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Abstract
Tundra ecosystems are undergoing rapid environmental changes as the temperature rises at
a rate unprecedented in modern human history. Permafrost soils in high latitude ecosystems
contain enormous amounts of organic C and therefore play a crucial role in the global carbon
cycle. If temperature changes follow current predictions, these carbon pools could
potentially shift from a sink to a source of C by the end of this century due to accelerated
decomposition rates. While many studies focus on the impacts of climate warming on tundra
ecosystems, not as many include the impacts that herbivores can have on the ecosystem’s
responses. Since herbivores can counteract some responses of tundra ecosystems to climate
warming, investigation on plant–herbivore interactions is essential for understanding the
responses of these ecosystems to a changing world.
The main aim of this study was therefore twofold; (1) to examine how climate warming
affects decomposition rates within tundra habitats in contrasting bioclimatic sub–zones in
the Arctic, and (2) to examine how sheep grazing affects decomposition rates in Icelandic
soils.
Two different studies were carried out to test our hypotheses. The first study focused on the
effects of climate warming on decomposition rates where open–top chambers (OTCs) were
used to enhance temperature in five different habitats in sub–Arctic Iceland and high Arctic
Svalbard. The second study focused on the effects of sheep grazing on decomposition rates
where fences were used to exclude sheep grazing in two contrasting sites, within and outside
the volcanically active zone in northern Iceland. In both studies protocols from the Tea Bag
Index were used in order to estimate decomposition rates. Two types of commercially
available tea were used to represent variable plant litter quality. In total 1,468 tea bags were
buried into the ground and decomposition rates were estimated as four different
decomposition variables (mass loss of green tea, mass loss of rooibos tea, stabilisation factor
S and decomposition rate constant k).
The effect of warming on decomposition rates differed significantly between the high and
sub–Arctic. Decomposition rates were significantly higher in warming treatments in Iceland.
Surprisingly, the opposite occurred in Svalbard where, in some habitats, control plots had
significantly higher decomposition rates than the warming treatments. This was explained
with opposite relationships in regards to some environmental variables as compared to
Iceland. Short–term sheep grazing exclusion did not affect decomposition rates in Iceland
and the lack of effect was consistent across both sites and habitats. Interestingly, the effects
of long-term grazing exclusion on decomposition were only evident for one out of four
decomposition variables after 20 years of sheep absence. The lack of effect of grazing could
be caused by the intense summer grazing of sheep in Iceland which is maintaining the
ecosystems in a low nutrient stock, limiting the ability of these ecosystems to recover. Thus,
recovery after excluding sheep grazing will take decades or even centuries to appear.
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Útdráttur
Með hlýnandi loftslagi verða norðurheimskautasvæðin fyrir miklum umhverfisbreytingum.
Á norðurhveli jarðar liggur mikið magn lífræns kolefnis bundið í sífrera jarðlögum og gegna
þessi svæði því mikilvægu hlutverki í kolefnishringrás jarðar. Ef spár um hlýnun jarðar
ganga eftir mun sífrerinn verða viðkvæmari fyrir þiðnun. Við það gæti aukið magn kolefnis
losnað út í andrúmsloftið vegna aukins niðurbrotshraða á lífrænum efnum í jarðvegi. Margar
rannsóknir hafa verið gerðar á áhrifum loftlagshlýnunar á vistkerfi á norðuhveli jarðar en
minna er um rannsóknir á áhrifum grasbíta á norðlæg vistkerfi. Þar sem grasbítar geta unnið
gegn svörun vistkerfa við hlýnun jarðar er einnig mikilvægt að rannsaka hlutverk grasbíta í
breyttum heimi.
Markmið verkefnisins var því tvíþætt; (1) að kanna hvernig niðurbrotshraði lífræns efnis
breytist með hlýnandi loftslagi í mismunandi búsvæðum (e. habitat) á norðurheimskautasvæðum, og (2) að kanna áhrif beitar á niðurbrotshraða lífræns efnis í mismunandi
búsvæðum á Íslandi.
Tvær rannsóknir voru settar upp til þess að prófa tilgáturnar. Í fyrri rannsókninni var lögð
áhersla á að kanna hvernig niðurbrotshraði í jarðvegi breytist við loftlagshlýnun þar sem
opin, gagnsæ harðplastbúr (e. open–top chambers) voru notuð til þess að hækka hitastig í
tilraunareitunum, rannsóknin fór fram í fimm mismunandi búsvæðum á Íslandi og Svalbarða.
Í seinni rannsókninni var hins vegar lögð áhersla á að kanna áhrif sauðfjárbeitar á
niðurbrotshraða lífrænna efna þar sem sauðféi var haldið frá tilraunareitunum með
girðingum, í tveimur mismunandi búsvæðum á Íslandi. Í báðum rannsóknunum var
niðurbrotshraði metinn með stöðluðum aðferðum frá tengslaneti sem kennir sig við The Tea
Bag Index. Tvær tegundir af tei með mismunandi niðurbrotshraða voru notaðar til þess að
líkja eftir plöntuleifum. 1.468 tepokar voru grafnir í jarðveginn og niðurbrotshraði metinn
með tilliti til fjögurra mismunandi niðurbrotshraðabreyta (þyngdartap græns tes, þyngdartap
rauðs tes, stöðuleika þátturinn S og niðurbrotshraðinn k).
Munur var á áhrifum loftlagshlýnunar á niðurbrotshraða á Íslandi og Svalbarða. Á Íslandi
reyndist niðurbrotshraði vera marktækt meiri í reitunum með hærra hitastigi. Á Svalbarða
var aftur á móti niðurbrotshraðinn í sumum tilfellum minni í reitunum með hærra hitastigi.
Þetta var útskýrt með óbeinum áhrifum hlýnunar og búranna, á umhverfisþætti eins og
jarðvegsraka og hlutfall smárunna í reitunum, en þeir þættir hafa áhrif á niðurbrotshraða.
Eins árs fjarvera sauðfjárbeitar hafði engin áhrif á niðurbrotshraða í báðum búsvæðunum á
Íslandi. Sömu niðurstöður fengust í sambærilegri langtímarannsókn þar sauðfjárbeit hafði
verið haldið frá í 20 ár. Þessi svæði hafa verið undir mikilli sauðfjárbeit í marga áratugi, en
slíkt getur valdið hnignun vistkerfa og haft áhrif á næringarhringrás þeirra. Það er því líklegt
að langvarandi beit á landinu viðhaldi þessu ástandi og endurheimt vistkerfisins gæti tekið
marga áratugi eða jafnvel aldir.
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1 Thesis introduction
1.1 The Arctic
Many different definitions on the Arctic tundra exist and vary according to environmental,
geographical and political biases (Callaghan et al., 2005). The Arctic is commonly defined
as the area north of the potential treeline where the terrestrial land, excluding glaciers and
alpine areas, covers around 5 million km2, of which 2 million km2 are typically identified as
the high Arctic (Walker et al., 2008). Other boundaries often used to define the Arctic include
the geographical line described as the Arctic Circle (66.5°N), climatic boundaries,
permafrost extent on land and sea–ice extent in the ocean (ACIA, 2004). Characterising the
vast and heterogeneous area that occurs across the Arctic’s roughly 12°C range in average
summer temperature can be problematic. Walker et al. (2005) developed the Circumpolar
Arctic Vegetation Map which divides the Arctic into five bioclimatic subzones based on a
combination of summer temperature and vegetation. The coldest subzones (subzones A, B
and C) are represented by the high Arctic with very scarce and low–statured vegetation
mainly on mineral soils, while the warmer, lower latitude subzones (subzones D and E) are
represented by the low Arctic with more vegetation cover on peat–rich soils. The sub–Arctic
covers the area immediately south of the Arctic limits, although this is not a clear boundary
and in some continental regions, the southern limits reach far south of the Arctic Circle
(ACIA, 2004).
Life in the Arctic is constrained by cold temperatures and short growing seasons and is
characterised by low productivity and slow decomposition and mineralisation processes that
enable accumulation of organic matter, particularly in cold and wet soil environments
(Callaghan et al., 2005). The vast area of the Arctic is characterised by significant
environmental variability on both spatial and temporal scales, which is dependent on
different macro–climatic gradients. From south to north, mean July temperature ranges from
1–12°C and the length of the growing season varies from a few weeks up to more than three
months. The distribution of land masses and warm ocean currents from the south, can also
shape the Arctic’s heterogeneity in local environmental conditions (Jónsdóttir, 2011). In
general, productivity and species diversity for most groups of organisms decreases with
temperature and precipitation from the southern boundaries of the tundra to the north
(Meltofte et al., 2013). The local variation in topography however, can be extremely
important, where duration and depth of winter snow cover, soil moisture and soil temperature
greatly influence local environmental conditions (Callaghan et al., 2005; Jonasson et al.,
2001). Consequently, the Arctic’s local environmental conditions create microclimates
which structure the diverse ecosystem functioning across the tundra region, from the boreal–
tundra interface of the sub–Arctic to the polar desert in the high Arctic (ACIA, 2004).
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In this thesis, two oceanic islands in contrasting bioclimatic subzones within the Arctic will
be of prime focus. These islands are Iceland in the sub–Arctic, located between 63°23´ –
66°32´N, and 13°30´ – 24° 32´W and Svalbard in the high Arctic, located between 76°26´ –
80°50´N and 10°30´ – 28°10´E (Figure 1.1).

