest that neither was present within 1-km radius from c. 600
cal. yr BP to 2000 AD. This is clearly an underestimation, as downy birch was locally
established in the 1980s, and pine was growing c. 200 m from the coring site by 2000
AD (Hallang et al., 2020). Therefore, the relative abundance of downy birch and pine
pollen can be considered as the more accurate indicator of local presence during this

period.

The discrepancy between PARs and evidence from the area could indicate that the
PARs in the top half of the core are not reliable, and their accuracy might be improved
by incorporating more radiocarbon dates. Alternatively, the underestimation of
arboreal PARSs in the recent millennia could be caused by retreated tree lines and lower
pollen production due to continuing cooler temperatures. Based on the consistently
low relative abundance of pine pollen, the pine tree line was likely lower than today
between c. 1700-170 cal. yr BP, whilst the climatic conditions remained more suitable
for downy birch growth at 1000 m a.s.l. This scenario is in accordance with two longer
periods of glacial expansion between 1400-750 and 500-0 cal. yr BP (Matthews and
Dresser, 2008). The latest cold period also covers the Little Ice Age (LIA), a cold
period between c. 1300-1850 AD (Grove, 2004). LIA peaked around 1750 AD to the
end of the 19™ century in southern Norway (Lilleoren et al., 2012). Lowest simulated
ground temperatures occurred c. 250 years BP, and the lower limit of shallow
permafrost is estimated to have reached as low as 1250 m a.s.l. (Lillegren et al., 2012).

Unfortunately, due to the coarse resolution of our pollen profile caused by low peat
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accumulation rates, the effects of the LIA are not detectable. However, our results
indicate that 1700-170 cal. yr BP was likely a cold period with a low altitudinal pine

tree line and a possibly depressed permafrost limit.

Non-arboreal pollen also signals a more open landscape from 1690 cal. yr BP. The
pollen of shrub species indicative of dwarf shrub tundra retains high values from 1690
cal. yr BP to 2000 AD. Light-demanding Betula nana is the dominant shrub in the
landscape, and Salix, Empetrum and Vaccinium are present throughout. Disturbance-
indicating herbaceous species and pioneers, such as Asteraceae, Filipendula,
Ranunculaceae, Poaceac and Rumex acetosa/acetosella type are represented
throughout by small quantities of pollen, and Epilobium angustifolium is briefly found
again at c. 2003 AD. However, none of the disturbance indicator species show
significant peaks in the pollen profile at any time. Therefore, in this case, it is difficult
to confidently identify significant periods of increased disturbance based on the

indicator species alone.

From c. 100 cal. yr BP, climatic conditions became warmer. Hipp et al. (2012)
estimated that the lower limit of permafrost on Galdhepiggen has moved up by 200 m
since 1860. In south-east Norway, birch tree lines advanced by 40 m between 1918
and 1969 (Aas, 1969), and an increase in tundra species richness at altitudes between
1600-1800 m a.s.l. on Galdhegpiggen has been recorded between 1930 and 1998
(Klanderud and Birks, 2003). By 2000 AD, pine had established its altitudinal limit at
1000 m a.s.l. alongside downy birch. It is also notable that Picea abies pollen appears
in the profile at around 800 cal. yr BP, several hundred years later than estimated in
other pollen studies in the area (e.g., Barnett et al., 2001), but remains “regional” up
to the present day (Table 4.2). The closest spruce stands are currently c. 2 km from the

site, growing at an altitude 200 m lower than the tree line.

4.5. Conclusions

The late-Holocene vegetation dynamics on the slope of Galdhepiggen were
reconstructed by employing a combination of indicators of species’ local presence.
From c. 4350 cal. yr BP until present, the area around 1000 m a.s.l. has been dominated
by two arboreal species, Betula pubescens and Pinus sylvestris. Between c. 4300 and

3400 cal. yr BP, the area was covered by a pine-dominated mixed woodland,
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suggesting that the climatic conditions were warmer than today. The lower limit of
permafrost was likely above 1500 m a.s.l. From c. 3400-3000 cal. yr BP, pine began
retreating to lower elevations, accompanied by the descent of the low-alpine shrub-
dominated vegetation belt in response to climatic cooling. This was a period of colder
temperatures and permafrost aggradation. The colder period continued through 1700
— 170 cal. yr BP, as pine retained a sparse presence, and an open downy birch woodland
dominated the landscape at this altitude. The lower limit of permafrost likely reached
lower altitudes than today. From c. 170 cal. yr BP onwards, the conditions became
warmer, and pine had re-established its local presence at 1000 m a.s.l. by 2000 AD.
Downy birch remained locally present throughout this period, and the lower limit of

permafrost moved upslope to its present-day altitude of 1450 m a.s.l.

The complementing techniques used to determine the local presence of species here
(relative pollen abundance, PAR, and indicator species) can sometimes produce
conflicting results, especially when the profile is heavily dominated by arboreal pollen.
Therefore, the combined use of several methods still requires an appreciation of the

strengths and weaknesses of the individual methods.
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Chapter 5

Permafrost, thermal conditions, and vegetation patterns since the mid-
20th century: a remote sensing approach applied to Jotunheimen,

Norway

Co-authors: Los SO, Hiemstra JF

This paper is under review for publication at the journal
Progress in Physical Geography.

117



Abstract

Northern high alpine regions are currently experiencing rapid warming, which often
results in the degradation of sub-surface permafrost and the upslope advancement of
vegetation. The present study combines remotely sensed MODIS Land Surface
Temperatures (LSTs) and the Normalised Difference Vegetation Index (NDVI) with
observed air temperatures to model the thermal and vegetational dynamics in NE
Jotunheimen (Norway) for the period 1957-2019. An altitudinal transect on the north-
facing slope of Galdhgpiggen was used for ground truthing. Model predictions indicate
a substantial warming trend since the late 1950s, accompanied by increased NDVI.
The spatial and temporal patterns of observed change were not uniform. Winter surface
temperatures increased most rapidly, by 2.4-2.8°C at mid- and low altitudes (600-1500
m a.s.l.). The highest increases in NDVI (by ~0.1) were detected during the growing
season (April-September) and over the mid-range altitudes (1050-1500 m a.s.l.), i.e.,
above the tree line on Galdhgpiggen. We attribute this to increased shrubification at
these altitudes. Our results confirm that the surface temperatures near the previously
estimated lower altitudinal limit of permafrost (~1450 m a.s.l.) have continued to
increase during the past decade, likely facilitating further permafrost degradation.
Finally, we demonstrate that mapping remotely sensed mean growing season LSTs
below 0°C can be used to identify areas suitable for continuous sub-surface permafrost,
and mean June-September LSTs above 7°C can detect areas suitable for tree (Betula

pubescens) growth in NE Jotunheimen.
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5.1. Introduction

Alpine tundra biomes are highly vulnerable to climatic changes, as increasing air
temperatures drive the degradation of sub-surface permafrost and lead to associated
shifts in aboveground vegetation patterns. The sensitivity of high mountain areas is
rightly receiving attention because their warming rate is currently thought to outpace
the global warming rate, in some cases by as much as 50% (Hock et al., 2019). Recent
increases in ground temperature in mountain permafrost regions across the globe have
been established at nearly 0.2 °C per decade (Biskaborn et al., 2019), whilst the rate at
which tree lines shift upslope could be in the order of metres per year (Cazzolla Gatti
et al., 2019). This response is observed in both trees and shrubs, as the conditions for
growth become more favourable at higher altitudes (Dial et al., 2007; Hallinger et al.,
2010; Myers-Smith et al., 2011). Such substantial changes in vegetation patterns across
alpine tundra ecosystems can have wider ecological consequences. Increased
vegetation cover at higher altitudes is likely to result in reduced surface albedo, which
in turn intensifies surface heating of alpine areas through increased absorption of solar
radiation (Chapin et al., 2005; Pearson et al., 2013). Furthermore, increased vegetation
cover is expected to alter local and regional carbon cycles, potentially creating a
positive feedback to climate warming (Cahoon et al., 2012; Frost et al., 2019; Post et
al., 2009).

Significant increases in air-, ground- and ground surface temperatures have also been
recorded over the past decades in the mountainous Jotunheimen region in southern
Norway (Etzelmiller et al., 2020; Farbrot et al., 2011). In-situ geophysical and thermal
monitoring methods have been used extensively to document and reconstruct the
present and past states of mountain permafrost in parts of Jotunheimen (e.g., Hauck et
al., 2004; Isaksen et al., 2007, 2011; @degard et al., 1996), and models have been used
to suggest that the extent of permafrost will continue to decrease (Hipp et al., 2012).
In addition, detailed field-based vegetation surveys have been conducted across
bioclimatic gradients to study patterns of succession (Matthews et al., 2018; Robbins
and Matthews, 2010, 2014), and evidence has been found to indicate shrubification
and the upslope advancement of the tree line on the slope of Galdhgpiggen, the highest

peak in Jotunheimen, over the past four decades (Hallang et al., 2020).
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Galdhgpiggen and the surrounding area of Jotunheimen offer an excellent opportunity
to further investigate the distribution and the thermal state of mountain permafrost and
vegetation patterns, and to better understand how alpine tundra biomes respond to
climatic changes (Etzelmdiller et al., 2020; Myers-Smith et al., 2020). In this study, we
build on aforementioned local field studies (e.g., Hallang et al., 2020; Hipp et al., 2012;
Matthews et al., 2018) and employ remote sensing techniques with the main objective
to temporally and spatially up-scale such observations and measurements and acquire
easily accessible and useful data on a regional scale. Whilst detailed, in-situ methods
for recording and monitoring alpine ground (surface) temperatures and vegetation
dynamics remain indispensable, they are obviously labour-intensive, logistically
complicated due to reduced access to remote sites, and expensive over longer temporal
and spatial scales (Hachem et al., 2009), which led us to the use of satellite imagery.

Satellite remote sensing provides an inexpensive, easily accessed alternative to map
and monitor vegetational trends and surface temperatures over large spatial and
temporal scales. Here, we use the satellite-derived Land Surface Temperatures (LST)
and the Normalised Difference Vegetation Index (NDVI) values as indicators of
ground thermal conditions and ‘greenness’ (i.e., vegetation cover) across ascending
altitudes in Jotunheimen. Observed LSTs over the past two decades are first combined
with observed air temperatures from a regional meteorological station to model the
satellite data back to the 1950s. A relationship is then formed between LSTs and
observed NDVI, which allows us to model the NDVI back 62 years as well.

This approach is able to capture and identify seasonal, inter-annual and decadal
changes in thermal and vegetational trends over a wider spatial scale, and contributes
to the existing field-based research conducted in the region. Using a well-studied
altitudinal transect on Galdhgpiggen for reference, we aim to identify the altitudes and
vegetation belts that have been most vulnerable to surface warming or experienced the

greatest change in vegetation cover in the study area.

This paper thus aims (i) to describe the thermal and vegetational dynamics in NE
Jotunheimen over the past six decades by using satellite-derived data, (ii) to investigate
spatial differences in the rate of change across altitudes to identify areas most
susceptible to change and (iii) to test the applicability of growing season LSTs to map

areas suitable for permafrost presence and tree growth in a mountainous region.
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5.2. Study site

The study area (Figure 5.1) covers approximately 3780 km? of the mountainous NE

Jotunheimen, Norway between the latitudes of 61°25°N and 61°99°N and longitudes

of 7°91’E and 8°70’E. The area encompasses several valleys (as low-lying as 60 m

a.s.l.) and massifs, including the two highest peaks in northern Europe, Galdhgpiggen
(2469 m a.s.l) and Glittertind (2465 m a.s.l.).
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Figure 5.1. (a) A map of the full extent of the study area in Jotunheimen, Norway, (b) close-up of

Galdhgpiggen. Circles represent a north to south altitudinal transect from 600 m a.s.l. to 1950 m a.s.l.

Maps reproduced and modified with permission from MapTiler (2021).

Due to the large variation in elevations across the study area, climatic conditions vary

considerably. The mean annual air temperatures (MAAT) for the normal period of
1961-1990 range from 0-4 °C in the valleys in the north (c. 400 m a.s.l.) to below -6

°C at higher elevations (>1600 m a.s.l.) (Norwegian Meteorological Institute, 2021).
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Southern Norway is influenced by mild air flows from the Atlantic Ocean, which
ensures that temperatures below -30°C, even at higher elevations, are rare (Farbrot et
al., 2011). The annual precipitation for the same period ranges from 500-700 mm in
the valleys to 1500-2000 mm at high elevations such as Galdhgpiggen.

The vegetation at lower altitudes in the study area is dominated by a mixed woodland
consisting of Scots pine (Pinus sylvestris), downy birch (Betula pubescens) and spruce
(Picea abies), and the valleys are dominated by agricultural land and fields. The
present-day tree line across the area is at ¢. 1050 m a.s.l. and higher altitudes can be
divided into low-, mid- and high alpine vegetation belts (Matthews et al., 2018).
Common species in the low-alpine belt include dwarf shrubs willow (Salix spp.), dwarf
birch (Betula nana) and bilberry (Vaccinium myrtillus). The mid-alpine belt is
dominated by grasses (Carex bigelowii) and occasional shrubs (Empetrum nigrum),
whilst the high-alpine belt is sparsely vegetated, with isolated patches of grasses (e.g.,

Poa alpina) and forbs (e.g., Ranunculus glacialis).

5.3. Methodology
5.3.1. Data acquisition

Land Surface Temperature (LST) data for the study area were derived from the
Moderate Resolution Imaging Spectrometer (MODIS) aboard NASA’s Aqua satellite
(MYD21A1D and MYD21A1N products, version 6.0; Hulley et al., 2016). The dataset
comprises 8-day composites of night-time and day-time spatial measurements of land
surface temperatures at 1 km resolution, covering the period January 2003 - December
2019.

MODIS Normalised Difference Vegetation Index (NDVI) data were obtained for the
same area for the period January 2001 — December 2017. The data consist of 16-day
composites of spatial estimates of NDVI values at 250 m resolution (MYD13A3
product, version 6.0; Didan et al., 2015). NDVI is the normalised difference ratio
between the red reflectance (MODIS band 1) and near infrared (NIR) reflectance

(MODIS band 2) and is calculated for every pixel as follows:

(NIR —red)

NDVI =
v (NIR + red)
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Meteorological records for three nearby stations, Brata-Slettom (61°90° N 7°90° E,
664 m a.s.l.), Fokstua (62°11’N 9°28’E, 952 m a.s.l.) and Sognefjellshytta (61°60°N
7°99’E, 1413 m a.s.l.), were accessed through the Global Historical Climate Network
(NOAA, 2020).

Fokstua meteorological station provided the most consistent record of daily resolution
air temperature data from 1957 to present. To match the meteorological and the LST
data, 8-day average maximum (Tmax), minimum (Tmin) and daily mean (Tgay) air
temperatures were calculated for the period 1957-2019. Any missing values in the
Fokstua dataset were approximated by using the data from either Sognefjellhytta or
Brata-Slettom stations and applying a temperature lapse rate of 0.42°C/100 m (Isaksen
et al., 2002). The same temperature lapse rate was also used to estimate air
temperatures at various altitudes on Galdhgpiggen, based on the meteorological data

from Fokstua station.

To investigate seasonal trends, each year was divided into two seasons. The ‘growing
season’ is defined here as the period between 1 April and 30 September, and ‘winter’
covers the period between 1 October and 31 March. Growing season LST (LSTgs) and
NDVI (NDVlgs) refer to the mean April-September temperature- and NDVI values at

the pixel level.

All processing of MODIS data, satellite image analysis and statistical analysis were
performed in R 4.0.3 (R Core Team 2020). Packages ‘raster’ and ‘fields” were used in
the image analysis (Hijmans et al., 2012; Nychka et al., 2017). The code used for

analysis is outlined in Appendix iii.

5.3.2. Prediction of missing values in satellite data

Cloud cover in the satellite imagery resulted in a total of 23% of day-time LST data
and 8% of night-time LST data being missing. Missing pixel values from used imagery
were estimated using the R package ‘gapfill’, which follows the protocol described in
Gerber et al. (2018). Gapfill uses both spatial coherence and temporal seasonal

regularity to ‘predict’ missing values in spatio-temporal satellite datasets.
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The method operates by selecting subsets of data surrounding the missing points,
ranking the images within subsets using a scoring algorithm and predicting the missing

values through quantile regression (see Gerber et al., 2018).

The accuracy of the ‘gapfill’ method was tested in an experiment in which we used a
mask to remove a number of randomly distributed pixels with observed values from
the original day-time and night-time datasets to generate two artificial datasets.
Specifically, we removed 138 pixel values from every sixth image. The prediction
process was repeated, and the Root Mean Squared Error (RMSE) was returned for both
sets of data to approximate the prediction accuracy. We found RMSE values of 2.62
and 2.42 for day-time data and night-time data, respectively.

5.3.3. Estimation of LSTs from air temperature records

Pixel-level linear regression was performed between the gap-filled satellite-derived
mean daily LST data and the measured mean daily air temperature data (Tday) from the
three meteorological stations for the period 2003-2019. Daily mean LSTs were
calculated by averaging the day-time and night-time observation values for each pixel.
Separate pixel-level regressions were employed for day-time satellite images and Tmax,
as well as night-time images and Tmin. Correlation coefficients were plotted for
individual pixels in the entire study area (Figure 5.2). It is evident that the highest
correlations were found in low- and mid-altitude areas, whereas the lowest correlations

can be detected over lakes and mountain peaks.

Employing the mean daily (Tqay) air temperature records from Fokstua meteorological
station that extend back to 1957, another pixel-level regression was developed to
predict the surface temperature as a function of meteorological data. The output
comprised a total of 2898 1-km resolution maps of mean daily LSTs covering the
period 1957-2019. The analysis was replicated with Tmax and Tmin to obtain day-time
and night-time LST datasets.
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Figure 5.2. (a) Correlation coefficients (indicated by colour) between mean daily land surface
temperature values and fitted values plotted for each pixel of the study area. The highest correlation is
found in the valleys (>0.96), lowest over large water bodies (<0.88). (b) A map of the study area for

reference.

5.3.4. Estimation of NDVI from LSTs

The correlation between mean annual LSTs and mean annual NDV1 for the period
2003-2017 was low (only 5.3% of all pixels showing a statistically significant
correlation) but the correlation between mean LSTg and NDVIgs was considerably
higher (38% of all pixels showing a significant correlation), which led us to using the
growing season data for further analysis. This also ensured that the analysis is focused
on the relationship between NDV1 and vegetation instead of exploiting the relationship
between NDVI and snow cover. Moreover, the NDVI in northern middle- and high
latitudes is more strongly related to temperature rather than precipitation (Ji and Fan,
2019; Los et al., 2001; Tucker et al., 2001), which is why our main focus here is on
the NDV I-temperature relationship.
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Instead of fitting a single linear regression to describe the relationship, we used
segmented regression to estimate pixel-level NDVI from growing season land surface
temperatures for the period 1957-2019. This takes into account the non-linear
behaviour of the NDVI — temperature relationship in the higher and lower temperature
ranges (Figure 5.3). However, it needs to be kept in mind that this model ignores the
influence of human land management, e.g., the deforested plots of land used for

farming in the valleys.
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Figure 5.3. Density plot of the relationship between growing season (April-September) NDVI and land
surface temperature (K) for the period 2004-2017 (n= 2,235,324). Colours indicate the number of
occurrences of the NDVI - T relationship in an interval; dots show median values. Segmented regression

(indicated by grey lines) was used to fit three lines to the curved relationship.

5.3.5. Altitudinal transect — ground truthing

To create a point of reference linking the satellite data to field conditions, we plotted
an altitudinal transect consisting of 8 locations corresponding to individual pixels on
the north-facing slope of Galdhgpiggen (see Figure 5.1). From north to south, the
transect covers the mixed pine-birch woodland at 600 and 800 m a.s.l., the present-day
tree line (1050 m a.s.l.), the present-day lower limit of permafrost (1450 m a.s.l.), the
grass-heath dominated mid-alpine vegetation belt (1550 m a.s.l.) and the high-alpine
belt with discontinuous vegetation cover at 1750, 1850 and 1950 m a.s.l. The
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vegetation composition and permafrost distribution in this particular area, and
particularly along this transect, are well known and outlined in numerous publications
(e.g., Farbrot et al., 2011; Hallang et al., 2020; Hipp et al., 2012; Matthews et al.,
2018). Therefore, the transect allows us to explore the spatial trends in satellite-derived
LST and NDVI across altitudes whilst being familiar with the conditions on the

ground.

Due to the large number of pixels covering the study area (n=7476), the significance
values of the trends presented in results correspond to a pixel at 1050 m a.s.l. on the
Galdhgpiggen transect. However, all trends were plotted for a minimum of 30 pixels
across the study area to ensure that the pixel at 1050 m a.s.l. is representative of the

trend.

5.4. Results

During the observation period 2003-2019, we found no statistically significant trend
in the observed daily average (p=0.8), day-time (p=0.8) or night-time (p=0.7) LSTs in
our study area. No statistically significant trends were identified in any of the observed
air temperature measures, Tmax, Tmin and Taay, OVer this period either. The overall fit
for the linear model that was used to predict LSTs from observed air temperatures for
the period 1957-2019 was R?= 0.86.

5.4.1. Warming trends 1957-2019

Whereas no significant increases in air temperatures were found for the area between
2003 and 2019, observed Tmax, Tmin and Tqay all show a significant warming trend if
we extend the period back to 1957 (p < 0.001, again corresponding to a pixel at 1050
m a.s.l.), and if we directly compare the periods 1957-1976 and 2000-2019. These two
periods were selected because twenty years provides a sufficiently long time frame to
calculate meaningful averages that can be compared, yet the periods are still far enough
apart to allow us to contrast the conditions at the start of period of observation (the
1960s and 1970s) and the most recent two decades.
The largest increase in observed air temperatures recorded at Fokstua station (952 m

a.s.l.) was found for minimum daily air temperatures Tmin at 1.8 °C, but maximum air
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temperatures Tmax also increased by 1.2 °C and Tgay by 1.4 °C within the same time

frame (see Supplementary Table 5.3).

LSTs also increased across all locations in the study area (Figure 5.4). The increase
was statistically significant for day-time and night-time temperatures (Figure 5.5), but

also daily mean temperatures.
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Figure 5.4 The mean land surface temperature (LST) over the entire NE Jotunheimen study area per
decade. The mean of all pixels (n=7476) per image was calculated, resulting in 460 LST values per
decade. These values were then averaged to produce the decadal mean. The error bars represent the

mean day-time temperatures (maximum values) and mean night-time temperatures (minimum values).
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Figure 5.5. Day-time (red) and night-time (blue) 8-day resolution land surface temperatures

corresponding to a pixel at 1050 m a.s.l. on Galdhgpiggen for the period 1957-2019.
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1976 and (b) 2000-2019, and (c) the temperature
difference between the two periods. Circles indicate

the altitudinal transect on Galdhgpiggen.

129



The largest increase in decadal mean LSTs occurred in 1970s, with a steady increase

over the two following decades. From 1990, the increase in decadal warming
decelerates (Figure 5.4). Between the periods 1957-1976 and 2000-2019, mean daily
LSTs increased by 1.2-2°C. The temperature increase was largest in the winter, as
daily mean LSTs warmed by 1.8 °C at highest altitudes (>1900 m a.s.l.) and by 2.4-

2.8 °C at mid- and low altitudes; the spatial pattern of temperature increase showed an

almost inverse relationship with altitude (Figure 5.6).

Across the Galdhgpiggen transect, the highest annual mean LST increases (by ~1.8
°C) and LSTgs increases (by ~1.2 °C) were recorded at 600 m a.s.l. and 1550 m a.s.l.
(Figure 5.7). Over the whole area, LSTgys increased by approximately 0.8 °C at the

highest, snow-covered peaks, and by 1.4 °C in the valleys (Figure 5.8a).
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Figure 5.7. The differences between mean LSTys and mean NDV g between the periods 1957-1976 and

2000-2019 at descending altitudes across the Galdhgpiggen altitudinal transect. The values were
calculated by deducting the 1957-1976 mean from the 2009-2019 mean to estimate the change in both

LSTgs and NDVlgs.
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Satellite-derived LSTs were consistently lower than observed air temperatures, and the
mean difference between LST and air temperature varies across altitudes and seasons.
For example, at 1450 m a.s.l. on Galdhgpiggen, the mean difference between MAAT
and LSTs was 2.5 °C for the period 1957-2019. However, the mean difference is
reduced to just 0.2 °C during the growing season (see Supplementary Figure 5.7).
Spatially, the temperature difference during the growing season is smallest at altitudes
around 1450-1550 m a.s.l. (0.2-0.8 °C) but increases towards the higher altitudes (up
to 2 °C at 1950 m a.s.l.) as well as lower altitudes (1.2 °C at 1050 m a.s.l.).