Figure 1.1 An overview of the Arctic region. The map indicates the locations of two oceanic
islands within different bioclimatic subzones which are of prime focus in this thesis; Iceland in the
sub–Arctic and Svalbard in the high Arctic. The map is derived from the Blue Marble Visualization
Data from NASA and modified in the R Environment.

Iceland is a volcanic island in the North Atlantic Ocean just south of the Arctic Circle,
covering an area of around 103,000 km2 (Einarsson, 1984). Despite the northerly position of
the island, the climate is relatively mild and is largely shaped by the island’s position at the
boundary of warm and cold ocean currents. The powerful Irminger branch of the North
Atlantic Current passes the shores of Iceland carrying warm waters and air masses from the
south, while the East Iceland Current passes from the north with cold waters along the east
coast (Encyclopaedia Britannica, 2010). Icelandic climate is described as oceanic–subarctic
with weather regimes characterised by strong winds, frequent precipitation, relatively cold
summers and mild winters (Ólafsson et al., 2007). Iceland is a geologically young country
and is largely shaped by frequent volcanic activity. The island’s volcanism is caused by its
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geographical location above the Mid–Atlantic Ridge that separates the Eurasian and North
American tectonic plates as well as activity from mantle plumes which transfer heat from
the mantle (Bjarnason, 2008; Hreinsdóttir et al., 2001). These frequent volcanic eruptions
make Iceland one of the most active volcanic regions on Earth, and have influenced its
geological development to a great extent (Thordarson & Höskuldsson, 2008). Iceland has
about 45% vegetation cover, which makes it the poorest vegetated land in Europe (Arnalds,
2015). The Icelandic flora includes around 500 vascular plant species, around 750 species
of lichens and around 600 species of mosses (Jónsdóttir, 2014; Kristinsson, 2010). Deserts
put a distinctive feature on the landscape, but they cover >40% of the land mass (Arnalds,
2015a). The reason for their vast extent is believed to be a combination of destructive natural
processes, such as volcanic activity, climatic fluctuations and catastrophic flooding, as well
as land use management after the human settlement, following the introduction of large
livestock populations and excessive wood harvesting (Arnalds, 2015a; Arnalds & Barkarson,
2003; Dugmore et al., 2005).
Environmental conditions in high Arctic Svalbard are quite different from the Icelandic
conditions. Svalbard is an archipelago surrounded by the Barents Sea from the western–
edge. It is located midway between the mainland of Norway and the North Pole and covers
a land area of roughly 60,000 km2, thereof 60% presently covered with glaciers (Jónsdóttir,
2005). The largest area of the Svalbard archipelago consists of mainly six islands, where
Spitsbergen is by far the largest, constituting more than half of the archipelago, followed by
Nordaustlandet and Edgeøya. The climate is considered oceanic, with relatively mild seasons
in the western part of the archipelago, considering its extreme northerly position. This is
caused by the Norway branch of the warm North Atlantic Current that reaches the west coast
of Spitsbergen while, in the east and the southernmost tip of Spitsbergen, the climate is
impacted by the cold Barents Sea waters (Jónsdóttir, 2005). Long–term mean annual
temperature in the largest town of Spitsbergen (Longyearbyen), measured over 30 years
(1981–2010), was –4.6°C, but the annual temperature in Svalbard has increased substantially
during the last 100 years with the strongest increase in winter and spring (Førland et al.,
2011). In addition, ecosystems in Svalbard often experience extreme annual climatic
variability but also within days, especially in areas where freeze–thaw cycles are frequent
(Jónsdóttir, 2005).
Svalbard encompasses the three coldest bioclimatic subzones (A, B and C) defined by
Walker et al. (2005) which have been termed the Arctic polar desert, the northern Arctic
tundra and the middle Arctic tundra (Elvebakk, 2005). The occurrence of three out of five
bioclimatic subzones within the archipelago highlights the large heterogeneity that exists
among ecosystems in Svalbard, from very low productive polar desert areas to relatively
productive tundra ecosystems (Jónsdóttir, 2005). High northern ecosystems are generally
less diverse in terms of species numbers. During the last ice age, Svalbard was almost
completely covered with ice which led to, in principle, no vegetation cover after the glaciers
retreated (Brochmann et al., 2003). The vascular plant flora of Svalbard presently consists
of less than 200 species but the number of bryophytes and lichens is however, relatively
large compared to other high Arctic regions with around 370 species of bryophytes and
around 600 species of lichens (Elvebakk & Prestrud, 1996). Many Arctic plants have a high
3