Annual mean LST and LSTygs both increase with decreasing elevation (LSTgs values
shown in Figure 5.7), and the range of temperatures follows the same pattern. The
mean LSTgs over a wooded area at 600 m a.s.l. on the Galdhgpiggen transect was 6.4
+ 1.06 °C, whereas at the predominantly bare landscape at 1950 m a.s.l., the mean

temperature was -0.1 + 0.98 °C.

5.4.2. Trends in growing season NDVI

NDVIlgs values predicted by the model showed a statistically significant increasing
trend between the periods 1957-1976 and 2000-2019. Across most of the vegetated
study area, NDVlgs increased by 0.06-0.1; the spatial patterns of NDVlgs increase are
illustrated in Figure 5.8b. On the Galdhgpiggen transect, the increase was most
significant at altitudes between 1050 — 1550 m a.s.l. (Figure 5.7; NDVI = 0.1, p <
.001), which are directly above the tree line and are dominated by dwarf shrub- and
grass heaths. The observed NDVgs (2001-2017) was found to have a much lower year-
to-year variability than the modelled NDVlgs (2057-2019), suggesting that the model

overestimates NDVI sensitivity.
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altitudinal transect on Galdhgpiggen.

0.08

0.06
09

0.04

Latitude
Latitude

08

07 0.02

613 614 615 616 617 618 619 620

61.3 614 615 616 617 618 619

8.0 8.2 8.4 8.6

Longitude Longitude

Figure 5.9. (a) Standard deviation of observed LSTys at 1-km resolution and (b) Standard deviation of
observed NDV g at 250m resolution over the period 2001-2017. Circles indicate the altitudinal transect

on Galdhgpiggen.

Similar to the LST trend, NDVlgs is highest at lowest elevations (see Figure 5.13).
Mean predicted NDVlgs during the period 1957-2019 was 0.04 at 1950 m a.s.l.,
increasing up to 0.5 at 600 m a.s.l. on the Galdhgpiggen transect (values correspond to
individual pixels at these altitudes). However, whilst the standard deviation of LSTgs

also increases linearly with decreasing altitude, the standard deviation of NDVigs
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values peaks at altitudes between 1050 — 1550 m a.s.l., as demonstrated by the

altitudinal transect in Figure 5.9b.

During the observation period (2003-2017), there was no statistically significant trend
in overall observed NDVI (p=0.9) or NDVIgs (p=0.4) across altitudes.

S
3
06
o
—
w
w
S - 0.5
™~
b
-8 [{=]
=
= w0 — 04
4] —
- [{=]
b
o
03
=
—
o
o
b
s 0.2

Longitude

Figure 5.10. Observed mean growing season NDVI between 0.2-0.6 for the period 2001-2017 at 250
m resolution. NDVI values between 0.2 and 0.4 correspond to areas with sparse vegetation and NDVI
of 0.4-0.6 indicates moderate vegetation cover (see Discussion). Areas with NDVI <0.2 and >0.6 are

covered in white.

5.5. Discussion
5.5.1. Long-term warming trend

Analysis of observed MODIS LST and air temperature data revealed a slight positive
trend in air- and surface temperatures over 17 years (2003-2019), but the trend is not
statistically significant at any altitude. Correspondingly, the observed mean annual
NDVI and mean NDVIgs also show an insignificant trend across altitudes over the
period 2001-2017 (this trend is positive at altitudes 1050-1550 m a.s.l., but negative at
altitudes above and below this range). However, as NDVI generally responds

133



positively to increasing temperatures (particularly growing season temperatures) in
tundra environments (Blok et al., 2011; Cui and Shi, 2010; Raynolds et al., 2008;
Walker et al., 2003), we should not expect a strong increase in NDVI during the period

given insignificant increases in temperature.

Over the long term (1957-2019), however, modelled LSTs and NDVI reveal
significant increases in both temperature and ‘greenness’ in Jotunheimen. The
observed mean daily air temperatures and modelled mean LSTs over the period 2000-
2019 were 1.4 °C and 1.2-2 °C higher than during the period 1957-1976.
Simultaneously, the mean number of days per year with air temperature above 0 °C at
1050 m a.s.l. increased by ~12 days between the two periods (see Supplementary
Figure 5.6).

The air temperature- and ground surface warming trend over the past decades is in line
with other studies from the area (e.g., Etzelmuller et al., 2020), some of which
specifically investigate permafrost degradation in response to warming air
temperatures (Hipp et al., 2012; Isaksen et al., 2011, 2007). On Galdhgpiggen, Hipp
et al. (2012) predict a rise of the lower limit of permafrost from the present-day limit
at 1450 m a.s.l. to 1800 m a.s.l. by 2100, and the degradation of all permafrost at c.
1560 m a.s.l. before 2050. This prediction is based on a model that follows the
moderate A1B emissions scenario (IPCC, 2007), which assumes a future increase in
renewable energy sources and a decrease in CO. emissions. Based on the data from
Juvvasshge borehole (at 1894 m a.s.l., near the southernmost point of our altitudinal
transect), Isaksen et al. (2002) report a ground surface warming of 0.5-1 °C over the
past decades, and had at the time already predicted a similarly rapid rise of the
permafrost limit, leading to major changes in periglacial processes. Our results confirm
the trends highlighted in the earlier studies and, importantly, demonstrate that mean
annual LSTs were 0.14 °C higher in 2010-2019 compared to 2000-2009, illustrating
that the warming trend is continuing and contributing to permafrost degradation at its
lower limits on Galdhgpiggen. Additionally, our results show considerable seasonal
and diurnal differences in air- and LST warming trends. In the long term, Tmin and
winter (i.e., non-growing season) LSTs in Jotunheimen warmed at a higher rate than
Tmax and LSTgs.
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Our findings for high-altitude environments draw parallels to high-latitude regions,
where climatic warming is similarly predicted to be greater in the winter, and
wintertime warming events will become more frequent (Bjerke et al., 2011; Callaghan
et al., 2010; Kreyling et al., 2019; Stocker et al., 2013). In fact, a pronounced multi-
decadal winter air temperature warming in Norway has been reported before (Farland
et al., 2000; Isaksen et al., 2002). There is evidence that winter warming accelerates
the thermal degradation of permafrost (Zhang et al., 2019), however, the impacts of
more rapid winter warming compared to growing season warming largely remain

unknown.

5.5.2. The use of MAAT, LST and LSTgs to infer sub-surface temperature

conditions

Isaksen et al. (2002) reported that permafrost in southern Norway is rarely found on
sites with a MAAT above -2°C. Furthermore, it has been proposed that the lower
altitudinal limit of permafrost, as estimated from ground temperatures, correlates with
a MAAT of -2.5 °C on Galdhgpiggen, and with -3.5 °C on neighbouring Glittertind
(@degard et al., 1996). This provides a useful framework for review ofour data in the

context of permafrost dynamics.

Using Galdhgpiggen as a reference, we examined the trends in observed air
temperatures at the altitude of the estimated lower limit of permafrost. However,
locating the exact position of the lower limit of altitudinal permafrost remains a
challenge due to it typically occurring in patches below ground. Numerous studies
have attempted to determine the position of the lower limit of discontinuous permafrost
on Galdhgpiggen through direct, field-based approaches, such as ground temperature
measurements from boreholes (Etzelmdller et al., 2020; Hipp et al., 2012; Lillegren et
al., 2012), and indirect approaches, such as measuring the bottom temperature of snow
(Hauck et al., 2004; Isaksen et al., 2002) or using electrical resistivity tomography
(Isaksen et al., 2002, 2011). The proposed lower limits range from 1410 to 1500 m
a.s.l. (Hauck et al., 2004; @degard et al., 1996). Taking into account that the most
recent measurements are a decade old, we here assign 1450 m a.s.l. as the lower limit

of permafrost, as it also represents the mid-point of the suggested range.
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The MAAT at 1450 m a.s.l. was calculated based on the observed air temperature data
from Fokstua meteorological station by using the temperature lapse rate of 0.42°C/100
m. Our results reveal that the MAAT at this altitude has in fact largely remained above
-2 °C since at least 1990, apart from a few, what could be considered anomalous years
(Figure 5.11a). Taking the -2 °C threshold (cf. Isaksen et al., 2002), this would suggest
that over the past decades conditions would have been too warm to sustain ground ice
at this altitude. Whilst the calculated MAAT for the period 1957-1976 was indeed -2.5
°C, and theoretically sufficiently low to have supported permafrost (cf. Isaksen et al.,
2002; @degard et al., 1996), the recent warming has resulted in a MAAT of -1.1 °C
for 2000-2019. Furthermore, the MAAT at 1050 m a.s.l. is nearly a degree higher today
compared to the estimation of -0.2 °C by @degard et al. (1996) over two decades ago.
With ongoing warming, the MAAT of -2.5 °C is likely restricted to higher elevations
on Galdhgpiggen today. However, it has to be noted that our temperature estimate was
calculated based on data from a meteorological station c. 60 km from Galdhgpiggen.
Air temperature calculations based on rise in elevation assume that temperature
increase has been uniform across all altitudes. Whilst air temperature records provide
insight of temporal patterns, this method fails to account for spatial differences in the
microclimate of the slope, likely over- or underestimating the air temperature at 1450

m a.s.l.

MODIS LSTs, on the other hand, provide a complete spatial coverage and a high
accuracy in permafrost tundra landscapes (Wan et al., 2004; Westermann et al., 2011)
with a slight cold bias (i.e., underestimation of temperature) of -1.1 °C reported by
Muster et al. (2015). In an attempt to improve the reliability of our inferences, we
replaced MAAT with mean annual surface temperatures to determine whether they
could be used to identify areas with thermal conditions suitable for permafrost.
Although there is currently no universal remote-sensing method to accurately assess
the presence of sub-surface permafrost or its thermal state (Obu et al., 2019), it is
known that permafrost is controlled by both ground- and surface temperatures (Muster
etal., 2015), and LSTs have therefore increasingly been used in permafrost modelling
(Langer et al., 2010; Westermann et al., 2011, 2012).

However, mapping the observed mean annual LSTs above -2 °C from the period 2009-
2019 revealed that surface temperatures at our reference point at 1450 m a.s.l. on

Galdhgpiggen were significantly lower than air temperatures (Figure 5.11b), with a

136



mean of -4.2 °C. The large discrepancy of 3.1 °C between the mean annual air
temperatures and LSTs at this altitude could be due to the LSTs being underestimated
in the winter, as the surface of the snow cover can be colder than the ground surface
underneath it. Moreover, the estimated air- and land surface temperatures match
closely during the growing season, but exhibit a 2.5 °C difference in mean annual
estimates (see Supplementary Figure 5.7). A strong wintertime cold bias in LST
measurements over areas of the Arctic has been reported before (Langer et al., 2010;
Westermann et al., 2011, 2012), as clear-sky conditions in the winter allow long-wave
radiation emitted by the land surface to escape into the atmosphere, thus cooling the

surface.
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Figure 5.11. (a) MAAT (°C) at 1450 m a.s.l. calculated from observed temperatures from Fokstua
meteorological station. (b) Mean annual LSTs (K) above -2 °C (271.15 K) for the period 2000-2019.

The circle indicates the altitude of the estimated present-day lower limit of permafrost (1450 m a.s.l.).

Figure 5.11b illustrates the land surface area with mean annual temperature above -
2°C, which is entirely constrained with the valleys. The remaining area of the map
should, according to Isaksen et al. (2002), therefore be indicative of conditions suitable
for permafrost presence (<-2°C). This area extends to lower altitudes below the
Galdhgpiggen reference point at 1450 m a.s.l. and covers the majority of the region.
Whilst mountain permafrost is indeed widespread in the area, comparing Figure 5.11b

to previously published permafrost maps and measured borehole temperatures (e.g.,
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Farbrot et al., 2011; Lillegren et al.,, 2012) suggests that annual mean LSTs

overestimate the area suitable for permafrost presence in this region.

To eliminate this winter cold bias, we explored the applicability of growing season
surface temperatures to delineating permafrost distribution. Permafrost forms where
the ground is subject to a negative energy budget, i.e., mean annual LST below 0 °C
(Ballantyne, 2018). Therefore, we identify the areas where mean LSTs remain below
0 °C all year round, including during the growing season (Figure 5.12). The mapped
below-freezing surface corresponds to the highest peaks of the area that are largely
covered with permanent snow and glaciers. On a large scale, the regions with LSTgs
below 0 °C identified on Figure 5.12b are comparable in shape and extent with
previously modelled and mapped permafrost distribution in Jotunheimen (Gisnas et
al., 2011 in Lillegren et al., 2012; Gisnas et al., 2017), albeit at a lower resolution.
However, on closer inspection, both figures underestimate the lower limit of
permafrost on Galdhgpiggen by about 300-400 m. Nevertheless, at higher altitudes of
the slope, the surface with below-freezing LSTgs borders the reference point at 1850 m
a.s.l. in Figure 5.12a, which corresponds to the continuous permafrost zone above 1800
m a.s.l. (Hipp et al., 2012). Therefore, the LSTgs below 0 °C could be indicative of the
continuous permafrost zone rather than the entire extent of mountain permafrost in the

area.

282

280

Latitude
N
~
@
Latitude

278

276

274

613 614 615 616 617 618 619
613 614 615 616 61.7 618 619

8.0 8.2 8.4 8.6 8.0 82 84 86

Longitude Longitude

Figure 5.12. Mean growing season (April-September) LSTs (K) above 0 °C for (a) 1957-1976 and (b)
2000-2019. The white areas indicate LSTs below 0 °C.
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5.5.3. Spatial variation in LST and NDVI, with highest increases over shrub-

and graminoid heaths

The comparison of Figures 5.12a and 5.12b highlights the substantial LSTgs increase
across NE Jotunheimen since 1957, and the visible decrease in the extent of land
surface with LSTgs below 0°C. However, the changes have not been uniform across
altitudes. At higher altitudes above c. 1700 m a.s.l., both growing season air- and
surface temperatures showed lower increases over time as well as lower year-to-year
variability (Figure 5.9). Although LSTs are known to decrease with altitude (Peng et
al., 2020), this effect is likely to be enhanced by the higher albedo of the permanent
snow cover or bare ground on the highest peaks in the Jotunheimen area (e.g.,
Galdhgpiggen, Glittertind). A higher proportion of shortwave radiation is reflected
back to the atmosphere due to the high albedo of snow and ice (0.80) and the
surrounding lichen-dominated alpine heaths (0.26) compared with the lower albedo of
vegetation, for example shrubs (0.12) (Robock, 1980; Aartsma et al., 2020).
Throughout the study area, higher altitudes are sparsely vegetated (Figure 5.10), and
mountains like Galdhgpiggen are covered with extensive areas of block field and
patterned ground (Isaksen et al., 2001; Winkler et al., 2016). The albedo of barren rock
surfaces is found to be 7% higher than that of bare soil in Arctic permafrost landscapes,
and bare rocks have been shown to remain about 5 °C cooler than the regional mean
(Muster et al., 2015). Despite the patterned ground being partially covered by
cryptogamic crust, herbaceous plants, and even prostrate shrubs at high altitudes
(Hallang et al., 2020; Matthews et al., 2018), the vegetation cover is too sparse to be
detected by low spatial resolution satellites. It is evident from Figure 5.10 that the
highest altitudes where the NDV1 indicates sparse vegetation along the Galdhgpiggen
transect, remain below c. 1800 m a.s.l. (NDVI>0.2). It may therefore be expected that
the land surface at high altitudes will warm less during the growing season than more
vegetated surfaces with a lower albedo (at lower altitudes), resulting in a lower range

of recorded temperatures.

We found little change in the modelled NDVlgs values over the past six decades at
higher altitudes (>1700 m a.s.l.). This is easily explained by the scarcity of green

vegetation, but we also recorded little change at the lowest altitudes in the valleys (600-
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800 ma.s.l.) (Figure 5.7). It is important to note here that the modelled NDV 1 is derived
from the spatial variation of LSTs with NDVI, and an assumption is made that this
corresponds to long-term temporal variation. Looking at old aerial photographs
(Kartverket (2021), available at: www.norgeibilder.no), it is clear that a mature
woodland was already established in the valleys in the late 1950s, which explains why
any increase in NDVI (i.e., indicating the densification of the woodland) would be less
pronounced here than over areas above the tree line (1050-1550 m a.s.l.), where
vegetation is becoming more abundantly established on previously sparsely vegetated
surfaces. Thus, the surface albedo at highest and lowest altitudes in NE Jotunheimen

has remained stable over this period.

The highest increases in modelled NDVIgs occur in the low alpine dwarf shrub-heath
and the grass- and lichen dominated mid-alpine vegetation belts (Matthews et al.,
2018), which are thought to reflect increased shrubification at the expense of non-
vascular plants: deciduous shrubs have larger canopy leaf areas and shrub communities
tend to have higher NDVI than other tundra species (Boelman et al., 2011; Street et
al., 2007; Walker et al., 2003). Moreover, NDVI increases are likely to occur near
boundaries between graminoid and shrub communities and shrub and forest
communities, as such transition zones are often vulnerable to climatic changes and can
respond rapidly to warming (Epstein et al., 2004; Raynolds et al., 2008). Based on the
classification in Raynolds et al. (2008), our NDV g values directly above the tree line
(1050 m a.s.l.), provide evidence for a shift from dwarf shrub tundra (NDVlgs = 0.36)
in 1957-1976 to low shrub tundra (NDV1gs=0.45) in 2000-2019.

Although the increase in LSTgs with decreasing altitude on the Galdhgpiggen transect
is arguably more linear compared to the increase in NDV lgs (Figure 5.7), we also detect
a large increase in LSTgs (by 1.2°C) over low- and mid-alpine heaths (1050-1500 m
a.s.l.). This can also be explained by the decrease in surface albedo driven by increased
shrubification at these altitudes. The lower albedo of shrub-covered ground compared
to graminoid- or lichen tundra (Juszak et al., 2014), leads to surface heating through
the absorption of a larger proportion of incoming solar radiation. The high values of
both NDVIgs and LSTgs at the low- and mid-alpine heaths above the tree line are

therefore most likely caused by increased vegetation cover since 1957.
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Moreover, increasing ground- and near-surface temperatures further facilitate the
encroachment of shrubs in mountainous regions (Anthelme et al., 2007; Dullinger et
al., 2003; Hallinger et al., 2010), creating a positive feedback loop. Additionally,
increased shrub cover can alter local and regional carbon- and nutrient cycles (Cahoon
et al., 2012; Chapin et al., 2005; Frost et al., 2019; Pearson et al., 2013; Post et al.,
2009). In Jotunheimen, shrub encroachment at higher altitudes (on Galdhgpiggen) is

predicted to result in increased CO> efflux from the ground (Hallang et al., 2020).

5.5.4. The applicability of growing season NDVI for monitoring alpine tree
dynamics

Satellite-derived NDVI has previously been successfully used in detecting the
increased cover and stature of shrubs in the Arctic tundra (Silapaswan et al., 2001),
high-latitude tree line composition (Olthof and Pouliot, 2010) and alpine tree line
dynamics (Brown, 2013; Franke et al., 2019; Zhang et al., 2009). Following this lead,

we use the mean NDV lgs as an indicator of the tree line in our study area.

To complement Figure 5.8b, which spatially outlines increases in modelled NDVI in
the area over 60 years, we added a higher pixel resolution (250 m) map of observed
NDVI over the past two decades, which provides a more accurate estimate of the
boundaries between vegetation belts (Figure 5.13). Mapping the NDVI values of 0.6
and above indicates the highest possible density of green leaves, i.e., tree cover (Al-
doski et al., 2013; GroR et al., 2017). Figure 5.13 highlights the areas with mean
NDVIgs of >0.6, and the altitudinal limit of tree-indicating NDVI on Galdhgpiggen
corresponds very closely to the upper limit of the dense, pine-birch woodland (cf.
Figure 5.1).
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Figure 5.13. Observed mean growing season NDVI above 0.6 for periods (a) 2001-2009 and (b) 2010-
2017. Only the areas with NDVIg > 0.6 (i.e., tree cover) are shown. The red circle indicates the present-

day tree line on Galdhgpiggen at 1050 m a.s.l.

Evidence from aerial photographs (Kartverket, 2021) indicates that sparse stands of
Betula pubescens reach altitudes of 1150 m a.s.l. on this particular site (Hallang et al.,
2020); however, the NDV1 of these stands appears to remain below 0.6. Nevertheless,
the mean modelled NDVIgs at 1050 m a.s.l. has experienced one of the highest
increases along the transect, from a mean of 0.35 in 1957-1976 to a mean of 0.45 in
2000-2019. The mean NDVIgs at this site has even reached the value of 0.6 on four
occasions within the last two decades. Correspondingly, the LST maps suggest that
the growing season conditions have improved at this altitude over the past 6 decades,
becoming more favourable for the growth and expansion of Betula pubescens (Figure
5.14). Therefore, whilst Figure 5.13 demonstrates no significant expansion of the
extent of land with NDVI of >0.6 during the past two decades, this could be due to a
lag in response, or the inability of the decadal mean NDV I values to pick up on smaller
year-to-year changes. This reasoning is substantiated by a study by Zhang et al. (2009)
that found no shift in alpine tree lines on a site in NE China over two decades (1977-
1999) using satellite-derived NDVI. However, by combining remote sensing with field
surveys and using a ratio of NDVI between the birch tree line forest and the adjacent
old-growth coniferous forest, they also found an increase in the NDVI ratio of tree line
forest against the reference forest, indicating that the birch-dominated tree line forest

had grown denser.
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Although the observed NDVI of 0.6 does correspond closely to the dense mixed
woodland in our study area, this value alone fails to identify the upslope advancement
of smaller patches of trees, which is detectable on the ground and from aerial
photographs (Hallang et al., 2020). The challenge of estimating the positions of tree
lines is further complicated by the various definitions of the concept of ‘tree line’ (e.g.,
Aas, 1969; Kullman, 1990), and the inevitability that trees take time to reach maturity
and form denser stands on previously treeless surfaces. Therefore, whilst the upper
range of NDVI is a good indicator of mature, dense woodland in this mountainous
area, we suggest combining NDVI with other methods like aerial photographs or field

surveys to investigate the advancement of alpine tree lines in response to warming.

5.5.5. The potential of satellite-derived LSTs for estimating the altitudinal limit
of the tree line

Having established the position of the dense woodland in our study area by using
observed NDVI, we tested the applicability of satellite-derived surface temperatures
that indicate suitable growing conditions as a possible proxy indicator of tree lines

using the Galdhgpiggen transect as reference.

Similar to the approach taken when investigating the dynamics of the lower permafrost
limit (see above), we here make attempt to use accepted temperature tolerances for
tree species to make inferences about tree-line dynamics in the Jotunheimen area. Two
examples of mapping the tree lines using LSTs are illustrated in Figure 5.14. From
previous vegetational studies conducted in central Norway, it has been established that
the Pinus sylvestris tree line correlates well with a July mean air temperature of 11°C
(Paus, 2010). The mean July LST at the present-day tree line on the Galdhgpiggen
transect was 11.3°C over the period 2000-2019. The temperature requirements mapped
on Figure 13b therefore match perfectly with the tree line on Galdhgpiggen. However,
the 1957-1976 mean July LST (Figure 13a) underestimates the pine tree lines in the
area more significantly, as a comparison of the map with aerial images (Kartverket,
2021) shows that pine trees were fully established in the valley and at 1050 m a.s.l. in
1981.
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circle represents the altitude of the present-day tree line (1050 m a.s.l.).

Birch (Betula pubescens) requires minimum summer (June-September) mean air
temperatures of 7°C to grow (Nesje and Kvamme, 1991). On Galdhgpiggen, the
mapped area of temperatures equal to and above 7°C for the period 2000-2019 covers
the present-day birch tree line, which extends up to 1150 m a.s.l. in sparse stands
(Figure 14d). In fact, the mean June-September temperature at 1150 m a.s.l. was
8.27°C, suggesting that the minimum summer temperatures required by birch currently
extend above their present-day range, and Figure 14d is providing a slight
overestimation of the altitude of the birch tree line. Conversely, the 1957-1976 summer
LST averages slightly underestimate the tree line position, particularly on the east-
facing slope of Galdhgpiggen (Figure 5.14c). Although the temperature values used
here as a baseline refer to minimum growing season air temperature requirements, it

is suggested that growing season LSTs can also be used successfully to locate the areas
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suitable for birch and pine growth. In this case, however, the 1957-1976 mean LSTs
provide a less reliable estimate of the full area suitable for tree growth, likely due to
the low temperatures prevailing in the area in the 1960s (Figure 5.5). Nevertheless,
there is potential in using satellite-derived mean LSTgs to identify areas suitable for
the growth of specific tree species; particularly when the mean is calculated over a

larger period.