genetic diversity which has been suggested to compensate for the low species diversity and
therefore buffer against environmental changes (Brochmann et al., 2003). Although Arctic
ecosystems are often considered to be fragile systems because of the extreme physical
environment and low productivity, in many cases Arctic organisms have adapted to the
extreme temporal variation and remain quite robust in some sense. High Arctic plants for
example have adapted to the extreme climatic variability that exists in Arctic environments.
Although herbivores can alter the ecosystems dynamics in many ways through browsing and
trampling, ecosystem damage after overgrazing of herbivores is only a rare phenomenon in
the Arctic regions (Jónsdóttir, 2005).

1.2 The Arctic in a warming world
The Arctic is currently experiencing dramatic environmental changes. Rising temperature
over the past two to three decades has severely changed the ecological conditions in some
environments across the tundra biome. Sea ice extent has declined by approximately 45,000
km2 per year over the last 20 years, as well as annual reduction in the extent of terrestrial
snow, with further reductions expected (IPCC 2013). These changes in temperature, snow
and ice cover as well as nutrient availability has major implications for these ecosystems that
can be vulnerable to changes in environmental conditions (Post et al., 2009). While the
global temperature is rising, climatic changes are predicted to be more amplified and happen
more rapidly in Arctic environments than in other areas of the world (IPCC, 2013). This is
referred to as the Arctic amplification and is due to in particular, sea–ice decline and
increased thawing of permafrost (Hicks Pries et al., 2015; Koven et al., 2011; Serreze &
Francis, 2006). Rising temperature in the Arctic drives a decline in the highly reflective ice
and snow cover, exposing darker surfaces that absorb more solar energy. These changes in
the albedo feedback will ultimately lead to further amplification of global warming in high–
latitude environments (Serreze & Barry, 2011). In addition to the changes in albedo,
warming will make much of the Arctic’s permafrost vulnerable to thaw, which can result in
cascading effects on tundra ecosystems (Koven et al., 2011). Tundra environments
collectively store nearly half of the global terrestrial C, which has built up in frozen soils,
peat layers and litter, and therefore serve as crucial components of the global C cycle
(Tarnocai et al., 2009). In response to warming, old carbon stored in Arctic environments
could be lost rapidly through increasing permafrost thaw and higher rates of decomposition
processes, which could ultimately drive a positive feedback to climate warming (Knorr et
al., 2005; Schuur et al., 2009).
Senescence of plant material results in a continuous supply of plant litter which accumulates
in the soil to be decomposed by microorganisms (Didion et al., 2016). Decomposition is a
process driven by physical, chemical and biological components that reduce organic matter
into its elemental chemical constituents. This process is responsible for huge amounts of
carbon dioxide returned to the atmosphere, as well as a contribution to soil fertility through
the formation of humic substances and long–term carbon storage (Aerts, 1997; Couteaux et
al., 1995). This is a complex process, where the organisms that live in the soil (plants,
microbes and animals) act upon a variety of organic substrates that are constantly changing.
4

Due to the heterogeneity of the litter composition and the possible factors that can interact,
natural decomposition can only be described in general terms (Berg & McClaugherty, 2014).
Berg & McClaugherty (2014) recently modified the three–stage decomposition dynamics
model originally developed by Berg & Matzner (1997), which describes litter decomposition
in three main phases from the shedding of litter to humus formation (Figure 1.2). The new
modification of the conceptual model entails a better understanding of the length of the first
stage of decomposition as studies on different litter types are getting more advanced. During
the first phase mainly labile substances and non–lignified carbohydrates are degraded and
rapidly broken down. In the second stage, referred to as the late stage, more recalcitrant
substances, such as lignified hemicellulose and cellulose as well as lignin start to degrade
and become dominant and the rate of the process slows down. Finally, during the last stage
which is referred to as the humus–near stage or limit–value stage, decay rates are often lower,
litter is close to becoming stable humus and reaches a limit value determined by the fraction
of recalcitrant remains (Berg & McClaugherty, 2014). Scots pine needles were used in the
modification of the model, but the duration of the process, which is measured as the
accumulated mass loss, is expected to vary between litter types and is dependent on the initial
litter chemical composition (De Marco et al., 2012).