5.6. Conclusions

Our results demonstrate substantial increases in air- and land surface temperatures in
NE Jotunheimen from 1957 to 2019, particularly in winter temperatures (up to 2.4-
2.6°C). NDVI also showed an increasing trend (by 0.06-0.1) during the same period.
However, these changes have not been spatially uniform across altitudes.

We detect the highest increases in modelled NDVlgs and LSTgs over low- and mid-
alpine heaths (1050-1500 m a.s.l.) by ~0.1 and 1.2°C, respectively. This can be
attributed to increased shrubification, as deciduous shrubs are ‘greener’ than the
surrounding tundra and capture more incoming solar radiation to heat the surface. The
mid-altitude warming evident from our results confirm that the thermal conditions in
the past decade have continued to be suitable for permafrost degradation on
Galdhgpiggen (previously reported by Isaksen et al., 2011; Hipp et al., 2012),
especially at its lower limits.

We found that MODIS growing season LSTs are a potentially useful tool for
identifying the spatial distribution of areas with suitable conditions for continuous sub-
surface alpine permafrost. Moreover, growing season LSTs also have potential to be
used for mapping areas suitable for tree (P. sylvestris and B. pubescens) growth in
alpine regions, as demonstrated in our study. MODIS LSTs thus provide an
inexpensive, accessible tool with a potential to identify above-surface and below-
surface conditions during the growing season based solely on surface thermal
properties. However, the 1-km pixel resolution used here can be too coarse to precisely
delineate the lower limit of permafrost or record the dynamics of tree lines in alpine
regions where climatic and environmental conditions change over short distances. For
greater accuracy, we suggest combining satellite data with other forms of ground

verification in alpine settings.
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Chapter 6

Synthesis and conclusions
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The present thesis has examined, using an interdisciplinary approach, the response of
the alpine Jotunheimen region to climatic changes over different time scales, with a
specific focus on the response of permafrost and vegetation. The key methods — field
measurements, palynological analysis and remote sensing — allowed the examination
of aspects of the landscape at differing temporal (millennial, centennial and decadal)
and spatial (local and regional) scales. As a result, each method provided insights into

the processes affecting this area, and the interaction between these processes.

Chapter 3 investigated the ways in which ecosystem (soil and vegetation) and
geomorphological (specifically cryogenic disturbance) factors may control or affect
ecosystem respiration during the peak growing season. Identification of the seven
variables that exhibit the highest influence over surface CO> efflux (i.e., ecosystem
respiration, Re) helped to better understand the response of carbon release in an alpine
permafrost landscape under different scenarios of change. Such scenarios include, for
example, changes in temperature, precipitation, vegetation cover or frost disturbance.
Field-based measurements revealed that soil microclimate and plant growth forms
controlled ecosystem respiration more strongly than cryoturbation or atmospheric
conditions. During the dry peak growing season, increases in soil moisture led to
higher Re across all altitudes, whilst surface disturbance had a negative effect on Re.
Vegetation, particularly shrub cover, had a positive effect on Re, and the findings
suggest that increasing shrub cover at altitudes above 1500 m a.s.l. leads to elevated

surface CO; efflux.

To understand the response of alpine vegetation assemblages to climatic changes in
this area, Chapter 4 extended the temporal scale and examined how alpine vegetation
belts and tree lines have shifted over millennial and centennial scales, specifically on
Galdhepiggen. This was achieved through reconstructing the past environment based
on fossil pollen preserved in a peat core collected from a mire at the present-day tree
line. The dominant tree species — Pinus sylvestris and Betula pubescens - were
identified, and the limits of their respective ranges were reconstructed based on the
relative abundance and accumulation rates of fossil pollen throughout the core. Using
knowledge of the minimum growing season temperature requirements for each
species, the past (during c. 4500 years) fluctuations of their altitudinal limits proved to

be useful indicators of warmer and colder periods. Further, combining this information
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with past studies on glacial fluctuations in the area, it was also possible to make

inferences about past movements of the lower limit of permaftrost.

Throughout the c. 4400-year sequence, the tree lines and the lower limit of permafrost
were found to have fluctuated in altitude by hundreds of metres (Figure 6.1). Due to
the pollen spectrum being dominated by arboreal species throughout the late Holocene,
it proved difficult to identify the shifts in the shrub-dominated low- and mid-alpine
vegetation belts higher upslope. However, the evidence in the pollen spectrum did
indicate a period around 3000-2000 cal. yr BP where there was a significant depression
of the low-alpine belt. The palynological evidence combined with past climate studies
(e.g., Lillegren et al., 2012; Matthews and Dresser, 2008) therefore reveals that
arboreal and non-arboreal vegetation on Galdhepiggen responded to Late Holocene

climatic changes with significant altitudinal range shifts (100s of metres).

Since the early 1980s, changes in the extent and patterns of vegetation cover can be
detected from air and from space. In Chapter 5, modelled vegetational trends as well
as land surface temperatures in NE Jotunheimen were examined over the period of
1957-2019 with the aim to investigate spatial differences in the rate of change across
altitudes and thus identify areas most susceptible to change. The results demonstrated
substantial increases in air- and land surface temperatures (particularly winter
temperatures), and an increasing trend in NDVI during the study period. The highest
increases in growing season NDVI and LST were recorded over low- and mid-alpine
heaths at altitudes between 1050-1500 m a.s.l., which was attributed to increased
shrubification over these areas. The surface temperature increase of 1.2 °C at the
altitude of the present-day lower limit of permafrost over the past six decades suggests
that the ground thermal conditions near the lower limit of present-day permafrost have
likely led to continued permafrost degradation on Galdhepiggen, thus contributing to

its shift up the slope.

In the present, final chapter, the results of the three different analyses are synthesised.
Sub-Section 6.1 summarises the transformations on Galdhepiggen from long to short
temporal scales. Sub-Section 6.2 identifies the advantages and limitations related to
the application of the used methods in this study, outlines the ways in which the
encountered limitations were overcome, and reviews how the different methods
complemented each other. The final sub-Section (6.3) outlines the likely future

directions of each of the identified trends.
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6.1. Thermal and vegetational changes on Galdhepiggen from c. 4350 cal. yr BP

to present

The B. pubescens and P. sylvestris tree lines and the lower limit of permafrost on the
north-facing slope of Galdhepiggen have fluctuated in altitude in response to climatic
changes over the past 4350 years (Figure 6.1). The palynological record indicates that
during the period between 4300-3400 cal. yr BP, warm and mild conditions suitable
for the establishment of a dense pine-dominated woodland prevailed at the altitude of
the present-day tree line (1000 m a.s.l.). With temperatures higher than today,
permafrost was likely confined to higher elevations above the present-day lower limit
(1450-1470 m a.s.L.). It could be speculated that the lower limit at the time was between
1500 and 1600 m a.s.l. (Figure 6.1), as permafrost was present above 1600 m a.s.l.
even during the warm Holocene climatic optimum according to modelling reported by

Lillegren et al. (2012).

The warm period is followed by cooler conditions between 3400 and 1690 cal. yr BP,
as the pollen record shows the simultaneous altitudinal depression of the pine tree line
and the low-alpine shrub belt, whilst downy birch abundance at 1000 m a.s.1. increases.
In response to the climatic deterioration, permafrost aggradation likely occurred, and
it is estimated that the lower limit of permafrost reached ¢. 100 m lower than it is today.
The pine tree line continued to retreat downslope during 1690-170 cal. yr BP, with
downy birch becoming dominant at 1000 m a.s.l. Permafrost aggradation may also
have continued, but it is unlikely that its lower limit reached below 1200 m a.s.l.

(Lillegren et al., 2012).

From 170 cal. yr BP onwards, vegetation belts advanced upslope and pine re-
established at the present-day tree line at 1000 m a.s.l. in response to warming
temperatures. Permafrost degrades rapidly at lower altitudes and reaches the present-
day position of approximately 1450 m a.s.l. In fact, modelled borehole temperatures
indicate that the permafrost limit advanced upslope by c¢. 200 m since 1860 (Hipp et

al. 2012), illustrating the rapidity of the response to recent warming.
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Figure 6.1. The reconstructed past and present dynamics of the birch- and pine tree lines and the lower limit of permafrost on Galdhepiggen, and future projections (indicated
by dotted lines). The approximate estimation of the past lower limit of permafrost is based on the environmental reconstruction presented in Chapter 4, staying within the limits
of the permafrost extent modelled by Lillegren et al. (2012) for the late Holocene. The future projection for the lower limit of permafrost is modelled by Hipp et al. (2012),
following the A1B (IPCC, 2007) warming scenario. The period between 1960-2019 has been divided into 20-year periods, and the mean growing season land surface temperature

and NDVI, based on the results presented in Chapter 5, are indicated for each altitude.

150



From 1957, the regional warming trend can be detected by combining remotely sensed
satellite data with air temperatures recorded by a meteorological station in the area.
The warming of air- and land surface temperatures from 1957 to 2019 is significant,
with respective mean increases of 1.36 °C and 1.2-2 °C between the periods 1957-
1976 and 2000-2019. The largest temperature increases have occurred in the winter
(up to 2.4-2.6 °C). Whilst the rate of warming has slowed slightly during the past two
decades, modelled land surface temperatures at the altitude of the present-day
discontinuous permafrost limit suggest that the warming is creating conditions suitable
for continued permafrost degradation. Although not detectable aboveground, the
observed warming is expected to facilitate the upslope shift of the lower limit of
permafrost. Vegetation responds to warming in a more visible way, and the largest
increase in NDVI between the periods 1957-1976 and 2000-2019 was detected in the
dwarf shrub- and grass dominated low- and mid-alpine vegetation belts that also cover
the altitude of the lower limit of permafrost. The increase in NDVI suggests that the
vegetation at these altitudes has increased either in stature, abundance, or both. Aerial
photographs of the area (Kartverket, 2021), the earliest of which are from 1981,
provide a valuable insight to complement satellite images in determining the position
of downy birch — and pine tree lines and vegetation composition. For example, by
comparing aerial images from 1981 and 2017, it is possible to identify areas directly
above the forest line where trees were not present in 1981, and areas where they were

present, but smaller in stature.

The increase in the abundance (and/or stature) of downy birch around 1000 m a.s.l. is
evident from the modern pollen record, as the relative abundance of birch pollen
increases slightly between 2000 and 2014. Shrub pollen abundance does not show
significant changes during this period. As numerous species of shrubs have already
established at 1000 m a.s.l. and cover the ground directly above the tree line, it may be
concluded that shrub encroachment presently affects mid-alpine grass-dominated
heaths between altitudes of ~1350-1600 m a.s.l at a greater magnitude (Chapter 5).
Shrubs have also established at higher altitudes above 1800 m a.s.l., which was best
detected in the field (Chapter 3). Vegetation surveys along an altitudinal transect on
Galdhepiggen in the summer of 2018 revealed that whilst the number of shrub species
decreased with increasing altitude, dwarf species like Salix herbacea were present

across the transect from the tree line to the predominantly barren, boulder-rich surface
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at 1950 m a.s.l. Moreover, the abundance of Salix herbacea was high at altitudes
between 1850 - 1950 m a.s.l., demonstrating that the species is already able to establish

at these altitudes.

6.2. Evaluation of used methods for application in alpine tundra

Visiting a study site to make observations and take measurements is arguably the best
way to get acquainted with an area (see Table 6.1). The field-based study in
Jotunheimen (Chapter 3) involved several repeated visits to the sites of interest, whilst
allowing observations of the surrounding landscape across all altitudes from the valley
bottom up to 1950 m a.s.l. The open alpine tundra environment above the tree line on
Galdhepiggen is highly heterogenous in terms of topography, soil conditions and
vegetation cover. Using a portable manual chamber to measure CO; efflux, a portable
weather meter to record atmospheric conditions at 2 m above the surface, and probes
to measure soil temperature and moisture in the top 30 mm of soil allowed me to focus
directly on microhabitats that the landscape is comprised of, and to detect small
differences between these habitats. Further, taking simultaneous real-time
measurements of CO: efflux, soil moisture and soil temperature ensured that the
measured variables are directly comparable. In clear, sunny conditions, soil
temperature varied by up to 10 °C within just a few metres, both at high and low
elevations, and reached highs of 30 °C at the peak of the day, despite the near-surface
air temperature remaining around 20 °C. These results illustrate the very high surface

microclimate heterogeneity in alpine tundra environments.