Figure 1.2 A simplified version of the three–stage model modified by Berg & McClaugherty (2014),
describing the main stages in decomposition of pine needle litter. In the early stage (phase 1) soluble
and non–lignified substances are simulated by the high levels of major nutrients in the soil. In the
late–stage (phase 2), when the soluble substances have decomposed, only recalcitrant substances,
such as lignin (AUR), remain to be decomposed, often at lower decay rates. Finally in the humus–
near stage (phase 3), the accumulated mass loss reaches a limit value where the litter decay rate is
close to zero. Here AUR is an abbreviation for Acid Unhydrolyzable Residues which refers to the
gravimetric lignin compounds that contain recalcitrant non–hydrolysable residues. The figure is
modified from Berg & McClaugherty (2014).
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Litter decomposition is largely controlled by site specific conditions, such as temperature,
precipitation, litter quality and the organisms involved (Didion et al., 2016). On a global
scale, the decomposition process is regulated by a combination of climatic factors and soil
properties, while at local scales, litter quality and decomposer organisms are believed to play
a greater role (Aerts, 2006; Zhang et al., 2008). Climate change is expected to influence
decomposition substantially through both direct and indirect processes. Directly, climate
warming influences microbial activity through increasing temperatures and changes in water
availability, variables that below–ground processes are known to be highly sensitive to.
Indirectly however, climate warming can influence the substrate quality in the system
through changes in plant community composition, but also influence the composition of
microbe populations that live in the soil (Aerts, 2006). Litter decomposition can also be
largely influenced by the presence of herbivory pressure. Vertebrate herbivores are capable
of modifying entire ecosystems through their browsing, trampling and deposition of urine
and faeces that facilitates nutrient cycling (Olofsson & Oksanen, 2002). In some ecosystems,
herbivores are believed to be able to counteract some of the responses of tundra warming on
plant growth that could have huge implications for future estimations of ecosystem responses
to climate warming (Ylänne et al., 2015).

1.3 Tea Bag Index
Up until now, most studies examining the impacts of different drivers on decomposition
have made use of litter bags. The use of litter bags containing native plant litter, enables a
realistic approach to the decomposition process, but also has some drawbacks. Studies often
use common litter types in different environments, but litter from species that originated
locally will generally decompose faster than from foreign environments (Ayres et al., 2009).
This introduces a bias and jeopardises the comparability between studies and sites (Didion
et al., 2016). A newly established methodology was introduced by Keuskamp et al. (2013),
where this bias is eliminated by the use of tea as a common decomposition substrate. This
simple and cost–effective method has the advantage of using a standardised approach with
globally available material and gives a new opportunity to compare decomposition dynamics
between different ecosystems and soil types. This method will thus give insights into the
potential rate of decomposition in a given ecosystem or site, and allow for comparisons
between different ecosystems.
The key component of the protocol is to use commercially available tea bags as standardised
material that contain tea as a representative for dead plant material. The approach uses two
different types of Lipton tea, green and rooibos, with different decomposability, that are to
be buried as one pair. Tea bags, including the bag and tag, are weighed before burial. Once
buried, the tea bags are left to decompose for approximately 90 days. Upon retrieval, the tea
bags are dried at 70°C for at least 48 hours, any attached soil or roots are then removed and
the bags reweighed in order to determine mass loss of tea. By using two litter types with
contrasting decomposability, that is, litter types with different proportions of labile and
recalcitrant fractions, the Tea Bag Index (TBI) parameters can be determined (stabilisation
factor S and decomposition rate k). As discussed earlier, during the first phase of the
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decomposition process, the labile fractions of the substrate are rapidly broken down and the
weight loss is mainly determined by the decomposition rate constant of the labile fractions.
When all the labile material is gone, weight loss will be determined by the decomposition
constant of the recalcitrant fractions. Green tea has higher amounts of labile fractions and
decomposes faster in comparison to rooibos tea. After a certain incubation time, green tea
reaches its limit value, where the total mass loss of litter virtually stops, while the rooibos
tea is still in its early stages of the process and the labile fractions are still degrading. The
TBI approach uses this standard decomposition curve to estimate the decomposition
variables:
𝑊(𝑡) = 𝑎𝑒 −𝑘𝑡 + (1 − 𝑎)

(Eq. 1)

Here W(t) is the fraction of the labile material remaining after incubation period t, a is the
labile and 1 – a is the recalcitrant fractions of the litter and k is the decomposition rate of the
labile fraction in the early stage of the process. Decomposition rate constant k can only be
estimated in the early stages and a, which is equal to the limit value, can only be determined
when all the labile fractions are gone. In light of this, either a time series is required to
estimate the decomposition rate, when only one litter type is used, or an alternative with the
use of the TBI approach with two litter types with different decomposability. The difference
in decomposability between these tea types allows for an estimation of the decomposable
fraction of green tea (ag) after it has reached its limit value, and decomposition rate constant
k from the rooibos tea at a single point in time.
The later stage in the decomposition process when the labile fractions stabilise is dependent
on environmental conditions. The TBI approach makes the assumption that approximately
90 days of incubation is enough for the green tea to have reached a stable stage. The
inhibiting effect of environmental conditions results in a deviation of the actual decomposed
fraction (ag) and the hydrolysable (chemically labile) fraction H. The stabilisation factor of
the green tea, that is, the labile component of the green tea that did not decompose but
stabilised can be calculated as:
𝑎𝑔

𝑆 = 1 − (𝐻 )
𝑔

(Eq. 2)

In the following chapters of this thesis, four decomposition variables were estimated using
the TBI approach:
1. Mass loss (%) of green tea, where final weight (g) was subtracted from initial weight
(g) and the percentage of biomass lost during the incubation calculated.
2. Mass loss (%) of rooibos tea, where final weight (g) was subtracted from initial
weight (g) and the percentage of biomass lost during the incubation calculated.
3. Stabilisation factor (S) following the methodology outlined in Keuskamp et al.
(2013), which describes the proportion of potentially decomposable compounds
remaining upon stabilisation of decomposition, whereby
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𝑎𝑔

𝑆 = 1 − (𝐻 )

(Eq. 2)

𝑔

where ag is the decomposable fraction of green tea. Hg is the hydrolysable fraction of
green tea.
4. Decomposition rate constant (k) following the methodology outlined in Keuskamp
et al. (2013), which represents the rate at which decomposable compounds are lost
during decomposition, whereby
𝑎

𝑘 = ln (𝑊 −𝑟𝑎 ) ×
𝑡

𝑟

1
𝑡

(Eq. 3)

where Wt equals to the weight of rooibos tea after incubation time t (expressed in
days). ar is calculated from the hydrolysable fraction of rooibos tea (Hr) and the
stabilisation factor (S), whereby ar = Hr (1 – S).