This does highlight a limitation: the small spatial coverage of the chamber requires
repeated measurements across the landscape of interest, because the area covered by
the chamber does not necessarily represent the CO» efflux from soil just a few metres
away. To minimise this effect, the approach taken in Chapter 3 involved placing the
chamber on different land cover types only a few metres apart. Nevertheless, a
comprehensive estimation of CO; efflux from, for example, an entire sorted circle,

would require numerous repeated measurements.

The small temporal scale can also restrict the application of the field methods (Table
6.1). The gas analyser and the temperature- and moisture probes only record the

conditions in the space of a few minutes, providing a snapshot of the situation at a
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given time; in this study, three consecutive two-minute measurement periods were
used on each site. Moreover, unless the measurements are repeated during a 24-hour
period and throughout the year, the portable chamber method fails to account for the
diurnal and seasonal variability in CO; efflux. In Chapter 3, the method was adjusted
to include repeated measurements on the same sites during different times of the day
in an attempt to capture any variability in efflux; however, no significant patterns

emerged.

To overcome the limitation posed by the small temporal scale, and to facilitate up- and
down-scaling, the field methods were combined with palynological analysis and
remote sensing. Combining pollen identification with radiocarbon dating of analysed
samples makes it possible to estimate the age of different depths throughout the core,

allowing to go back in time well beyond observational records.

To date, no previous palynological studies have been published based on a sample
from Galdhepiggen. Whilst a palynological study based on a peat core from Leirdalen
(14 km from the coring site) was published by Barnett et al. (2001), the results
presented in Chapter 4 likely provide a much finer temporal resolution, providing a
time span of 61 years between samples in the bottom half of the core, and an interval

as short as 3.5 years between samples at the top of the core.
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Table 6.1. The individual advantages and limitations of three research methods used in this thesis in capturing the environmental conditions and trends over different periods
of time, and the novel aspects of each approach.

Method

Field-based
measurements

Portable gas analyser, soil
moisture- and temperature
probes, clast fabrics
analysis

Palynological analysis

Pollen extracted and
identified from a 46 cm
peat core;

a combination of methods
used in interpretation

Satellite remote sensing

MODIS NDVI and surface
temperature data

Advantages
Capacity to focus on .
microhabitats and detect .
differences between them .

Captures the heterogeneity of
tundra environments

Enables comparability of
variables through
simultaneous measuring of
CO,, temperature, and
moisture

Allows to go back in time o
beyond observational records
Provides insight into the past

species assemblages in a o
given area

L]
Provides information for .

large, otherwise inaccessible
areas

Data accessible from online o
sources

Limitations

Labour intensive, requires repeated measurements
Fails to account for diurnal and seasonal variability

Does not capture the regional or landscape-scale conditions

Difficult to differentiate between local, regional and long-
distance pollen as estimating the source of the pollen is
problematic, especially in alpine areas

No universal method for accurately determining past local
species presence and abundance

Cost limitation

Fails to capture the small-scale variability in the landscape
(minimum pixel resolution is 250 m);

ground truthing often required

MODIS satellite observations only go back to 1999/2002;
historic estimations rely on the accuracy of models

Novelty

The use of a gas analyser to
measure surface CO; emissions
on Galdhepiggen

The use of clast fabrics as a
proxy of soil disturbance
Testing of the hypothesis that
soil disturbance might create
‘preferential pathways’ for CO,
escape

First high-resolution
palynological study based on a
core from Galdhepiggen
Several methods combined to
interpret the pollen profile

First remote sensing study of
the Jotunheimen area at 1-km
and 250 m resolutions.

The use of growing season
surface temperatures to
delineate continuous
permafrost and tree lines
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Pollen analysis is an excellent tool in environmental reconstruction, but the accuracy
of estimating the past local presence of individual species remains challenging (Table
6.1). The main problem is estimating the source area of the pollen, which complicates
the interpretation of the pollen record (as discussed in detail in Section 2.3 and Chapter
4). To minimise overreliance on one interpretation method, several complementary
methods were used simultaneously in Chapter 4. Combining the commonly used
pollen relative abundance with pollen accumulation rates provides a better idea of the
proportions of taxa present in the landscape at a given time. Additionally, a modern
sample gives a reference point and enables comparison of present-day pollen
proportions captured in peat and moss to past proportions, further facilitating the
estimation of species’ local presence. Finally, identifying species that are indicative of
certain environmental conditions in the spectra provided yet another proxy to improve

the reconstruction of the past vegetation assemblages on Galdhepiggen.

Satellite remote sensing not only expanded the temporal scale of the field-based study,
but also the spatial scale, covering NE Jotunheimen in addition to Galdhepiggen
(Table 6.1). Compared to the data collected using abovementioned field- and
laboratory methods, satellite remote sensing data are more accessible, as they are
available from online sources. The method also has the capacity to obtain information
over large areas that can be otherwise inaccessible, such as high latitudes and alpine
terrain. Whilst Jotunheimen is a relatively accessible mountainous region, field-based
surface temperature measurements cannot compete with the spatial scale provided by

satellite imagery.

The novel approach used in Chapter 5 tested the applicability of summer land surface
temperatures for identifying areas suitable for the establishment and growth of Betula
pubescens and Pinus sylvestris. This approach, however, requires prior knowledge of
the minimum required growing season air temperatures of a specific species in a given
area. The closest match was found between mean June-September LSTs and the Betula
pubescens tree line on Galdhepiggen. In the absence of air temperature records, there
is therefore potential in mapping surface temperatures to determine the areas suitable

for downy birch growth in an alpine region.

However, remote sensing often requires ground truthing for validation of the findings.
This is especially important and valuable in the case of tree line- and vegetation

dynamics. Whilst dense vegetation was easily identifiable by using NDVI, the small-
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scale changes directly above the tree line and at sparsely vegetated high altitudes above
1800 m a.s.l. were more difficult to interpret. Remote sensing techniques employ the
relationship between NDVI and the amount of solar radiation captured for
photosynthesis and therefore provide a bulk measure of vegetation; the methods used
are too crude to distinguish between spaces and this limits detection of spatial
heterogeneity of alpine tundra- and permafrost landscapes (Westermann et al., 2011).
Nevertheless, NDVI proved to be a valuable tool for mapping large-scale patterns and
shifts in vegetation change on Galdhepiggen (see Figure 6.1). From the field methods
(Chapter 3) it was concluded that increased NDVI observed in the satellite data is
linked to the increased abundance of shrubs over low- and mid-alpine heaths (~1050-

1500 m a.s.l.).

Regarding satellite-derived land surface temperatures, validation is possible through
field visits or comparison with other published work that reports directly measured
LST data over the same period. As discussed in Chapter 5, satellite-derived LSTs may
be underestimated in the winter, when snow cover results in high surface albedo. To
overcome this problem, annual mean LSTs were replaced by growing season LSTs to

successfully map the occurrence of continuous permafrost.

6.3. Future implications
6.3.1. Continued increase in air- and surface temperatures

Whilst climatic conditions in the alpine Jotunheimen region demonstrate a cooling
trend from 4000 cal. yr BP to c. 170 cal. yr BP, the trend from 170 cal. yr BP to the
present day indicates warming. Evidence of climatic warming is found in the
palynological records (Chapter 4) as well as within the recorded air temperatures and
modelled land surface temperatures from 1957 to 2019 (Chapter 5), with the most
significant increase in winter land surface temperatures (by as much as 2.8 °C at mid-
and low altitudes below 1600 m a.s.l.). Even though the results presented in Chapter 5
indicate that the local warming trend in air- and surface temperatures has slowed in the
area since 2000, temperatures are predicted to continue to increase in Jotunheimen

(Hipp et al., 2012) and across the northern hemisphere (Biskaborn et al., 2019).

6.3.2. Continued degradation of permafrost

156



In response to increasing temperatures, sub-surface permafrost on Galdhepiggen is
warming and degrading (Etzelmiiller et al., 2020). Whilst the methods used in this
thesis do not directly measure the temperature or extent of permafrost, extensive
research has been previously conducted in the area to monitor and map the state of

permafrost on Galdhepiggen (see sub-Section 1.4.1).

At higher altitudes (Juvvasshee, 1894 m a.s.l.), borehole monitoring reveals that near-
surface permafrost has warmed by an average of 0.04—0.05 °C every year for several
decades (Isaksen et al., 2007) and the thickness of the active layer has increased 5%
per decade since 1999 (Etzelmiiller et al., 2020). At lower altitudes on Galdhepiggen,
the lower limit of permafrost is shifting upslope. Models indicate that the limit has
already moved up by 200 m since 1860 (Hipp et al., 2012), and the latest estimates
position the present-day lower limit at c. 1450-1470 m a.s.l. (Farbrot et al., 2011;
Isaksen et al., 2011). Past movements of the lower permafrost limit in the area can also

be indirectly inferred from palynological records (Chapter 4).

Future scenarios based on models predict a 55-75% probability of permafrost
degradation at 1900 m a.s.l. by 2100, and complete degradation of permafrost at 1561
m a.s.l. before 2050 (Hipp et al., 2012). This would mean the upslope movement of
the lower permafrost limit to above 1800 m a.s.l., which is unprecedented since the
early Holocene (Lillearen et al., 2012), and could lead to drastic changes over areas

presently underlain by permafrost.

The remote sensing approach presented in Chapter 5 can not be used to directly
measure sub-surface temperatures. However, due to the close relationship between
ground- and ground surface temperatures on Galdhepiggen (Isaksen et al., 2003), land
surface temperatures can be used to map areas suitable for continuous permafrost
occurrence. In this case, areas were identified where mean growing season (April-
September) LSTs remain below 0 °C, providing suitable conditions for permafrost
formation and preservation. The modelled LST data revealed a significant decrease in
the extent of land with LSTg below 0 °C between 1957-1976 and 2000-2019,
providing further evidence that the climatic conditions in Jotunheimen are becoming
less suitable to support the widespread occurrence of permafrost. This mapping
method can be a useful and accessible tool for monitoring temporal changes in the
extent of land with below-freezing mean surface temperatures during the growing

season, contributing to permafrost monitoring in the area.
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6.3.3. Decrease in cryoturbation at higher altitudes

Warming air-, surface- and sub-surface temperatures and thawing permafrost will
affect freezing and thawing processes in the soil, and thus surface disturbance. On
Galdhepiggen, the largest changes would be expected above c. 1800 m a.s.l., where
frost disturbance in the centres of sorted circles is currently highest. Previous studies
focused on Fennoscandia have predicted a significant decrease in cryogenic activities
in the soil in response to future warming (Aalto et al., 2014; Kade et al., 2005; Becher
et al., 2018). On sorted circles, vegetation is predicted to encroach the previously
disturbed surfaces as frost disturbance diminishes (Becher et al., 2015; Vaisanen et al.,
2017), which was also observed in the study reported in Chapter 3, as sorted circles at
lowest altitudes are fully covered by vegetation. Following the scenario of decreased
cryoturbation and surface disturbance, the extent and abundance of vegetation cover

are likely to increase in the high-alpine belt.

6.3.4. Tree line advancement and shrub encroachment

The upslope advancement of northern alpine tree lines and increased vegetation
greenness in the northern hemisphere in response to warming over the recent decades
have been reported in the literature (Los, 2013; Zhu et al., 2016). This thesis explored
the past and present tree line dynamics. Palynological records suggest that the
altitudinal limits of the two main tree species on Galdhepiggen, Betula pubescens and
Pinus sylvestris, have fluctuated by hundreds of metres since c. 4350 cal. yr BP
(Chapter 4). Modern pollen evidence from the peat core and moss polster taken at 1000
m a.s.l. reveals a small increase in the abundance of B. pubescens pollen over the past
14 years. Additional evidence from historic aerial photographs and field visits (Chapter
3) combined with modelled NDVI (Chapter 5) show an upslope advancement of stands
of Betula pubescens by c. 60-80 m on the north-facing slope of Galdhepiggen since
1981. Moreover, NDVI shows an increase at the present-day tree line at 1050 m a.s.1.
since 1957, which can be in part attributed to the maturation of the Betula pubescens
and Pinus sylvestris stands, which also becomes evident when comparing aerial

photographs from 1981 and 2017.
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In Arctic and alpine tundra environments, warming often leads to the encroachment of
shrubs (Salix, B. nana, Alnus) at the expense of graminoids, forbs, bryophytes and
lichens (Walker et al., 2006; Tape et al., 2006). Evidence of shrubs reaching altitudes
above 1900 m a.s.l. and the increase in shrub abundance and/or stature at 1400-1600

m a.s.l. on Galdhepiggen was presented in Chapters 3 and 5.