1.4 Significance and aim of the thesis
The main focus of this thesis is the assessment on the responses of below–ground processes
in a warming world and the interactions to disturbances such as changes in environmental
conditions and herbivory pressure. As outlined above, climate change has already started to
influence ecosystems globally and will continue to impact Arctic ecosystems in particular,
if temperature changes follow current predictions. The current pace of climate change
necessitates proper assessments of the possible impacts on ecosystems across the vast Arctic
region. A proper determination of the ecological consequences of changing climate is
challenging and coordinated research efforts with standardised protocols are essential for
good estimations in the future. In both of the studies included in this thesis, the use of
standardised methods within three international research networks was included to explore
the responses of below–ground processes to shifts in environmental conditions. The first
study included in this thesis was part of the International Tundra Experiment (ITEX), a
network that uses the widely applied open–top chambers to explore the effect of
experimental warming on tundra ecosystems. The second study was initiated within the
Herbivory Network, which was recently introduced to encourage coordinated research
efforts for further assessments of plant–herbivore interactions across the tundra biome, using
fences to exclude herbivory grazing. Finally, both of the studies made use of the Tea Bag
Index approach, which is a crowdsourcing network that aims to gather data on different
decomposition rates across the globe, using the TBI approach described above.
Climate change is a topic of interest to the scientific community and a number of studies
have investigated the influence of warming on the C balance in Arctic regions (IPCC, 2013).
While many studies focus on the impacts of climate warming on tundra ecosystems, not as
many include the effects herbivores have on ecosystem dynamics. Mapping the effects
herbivores have on below–ground processes is challenging as it is largely dependent on site
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specific conditions such as the grazing intensity and environmental conditions (De Bello et
al., 2006). Although, many studies focus on the impacts of herbivory on the C balance and
nutrient cycling (e.g., Cahoon et al., 2012; Lara et al., 2017), the impacts on decomposition
specifically remain unclear. Here we set out to examine the responses of decomposition
processes to these two major drivers that influence tundra ecosystems in present time. Our
main aim was therefore twofold; (1) examine the effects of climate warming on
decomposition rate in two oceanic islands located in different bio–climatic subzones within
the Arctic, and (2) examine the effects of herbivore grazing on decomposition rate at two
different sites, within and outside the volcanically active zone, in northern Iceland.
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2 Decomposition responses to climate
warming in high and sub-Arctic
habitats
2.1 Introduction
Decomposition of plant litter is a vital component of the nutrient and carbon cycling in
terrestrial ecosystems, as it enables mineralisation of nutrients and the release of carbon back
into the atmosphere (Liski et al., 2003). The process is generally considered a three–step
process. First, soluble compounds and non–lignified cellulose decompose, then, the
remaining lignified tissues start to degrade, and finally humic substances are formed (Berg
& McClaugherty, 2014). Decomposition is regulated by four distinct factors that include
substrate quality, nitrogen availability in the soil, the nature of the decomposing organisms
and environmental conditions (Berg & McClaugherty, 2014). Climate is often considered to
be the predominant driver of decomposition (Aerts, 2006). At short time–scales, climate
influences decomposition directly through change in soil temperature and soil moisture
because of the sensitivity of biological processes to temperature and water availability.
Climate can also influence decomposition indirectly, for example through long–term
changes in the composition and structure of plant and microbial communities (Aerts, 2006).
Although, the importance of climate as a driver of decomposition is clear, many studies also
acknowledge the crucial role of the combination of geographical, climatic and substrate
quality variables as a regulator of litter decomposition (Zhang et al., 2008). Recent studies
have reported alterations in above ground biomass and community structure with warming
climate. The most pronounced vegetation change in the Arctic is notably the increased
greening of the tundra through shrub expansion in sub–Arctic ecosystems and an increase in
graminoids in high Arctic ecosystems (Elmendorf et al., 2012; Myers-Smith et al., 2011;
Walker et al., 2006). The shift to a more woody tundra can alter the ecosystem carbon
balance and nutrient dynamics through changes in litter composition (Cornelissen et al.,
2007). These responses are highly site–specific and can result in both a positive and a
negative feedback to climate warming, depending on environmental conditions. Another
shift in plant community composition in the Arctic is the decline in bryophytes and lichens
across northern ecosystems (Elmendorf et al., 2012). Mosses dominate many tundra
ecosystems, and they can greatly influence microbial activity in soils, as they regulate soil
thermal and hydrological regimes. Decrease in moss thickness could therefore increase the
soil temperature leading to accelerated decomposition rates in the tundra (Gornall et al.,
2007).
In tundra environments, microbial activity is constrained by cold temperature and low litter
quality, but as global temperature continues to rise, this could rapidly change (Aerts, 2006).
A large proportion of the global carbon pool is stored in high latitude ecosystems. More than
twice the amount of the current atmospheric C is stored in the Arctic permafrost soils (Schuur
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et al., 2009) and almost 50% of the global terrestrial C stocks (Tarnocai et al., 2009). This is
due to the frozen conditions in the permafrost soils that protect the organic C from microbial
degradation and has enabled C to accumulate in the soils for hundreds to thousands of years
(Hicks Pries et al., 2011). These carbon pools, therefore, have the potential to become
significant C source to the atmosphere (Hicks Pries et al., 2011). Climate change is one of
our future generations’ biggest challenges, and the changes have already started to influence
the Earth’s environment as global temperature is now rising at a rate unprecedented in
modern human history (ACIA, 2004). Arctic ecosystems are vulnerable systems and respond
strongly to environmental changes, including warming (Post et al., 2009). While the global
surface temperature is rising, surface warming in the Arctic is predicted to be even more
amplified and happen more rapidly in these cold climate regions (IPCC, 2013). In addition,
precipitation could increase by up to 50% under the most extreme global warming
predictions, and tundra environments could experience substantial permafrost loss by the
end of this century (IPCC, 2013). These changes will significantly alter soil temperature and
moisture regimes, which in turn are expected to have substantial effects on microbial activity
in Arctic soils. If temperature changes follow current projections, the associated C release
into the atmosphere can possibly drive a positive feedback to climate warming (Crowther et
al., 2016).
The process of decomposition was for a long time poorly studied by scientists.
Decomposition occurs mainly below ground and is therefore largely out of sight. In the past
two decades, however, the importance of a better understanding of this complex process has
become apparent (Berg & McClaugherty, 2014). The rate and potential impact of ongoing
changes in climatic conditions, especially in high latitudes, has encouraged large numbers
of studies related to the issue of C losses into the atmosphere (Aerts, 2006; Zhang et al.,
2008). Despite the increased scientific attention, considerable uncertainty remains in the
direction and magnitude of warming–induced changes on decomposition processes. A wide
variation still exists across biogeochemical models in the face of rapidly changing climate,
environment, and plant communities (Sierra et al., 2015). A better understanding of the roles
of litter decomposition on potential C releases into the atmosphere is therefore needed with
more coordinated field studies across the Arctic.
When studying the impacts of warming as a driver of decomposition, most studies have been
short–term experiments (e.g., Blok et al., 2015; Robinson et al., 1995; Sjögersten & Wookey,
2004). Longer lasting experiments suggest that short–term responses to experimental
warming do not reliably predict long–term responses, particularly in response to changes in