In Chapter 3, the ergodic principle is adopted, which assumes that the vegetation
change across the altitudinal transect from higher to lower altitudes reflects temporal
changes (i.e., the vegetation composition and/or abundance at lower altitudes
represents the possible future vegetation cover at higher altitudes as warming
continues). This approach was used to examine how surface CO> emissions could
change with future warming. However, vegetation change is not always
straightforward. Studies of vegetation succession in Jotunheimen (Matthews et al.,
2018; Matthews and Whittaker 1987; Whittaker 1989, 1991) emphasise the
importance of physical environmental processes (e.g., disturbance) in vegetation
establishment, and suggest a geo-ecological interpretation is best to explain patterns

of vegetational change, especially in alpine regions.

Vegetation succession across an altitudinal transect on Galdhepiggen was examined
by Matthews et al. (2018). The study found that relay succession (where the pioneer
species are replaced by a new set of species) occurred in the sub-alpine vegetation belt,
whilst evidence for autosuccession (where pioneer- and climax communities are
identical) was found at the highest altitudes above 2000 m a.s.l. In the low- and mid-
alpine vegetation belts, relay succession dominates, and most of the pioneer species
(e.g., Festuca ovina, Poa alpina, Luzula spicata) will be completely replaced by
mature heath species (e.g., Salix spp., Betula nana, Empetrum hermaphroditum,
Vaccinium spp.). Indeed, the modelled changes in NDVI over the past six decades
presented in Chapter 5 indicate that the highest rates of NDVI increase have occurred
in the low- and mid-alpine belts, which is attributed to the increase in shrubby

vegetation.

At higher altitudes (>1800 m a.s.l.), vegetation cover is sparser and of small stature,
and not detectable from satellite imagery. The harsher climatic conditions, higher rates
of cryogenic soil disturbance and the patterned landscape formed by past cryoturbation
in the high-alpine belt (Chapter 3) all affect the patterns of vegetation establishment.

Whilst no assumption is made that the future vegetation cover in the high-alpine belt
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will be identical in extent and stature to that found in the low-alpine belt today, there
is evidence that certain shrubby species characteristic of mature heath communities
are already able to establish at elevations above 1800 m a.s.. The small-scale
vegetation survey on the field (Chapter 3) recorded Salix herbacea at every altitude at
sites ranging from 1550-1950 m a.s.l. Moreover, Matthews et al. (2018) found no
decline in the abundance of Salix herbacea with increasing altitude; instead, the
abundance of Salix herbacea increased with the increase in the area affected by late

snowbeds.

Although Salix herbacea is not a pioneer species, it was unexpectedly abundant on the
two highest sites that exhibited the highest rates of disturbance along the transect,
suggesting that the species can successfully establish in microsites created by surface
disturbance (Chapter 3). Combining the evidence from the field study with remotely
sensed NDVI data and previous vegetation surveys therefore indicates that
shrubification has been affecting the low- and mid-alpine belts over the recent decades,
and shrubs (namely Salix herbacea) are likely to increase in abundance at higher

altitudes in response to warming, given that the soil conditions are suitable.

6.3.5. Increased CO; emissions in response to warming

Increased temperatures can affect ecosystem respiration in additional ways. Higher
alpine soil temperatures can stimulate the activity of soil microbes, increasing the
speed of carbon cycling and its release from the soil (Donhauser and Frey, 2018).
Further, results presented in Chapter 3 show elevated rates of Re over shrub-covered
areas on Galdhepiggen, which was attributed by the regression technique to a
combination of possible factors, including greater plant productivity and litter input
rates, and the additional output from root respiration. Whilst higher shrub biomass can
increase the uptake of carbon during the growing season, the effect is most likely to be
temporary, as the uptake can be offset by increased ecosystem respiration during

autumn and winter (Mekonnen et al., 2018).

Chapter 3 concludes that vegetation is likely to encroach bare, frost-disturbed surfaces
at progressively higher altitudes as freeze-thaw processes slow down or cease. It is yet
unclear whether this permafrost region as a whole will act as a source or a sink of

carbon in response to future warming. However, the trend identified in Chapter 3
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suggests that increasing shrub cover and abundance at altitudes above 1500 m a.s.l.
leads to intensified carbon cycling and elevated carbon release from the ecosystem.
Whilst increased shrub abundance leads to a higher uptake of carbon from the
atmosphere during the growing season, this effect can be offset in the long term due to
increased ecosystem respiration in autumn and winter (Mekonnen et al., 2018).
Additionally, shrub tundra often has a lower SOC content and higher rates of
respiration compared to other types of vegetated tundra (Wilmking et al. 2006), and
warm soil conditions during the growing season turn shrub-covered landscapes into a
net source of CO2 (Cahoon et al., 2006). Therefore, following the scenario of warming-
driven increased shrub encroachment to higher altitudes on Galdhepiggen, CO:
emissions from the land surface are expected to increase. However, the magnitude of
the net land surface CO; source or sink remains uncertain, as estimates of carbon
uptake by vegetation and year-round measurements of respiration would be required

to make such conclusions.

Increased winter warming can be another driver of soil respiration. Kreyling et al.
(2019) reported an increase in the aboveground plant biomass in a cool-temperate
grassland following winter warming, whilst plant biomass was not affected by summer
warming. Moreover, winter warming led to higher increases in soil respiration
compared to summer warming (Kreyling et al., 2019). In Chapter 5, the modelled land
surface temperatures reveal that winter warming in Jotunheimen has been more
significant than summer warming. The phenomenon of winter warming has been
previously reported in Scandinavia (Ferland et al., 2000; Isaksen et al., 2002), but it
presently remains undetermined whether winter warming will also increase
aboveground biomass and enhance soil respiration in the alpine ecosystems of

Jotunheimen.

As temperature is identified as the main driver of greening in the northern hemisphere
(see Chapter 5), the focus of this thesis has been on the influence of increasing
temperatures rather than the influence of changes in precipitation patterns on the
ecosystem. Therefore, precipitation was only considered indirectly in Chapter 3, where

soil moisture was found to positively affect Re during peak growing season.

However, precipitation will have an important role in controlling the future CO»
emissions from tundra environments; especially in dry Arctic regions, where increased

soil moisture increases soil- and root respiration (Natali et al., 2015; Illeris et al., 2003).
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A similar effect was described in Chapter 3, where even a small increase in soil
moisture during the dry peak growing season enhanced Re. Therefore, the future
growing season surface emissions of CO; in Jotunheimen depend on not only the
degree of warming, but also on any changes in precipitation patterns, as soil moisture
extremes (excessively dry or waterlogged conditions) both inhibit soil- and root

respiration.

Considering the results presented in Chapters 3-5, and the trends and model
estimations presented in similar studies, the most likely future scenario in response to
warming in Jotunheimen will be decreased cryoturbation combined with increased
shrub encroachment and ecosystem respiration rates, a combination likely leading to
increased CO; emissions from the ground in Jotunheimen and similar alpine

permafrost regions.
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Appendices

i)

Supplementary Table 3.1. The extent (%) of different land cover types within individual collars,

Supplementary material: Chapter 3

listed by site.

Collar  Crust/lichen Moss Herbaceous  Shrub Unvegetated
Site 1 1.1.1 0 0 0 0 100
1.2.1 0 0 0 0 100
1.3.1 5 0 0 0 95
1.1.2 90 0 0 10 0
1.2.2 90 10 0 0 0
1.3.2 65 0 10 25 0
1.1.3 10 0 50 40 0
1.2.3 65 10 0 25 0
1.3.3 50 0 0 50 0
Site 2 2.1.1 10 0 10 0 80
221 95 0 5 0 0
231 0 0 0 0 100
2.1.2 60 0 10 30 0
222 85 0 0 15 0
232 50 0 0 50 0
2.1.3 90 0 0 10 0
223 85 0 0 15 0
233 90 0 0 10 0
Site 3 3.1.1 95 5 0 0 0
3.2.1 90 5 5 0 0
3.3.1 80 10 5 0 5
3.1.2 20 0 80 0 0
3.2.2 25 0 50 15 10
3.3.2 80 0 15 0 5
3.1.3 30 0 70 0 0
3.2.3 30 20 50 0 0
3.3.3 15 0 85 0 0
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Site 4 411 50 0 0 10 40
4.2.1 40 0 0 10 50
4.3.1 15 0 0 0 85
4.1.2 65 0 0 35 0
4.2.2 90 0 10 0 0
4.3.2 70 0 0 20 10
4.1.3 55 0 0 45 0
4.2.3 10 0 85 5 0
433 25 0 0 75 0
Site 5 5.11 80 5 5 10 0
5.21 80 0 0 20 0
531 95 5 0 0 0
5.1.2 95 0 0 5 0
5.2.2 80 5 5 10 0
5.3.2 65 5 5 25 0
5.1.3 40 5 40 15 0
5.23 50 0 30 20 0
533 90 0 0 10 0
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ii) Supplementary material: Chapter 4

F14c
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Supplementary Figure 4.1. The calibration output for the ‘greater than modern’ radiocarbon date
(F™C =1.0915+0.0021) using the post-bomb calibration dataset ‘NHZ1> by Hua et al. (2013). The
left-hand axis shows radiocarbon concentration (in fracion of modern, F'“C) and the bottom axis
shows calendar years (cal AD). The dark blue lines indicate the radiocarbon measurements of the peat
sample (£1 standard deviation). The green spike on the left-hand axis shows the radiocarbon
concentration in the peat sample, whilst the green and yellow lines on the bottom axis indicate

possible ages for that peat sample, with higher peaks indicating the more likely ages.
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Radiocarbon Age vs. Calibrated Age

3050.

UBA-42480
2872224
Cal. curve:
[ intcal20.14¢
2 sigma

3000.

2950.

2900.

2850.

2800.

2750.

{ \
] ~

2700, MM\ j 1 1 I M | \P\L

3200 3150 3100 3050 3000 2950 2900 2850

Radiocarbon Age vs. Calibrated Age

4130, T T T T T T
UBA-42479
3918232
4100. Cal. curve:
intcal20.14¢
2 sigma
4050.
4000.
3950,
3900.
3850.
3800.
]
3750, | { i \ =
! v A
i “\ ]
3700, _/ﬂl_\'\._ L.J/I—H L L 1 1 M e ]
4550 4500 4450 4400 4350 4300 4250 4200 4150

cal BP
Supplementary Figure 4.2. The calibration output for the radiocarbon dates at 24 cm (upper image)
and 46 cm (lower image) depth using the IntCal20 calibration curve (Reimer et al. 2020) and the
software CALIB (8.2). The left-hand axis shows radiocarbon concentration (in years before present)
and the bottom axis shows calendar years before present (cal BP). The dark blue lines indicate the
radiocarbon measurements of the peat sample (+1 standard deviation). The light blue line on the left
shows the radiocarbon concentration in the peat sample, whilst the light blue line on the bottom axis

indicates possible ages for that peat sample, with higher peaks indicating the more likely ages.
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Supplementary Table 4.1. Calendar age (cal. yr BP) estimates (at 95% confidence ranges) and

sediment accumulation rates throughout a peat core taken from Galdhepiggen (see Chapter 4). The
estimates are based on the age-depth model created in R (3.6.3). Negative values indicate departure

from 1950 AD towards present.