litter quality because species that respond initially to environmental changes are generally
not the same species that dominate the longer–term responses (Chapin & Shaver, 1996).
Here, we studied the long–term impacts of climate warming on decomposition rate using the
TBI approach in two different bioclimatic zones in the high and sub–Arctic. Since all of the
experimental sites used in this study have been running for approximately two decades, they
provide a unique opportunity to study the long–term impacts of warming manipulations on
tundra ecosystems. Making use of these sites enables us to examine long–term impacts of
warming on decomposition, through warming–induced changes that take longer time, for
example in plant community composition. At the same time, this setup also provides an
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opportunity to compare long–term warming with short–term warming since a new set of
warming treatments were recently placed in some of the high Arctic habitats.
Two oceanic islands, Iceland in the sub–Arctic and Svalbard in the high Arctic, were used
to compare the effects of experimental warming on decomposition processes in five different
habitats. To investigate the responses of decomposition processes to warmer conditions, we
compared decomposition rate in warming–induced plots, achieved with open–top chambers
(OTCs) that increase air temperature by 1–2 °C, and ambient control plots. Short–term vs.
long–term effects of warming on decomposition were also investigated with a comparison
of newly established plots and plots that have been running for more than two decades. To
examine the short–term (inter–annual variability) effects of climate, we also adopted the TBI
approach in one of the habitats for two consecutive growing seasons, 2016 and 2017, that
varied in temperature and precipitation. Specifically, we aimed to (1) determine how long–
term warming manipulations affect decomposition processes in high and sub–Arctic
ecosystems, (2) determine how different environmental variables affect decomposition rates
in both high and sub–Arctic habitats, (3) compare the long–term effects with short–term
effects of warming on decomposition in these systems, and (4) evaluate how short–term
variation in weather between years affects the decomposition processes. We set out to
examine the validity of the following hypotheses:
H1. Decomposition rate is higher under warmer conditions (i.e. in warming treatments)
than in ambient control plots in both high Arctic and sub–Arctic habitats. Since
temperature is known to be a major driver of decomposition and high–latitude
ecosystems are temperature–limited, microbial activity is generally expected to
increase with higher temperature.
H2. Environmental variables, such as vegetation structure and composition, moss thickness
and soil properties, impact decomposition in different ways. Vegetation affects below
ground processes differently depending on the plant community structure and
composition. Increased moss thickness reduces decomposition rate, since thicker moss
layers insulate the soil and are therefore often associated with colder soil temperatures.
Decomposition rates are positively related to soil moisture because water availability
plays a crucial role in litter decomposition. Differences in other soil properties, such
as pH and soil organic matter may also influence below–ground processes.
H3. The effects of short–term and long–term warming manipulation on decomposition rate
will differ, being more pronounced in the long–term warming experiment in high
Arctic Svalbard because changes in species composition and therefore litter quality are
slow processes.
H4. Decomposition rate depends on inter–annual variation in weather and will be higher
in growing seasons with higher temperature and higher precipitation, since
temperature generally increases the rate of decomposition and productivity increases
with higher precipitation.
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2.2 Methods
Study sites
The experimental sites were situated in two contrasting bioclimatic subzones; in the high
Arctic (Svalbard), and in the sub–Arctic (Iceland; Figure 2.1a). In the high Arctic,
experiments were established in four different habitats, all located in Endalen (78°11‘N,
15°45‘E), a valley situated approximately four kilometres east of Longyearbyen, Svalbard
at 80 m elevation (Figure 2.1b). This is a harsh environment where long–term (1981–2010)
average annual temperature is –5.2°C and the average annual precipitation is 191 mm
(Førland et al., 2011). The prevailing wind direction is from the east. The soils are typical
Cryosols with thin organic layer on top of inorganic sediments (Jones et al., 2010). The
three habitats are located in the south–southeast–facing hillside of the valley and differ in
vegetation composition and time of snowmelt (and hence the length of the growing season).
These habitats include a relatively dry Dryas heath habitat with thin snow cover (ca. 10 cm)
and early snowmelt, a mesic Cassiope heath habitat with intermediate snow depth and
melting date, and a moist snowbed community with deep snow (> 100 cm) and late
snowmelt. In the Dryas heath, Dryas octopetala is the dominant vascular plant species and
Sanionia uncinata the dominant moss. In addition, Salix polaris, Saxifraga oppositifolia,
Bistorta vivipara and Carex rupestris commonly occur. In the Cassiope heath the dominant
vascular plant species is Cassiope tetragona and Tomentypnum nitens the dominant moss
species. S. polaris and B. vivipara also occur in high frequency. In the snowbed community,
the moss cover is high, dominated by T. nitens and S. uncinata. The dominant vascular plant
species are S. polaris, B. vivipara, and the grasses Poa arctica and Festuca richardsonii are
also abundant. In Endalen, herbivory pressure is relatively high, where vertebrate herbivores
such as reindeer (Rangifer tarandus platyrhynchus L.), migratory geese (Anser
brachyrhynchus L., Branta leucopsis L.) and ptarmigan (Lagopus muta hyperborea L.) use
all four habitats during the summer. During winter, snow layer development affects the
access of the resident herbivores (reindeer and ptarmigan) to the habitats differently (I. S.
Jónsdóttir, personal communication, February 28, 2018).
In the sub–Arctic, experiments were established in two different habitats; a Betula nana
heathland community in Audkuluheidi (65°26’N, 20°25’W), and a moss heath community
in Thingvellir (64°28’N, 21°08’W) (Figure 2.1c). Audkuluheidi is a Betula nana heathland
community (hereafter Betula heath) located in the north–western highlands of Iceland at 480
m elevation, above the potential tree line. The climate is therefore generally colder than in
the other site in Thingvellir and is typically described as oceanic–subarctic–alpine where
long term (1996 – 2017) average annual temperature is 0.7 ± 0.3°C and average annual
precipitation is 357 ± 14 mm (Kolka weather station, Icelandic Meteorological Office, 2018,
personal communication, March 8, 2018). The study site is located on a basaltic bedrock
with loose glacial deposits on top. The soils are classified as well–drained Brown Andosols
with typical andic properties caused by high contents of allophane and ferrihydrite (Arnalds,
2015; Jónsdóttir et al., 2005). The Betula heath is dominated by the dwarf shrub Betula nana
and in addition Empetrum nigrum, Carex bigelowii and Salix arctica occur in high frequency
(Jónsdóttir et al., 2005). Grazing pressure from sheep is extensive during the summer months
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and has been for centuries (Jónsdóttir, 1984), but the experimental site was fenced off when
established in 1996 to exclude confounding effects of grazing cessation within the warmed
plots (Jónsdóttir et al., 2005). The experimental site is located close to the Blöndulón
reservoir which was built in 1984–1991 (Einsarsson et al., 2004).
The moss heath community is located on an 8000 year old lava field within the Thingvellir
National Park in south–western Iceland at 120 m elevation, slightly below the potential birch
tree line. The climate is typically described as oceanic–subarctic where long term (1996–
2017) average annual temperature is 4.1 ± 0.3 °C and average annual precipitation is 1242
± 37 mm (Thingvellir weather station, Icelandic Meteorological Office, 2018, personal
communication, March 8, 2018). Typical soil types are classified as Brown Andosols with
high content of organic matter. The soils are considered relatively nutrient poor and soil pH
is rather low (Jónsdóttir et al., 2005). The community is dominated by the moss Racomitrium
lanuginosum that forms a thick continuous layer. The vascular plant cover is low, less than
10%, and the most common vascular plant species are Carex bigelowii, Festuca richardsonii
and Galium boreale. Herbivory pressure is minimal within the study area, since the National
Park has been protected from livestock grazing since 1928 (Jónsdóttir et al., 2005).