Depth Min Max Best Sediment
(cm) 95% 95% estimate accumulation
rate
6 -66 -62 -64 3.51
7 -62 -59 -60 3.51
8 -58 -56 -57 3.51
9 -55 -52 -53 3.51
10 -52 -48 -50 217.59
11 161 174 168 217.59
12 371 397 385 217.59
13 582 619 603 217.59
14 793 842 820 217.59
15 1004 1065 1038 217.59
16 1215 1288 1256 217.59
17 1426 1512 1473 217.59
18 1637 1735 1691 217.59
19 1847 1958 1908 217.59
20 2058 2181 2126 217.59
21 2269 2404 2344 217.59
22 2480 2627 2561 217.59
23 2691 2850 2779 217.59
24 2902 3073 2996 61.66
25 2967 3133 3058 61.66
26 3032 3192 3120 61.66
27 3097 3253 3181 61.66
28 3165 3318 3243 61.66
29 3231 3379 3305 61.66
30 3295 3440 3366 61.66
31 3357 3500 3428 61.66
32 3423 3558 3490 61.66
33 3486 3619 3551 61.66
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34
35
36
37
38
39
40
41
42
43
44
45
46

3548
3610
3670
3730
3791
3849
3907
3966
4024
4081
4139
4195
4252

3680
3746
3808
3873
3941
4006
4075
4145
4214
4281
4349
4416
4478

3613
3675
3736
3798
3859
3921
3983
4044
4106
4168
4229
4291
4353

61.66
61.66
61.66
61.66
61.66
61.66
61.66
61.66
61.66
61.66
61.66
61.66
NA
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iii) Supplementary material: Chapter 5
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Supplementary Figure 5.1. 8-day mean MODIS land surface temperature measurements plotted for a
single pixel at 1050 m a.s.l. over the period 1 Jan 2003- 31 Dec 2019. (a) Night-time LSTs, (b) day-
time LSTs and (c) mean daily LSTs.
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Supplementary Figure 5.2. 8-day mean air temperatures recorded at Fokstua meteorological station
(952 m a.s.l.) over the period 1 Jan 2003 — 31 Dec 2019. (a) Daily minimum (T ), (b) daily

maximum (Ta) and (c) daily mean (T4,) air temperatures.
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Supplementary Figure 5.3. 8-day average NDVI values plotted for individual pixels across the
Galdhepiggen transect for the period 1 Jan 2001-31 Dec 2017. Statistically insignificant positive

trends over the 17-year period are recorded at 1050, 1450 and 1550 m a.s.1., negative trends at 600,

800, 1750, 1850 and 1950 m a.s.l.
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Supplementary Figure 5.4. Annual growing season NDVI plotted for a pixel at the lower limit of

permafrost (1450 m a.s.l.) on the Galdhepiggen transect over the period 1957-2019. Each dot

represents the mean growing season NDVI for an individual year.
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Supplementary Figure 5.5. 8-day mean air temperatures recorded at Fokstua meteorological station
(952 m a.s.l.) over the period 1 Jan 1957 — 31 Dec 2019. (a) Daily minimum (Tx), (b) daily

maximum (T.) and (c) daily mean (Ta.y) air temperatures. The fitted lines represent annual means.
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Supplementary Figure 5.6. Mean number of days with air temperatures above 0°C per decade

(recorded at Fokstua meteorological station at 952 m a.s.l.)
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Supplementary Figure 5.7. (a) Mean annual land surface temperature (LST) and observed air
temperature and (b) mean growing season land surface temperature (LSTgs) and observed air
temperature plotted for a single pixel at the lower limit of permafrost (1450 m a.s.l.) on the
Galdhgpiggen transect over the period 1957-2019. LSTs were MODIS-derived, and the observed air

temperatures were recorded by Fokstua meteorological station.
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Supplementary Table 5.1. Mean growing season NDVI for 1957-1976 and 2000-2019 and the NDVI

difference between these periods. Each altitude corresponds to a single pixel on the Galdhepiggen

transect.
Altitude 1950 1850 1750 1550 1450 1050 800 600
(m a.s.l.)
1957-1976 0.003 0.043 0.063 0.158 0.212 0.355 0.406 0.491
mean NDVI
2000-2019 0.065 0.123 0.150 0.256 0.309 0.452 0.497 0.561
mean NDVI
Difference 0.062 0.080 0.088 0.098 0.098 0.097 0.091 0.070

Supplementary Table 5.2. Mean growing season LST (°C) for 1957-1976 and 2000-2019 and the

temperature difference between these periods. Each altitude corresponds to a single pixel on the

Galdhepiggen transect.
Altitude 1950 1850 1750 1550 1450 1050 800 600
(m a.s.l.)
1957-1976 -0.72 0.06 0.36 1.61 2.27 4.02 4.65 5.70

mean LST (°C)

2000-2019 0.40 1.18 1.51 2.82 3.47 5.23 5.84 6.91
mean LST (°C)

Difference 1121 1.119 1.151 1.205 1.202 1.202 1.187 1.207

Supplementary Table 5.3. Mean air temperatures (daily mean, daily maximum and daily minimum)
for 1957-1976 and 2000-2019 recorded at Fokstua meteorological station (at 952 m a.s.l.), and the

temperature difference between these periods.

Daily mean (°C) Mean Tuax (°C) Mean Twin (°C)

1957-1976 mean -0.45 4.82 -4.55
2000-2019 mean 0.95 3.15 -2.76
Difference 1.40 1.20 1.79
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Supplementary Figure 5.8. Mean annual land surface temperatures (K) above -2°C (271.15 K) per

decade (the range of years is indicated above each figure). The circle indicates the altitude of the

present-day lower limit of permafrost on Galdhepiggen (1450 m a.s.L.).
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Supplementary Figure 5.9. Mean growing season (April-September) NDVI for (a) the period 1957-

1976 and (b) the period 2000-2019. The circle indicates the present-day tree line on Galdhepiggen at

1050 m a.s.l.
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Supplementary Figure 5.10. Mean annual land surface temperatures for the periods (a) 1957-1976,
(b) 2000-2019; and (c) the temperature difference between the two periods (°C).
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5.1. R code for ana]ysis Lonlkm <- seq(7.901125 + 0.002398649*2,
8.699875+3*0.002398649, 0.002398649*4)
Latlkm <- seq(61.25187 + 0.002098315*2,
61.99887, 0.002098315*4)

5.1.1. Running ‘gapfill’ Year <- 2003:2019

day <- seq(1,366, 08)

dimnames(Tdaylkm) <-

list(as.character(Lon1lkm),

as.character(Latlkm), as.character(day),

as.character(Year))

load("Tday03_19.R")
read.dayT<- function(){

# fnames <- scan('xxx.mod', what=character())

year <- 2003

iii <- day8 <- 1 str(Tdaylkm)

tmp <- mean(is.na(Tdaylkm))
raster('culkm_day/culkm_dayT2003001.tif') Image(Tdaylkm)

print(tmp)

dx <- dim(tmp) out <- Gapfill(data = Tdaylkm)

o.ar <- array(dim=c(dx[2], dx[1], 46,
length(2003:2019)))

iy <-1 5.1.2. Removing pixels to validate
for (year in 2003:2019){ ‘gapfill’
iday <-1
for(day8 in seq(1,366,8)){ # dataset: daytime values. Pixels
if (day8 >= 100) {iname <- removed from three locations on every

paste('culkm_day/culkm_dayT’,

_ 6™ image.
as.character(year), as.character(day8), .tif',

sep}=") load("avg.day")
. library(fields)
else if (day8 >= 10) { library(gapfill)
iname <-

paste('culkm_day/culkm_dayT',
as.character(year), '0', as.character(day8),
"tif', sep=")

mask=lis.na(avg3d[,,1])==1

mask[35:40, 1:8]=0
} mask[40:47, 42:49]=0

e!se{ mask([65:72, 64:71]=0
iname <-

paste('culkm_day/culkm_dayT’,

image(mask)
as.character(year), '00', as.character(day8),
'Uf}’ sep= test.data=Tdaylkm

# print(iname)

tmp <- raster(iname)

tmp <- matrix(tmp, ncol=dx[1],
nrow=dx[2])[,dx[1]:1]

o.ar[,,iday, iy] <- tmp

for(i in seq (1,46,6))for(j in
1:17){tmp=test.datal,,i,jl;tmp[mask==0]=NA;t
est.datal,,i,j]=tmp}

test.datal,,7,1][1:50]

?da.y <-iday+1 image.plot(test.datal,,7,1])
if (iday > 46){
!day < 1 out <- Gapfill(data = test.data)
iy<-iy+1
}} test fill<-outSfill
} image.plot(test.fill[,,7,1])
o.ar

image.plot(test.datal,,7,1])
image.plot(Tdaylkm],,7,1])

209



Validate(test.data, test.fill, Tdaylkm, include
=rep(TRUE, length(test.data)))

#same steps were repeated with the
nighttime data

5.1.3. Plotting the temperature
trends across the altitudinal transect
over 17 years

#dataset: daily averages

sum<- Tday.fill + Tnight.fill
avg.day<-sum/2

avg3d <- array(dim=c(dim(avg.day)[1:2],
dim(avg.day)[3]*dim(avg.day)[4]) )

for (iin 1:17) {i1 <- (i-1)*46+1; i2 <- i*46;
avg3d|,,il:i2] <- avg.dayl,,,il}

plot(avg3d[52,56,],type="1") #coring site
lines(avg3d[51,54,],col="blue")
lines(avg3d[50,52,],col="yellow")
lines(avg3d[49,52,],col="green")
lines(avg3d[48,52,],col="red")
lines(avg3d[49,49,],col="purple")

5.1.4. Calculating 8-day
temperature averages for weather

station data (example: Fokstua, year
2003)

#8-day averages calculated for
maximum, minimum and average daily
lemperatures

F.temp <- read.csv("fokstua_temp.csv",
header=TRUE)
attach(F.temp)

library(TTR)
y01<-subset(F.temp, year =="1")

mavg.8day <- SMA(y01Savg, n=8)
mavg.8day2 <- SMA(y01Smin,n=8)
mavg.8day3 <- SMA(y01Smax, n=8)

m <- mavg.8day
m2 <- mavg.8day2
m3 <- mavg.8day3

n<- m[seq(0, length(m), 8)]

n2<- m2[seq(0, length(m2), 8)]
n3<- m3[seq(0, length(m3), 8)]

matrix(n)
matrix(n2)
matrix(n3)

5.1.5. Regression

#Dataset: daily averages

load("avg.day")
stationsavg <- read.csv("stationsavg.csv",
header=TRUE)

library(raster)
library(fields)
library(gapfill)

avg3d <- array(dim=c(dim(avg.day)[1:2],
dim(avg.day)[3]*dim(avg.day)[4]) )

for (iin 1:17) {i1 <- (i-1)*46+1; i2 <- i*46;
avg3d|,,i1:i2] <- avg.dayl,,,il}

avgday.fit<- avg3d*NA

for (iin 1:84) { for(j in 1:89) { Im1 <- Im(
avg3d([i,j,] ~ stationsavgSstl.b +
stationsavgSst2.f + stationsavgS$st3.s);
avgday.fit[i,j,] <- Im1Scoef[1] +
Im1Scoef[2]*stationsavgSstl.b +
Im1Scoef[3]*stationsavgSst2.f +
Im1Scoef[4]*stationsavgSst3.s }}

plot(avg3d[52,56,],type="1")
lines(avgday.fit[52,56,],col="blue")

#same steps were repeated with
daytime and nighhtime images/max-
min station temperature data

5.1.6. Plotting correlation
coefficients for individual pixels

r.obs.fit <-avg3d[,, 1]*NA

d.x <- dim(avg3d)

for (i in 1:d.x[1]) for (jin 1:d.x[2]) { t1 <-
avg3dl[i,j,]; t2 <- avgday.fit[i,j,]; r.obs.fit[i,j] <-
cor(t1,t2, use='complete.obs')}

r.obs.fit[52,49]
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image.plot(r.obs.fit)

5.1.7. Modelling the LSTs for 1957-
2019

fokstua <- read.csv("fokstua.csv",
header=TRUE)

new3d <- array(dim=c(dim(avg3d)[1:2],
dim(avg3d)[3]+2116) )

short.ts <- fokstuaSf.avg[-c(1:2116)]
long.ts <- fokstua$f.avg

for (iin 1:84) {
for(j in 1:89) {
Im1 <- Im( avg3d][i,j,] ~ short.ts);
new3d[i,j,] <- Im1Scoef[1] +
Im1Scoef[2]*long.ts
1

plot(new3d[52,56,],type="1")
lines(new3d[73,76,],type="1", col="red")

#same steps were repeated with
daytime and nighhtime images/max-
min station temperature data
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