a)

b)

Endalen

c)

Audkuluheidi

Thingvellir

Figure 2.1 Locations of the study sites a) The study sites are located in two bioclimatic subzones, in
the high Arctic Svalbard and the sub–Arctic Iceland. b) Location of the study site in Svalbard. The
habitats are located in Endalen (78°11‘N, 15°45‘E), a valley situated approximately four km east of
the town Longyearbyen. c) Locations of study sites in Iceland. The habitats are located in Thingvellir
(64°28’N, 21°08’W) a national park in the south–west, and in Audkuluheidi (65°26’N, 20°25’W) a
heathland in the north–western highlands.
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Experimental design
This experiment is a part of the International Tundra Experiment (ITEX), a research network
established to study the long–term responses of tundra ecosystems to climate warming
(Jónsdóttir, 2004; Molau & Mølgaard, 1996). The network uses a simple experimental
design where warming manipulations are applied in the field with transparent hexagonal
open–top cambers (OTCs). These chambers have a basal diameter of 1–1.5 meter, are up to
0.5 meters in height, and are used to raise the mean daily air temperature by 1–2°C (Molau
& Mølgaard, 1996). These artificially warmed plots are then compared to plots that have not
received warming (controls).
The number of plots differed between study sites and habitats. A total of 80 plots (75 × 75
cm) were used in this study, 55 warming treatments (thereof ten with short–term warming)
and 45 controls (see Table 2.1 for a summary). In Iceland, at both sites, 20 plots were
established in pairs of adjacent plots, and the treatments, warming and control, were assigned
randomly to one of the plots in each pair (see Table 2.1 for a summary). The Betula heath
habitat in Audkuluheidi was established in August 1996 and 1997 and the moss heath site in
Thingvellir was established in the end of June 1995 (Jónsdóttir et al., 2005).
In Svalbard, 30 plots were established in summer of 2001 in each of the three habitats (Dryas
heath, Cassiope heath and snowbed) in the south–southeast–facing hillside of Endalen.
Treatments (warming or controls) were assigned randomly to the plots. In the summers of
2015 and 2016, five new warming plots were added to both the Dryas– and the Cassiope
heath (indicated in Table 2.1 in brackets).
Table 2.1 Locations of experimental plots in all five habitat types in different bioclimatic zones.
Year of establishment and number of treatments, warmed (OTC) vs. control (CTL) are also included.

Bioclimatic zone

Location

Habitat type

# Plots

Establishment

OTC

CTL

Sub–Arctic

Audkuluheidi

Betula heath

1996/1997

10*

10*

Sub–Arctic

Thingvellir

Moss heath

1995

10*

10*

High Arctic

Endalen

Dryas heath

2001 (2015)

5 (5)

5 (0)

High Arctic

Endalen

Cassiope heath

2001 (2015)

5 (5)

5 (0)

High Arctic

Endalen

Snowbed

2001

5

5

*Paired warming treatments and controls. Numbers in brackets indicate later establishment of additional plots,
and the number of plots established that year (warmed vs. controls).
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Data collection
Incubation of tea bags in the field
Following the protocols from the Tea Bag Index (Keuskamp et al., 2013; see chapter 1.3 for
more details), tea bags were installed at the beginning of the growing season on the 2nd and
12th of June 2016 in Iceland and 23rd of June 2016 in Svalbard. Four pairs of rooibos and
green tea bags were buried into the soil, in the corners of each plot to minimise disturbance
to the long–term monitoring plots (Figure 2.2) and left to decompose. The tea bags were
incubated for two different time periods – two of the tea pairs (in opposite corners of the
plot) for three months over the growing season (June–September; summer incubation) and
the other two pairs for twelve months (full year incubation). In addition, the summer
incubation was repeated during the summer 2017 in the Betula heath in Audkuluheidi to
assess potential inter–annual variations in decomposition rates. A total of 720 tea bags were
used for this study.

Figure 2.2 Tea bag installation. Tea bags were installed in the field at the corners of the long–term
monitoring plots. Pairs of two types of tea (roiboos and green tea) were buried in all four corners of
the plots and left to decompose for different time periods – three months (upper left and lower right
corner) and one year (upper right and lower left corner).

Tea bags were analysed in the lab and decomposition variables estimated as described in
detail in chapter 1.3. Four decomposition variables were used in this study to estimate
decomposition rate; mass loss of green tea (%), mass loss of rooibos tea (%), stabilisation
factor S and decomposition rate constant k.
Environmental variables
Environmental variables were collected from all six habitats. Long–term data on air
temperature and soil temperature was monitored at each site using data loggers (iButtons).
Some of the loggers failed, so the data is in some cases incomplete (not available for all plots
all the time). Soil moisture was also measured in all 80 plots with a hand–held moisture
meter (HH2 Moisture Meter and ML2x ThetaProbe, Delta-T Devices Ltd, England) in early
summer 2016, at the same time as the tea bags were installed. In addition, moss thickness
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was measured (cm) above the burial place of each tea bag, in all the plots except for the plots
in the moss heath habitat in Thingvellir.
To estimate the abundance of different plant species in the plots, the point intercept method
(PIM) was used in 2014, 2015 and 2016 following the protocols from the ITEX manual
(Molau & Mølgaard, 1996). A 75 × 75 cm frame with either 100 or 50 equally distributed
points was used. All hits within the canopy were recorded until the pin hit the cryptogam
layer (composed of bryophytes and lichens), bare ground, or litter. Species of vascular plants,
bryophytes and lichens were recorded (some bryophytes and lichens only at the genus level).
Dead plant tissue on the ground was recorded as litter and unvegetated surface was recorded
as rock or soil (bare ground). The plant species where then later grouped into six growth
forms or plant functional types (PFT) for simplicity (Table 2.2). These groups were, forbs,
graminoids, lichens, mosses, deciduous dwarf shrubs and evergreen dwarf shrubs. Other
smaller groups were excluded from the analyses. Two of these groups, abundance of
deciduous shrubs and evergreen shrubs, were used in correlation analyses since there was
reason to believe that they might influence the below–ground processes in some of the
habitats.
In addition, in the Betula heath in Iceland soil characteristics, such as soil pH and soil organic
matter (SOM) were measured in all 20 plots. To minimise disturbance, only soil analyses
that can be directly related to the tea bag incubation spots were taken from the Betula heath.
Soil samples (approx. 100 g) were taken from underneath the tea bags, down to 10 cm depth,
in two corners of the plots after the tea bags had been removed from the ground (40 soil
samples total). The samples were then transported to the lab and stored under cool conditions
until further analyses were made. The soil was air dried at ambient temperature and sieved
using a two mm sieve before analyses. Measurements of pH were conducted in duplicate
from all the 40 samples following the methods from Blakemore et al. (1987). Approximately
8 ± 0.1 g of dry soil were placed into a 40 ml bottle along with deionised water with a soil–
water ratio of 1:2.5. These mixtures were shaken for 30 minutes and left to settle overnight
(Blakemore et al., 1987). The pH was then measured with the use of a calibrated pH
electrode. In addition to the pH measurements, the soil organic matter content was
determined with the loss on ignition method (LOI). Oven–dried soil samples were
combusted in a muffled furnace and heated gradually to 550°C. The mass of each sample
was measured after combustion, and organic matter content calculated as percentage of
weight lost during the process.
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Ranunculus pygmaeus
Saxifraga cernua
Saxifraga cespitosa
Saxifraga hirculus
Silene acaulis
Stellaria crassifolia
Thalictrum alpinum

Graminoids
Alopecurus borealis
Agrostis capillaris
Carex bigelowii
Carex capitata
Carex rupestris
Deschampsia alpina
Festuca richardsonii
Festuca vivipara
Juncus trifitus
Kobresia myosuroides
Luzula arcuata
Luzula confusa

Forbs

Armeria maritima

Bistorta vivipara

Cerastrium alpinum

Cerastrium arcticum

Cerastrium regelii

Cochlearia groenlandica

Draba alpina

Draba norvegica

Draba nivalis

Equisetum arvense

Equisetum scirpoides

Equisetum variegatum

Galium normanii

Minuartia stricta

Minuartia rubella

Oxyria digyna

Pedicularis dasyantha

Pedicularis flammea

Pedicularis hirsuta

Pertusaria

Peltigera neckeri

Ochrolechia frigida

Flavocetraria nivalis

Cladonia uncialis

Cladonia gracilis

Cladonia arbuscula

Cetrariella delisei

Cetraria islandica

Cetraria aculeata

Alectoria nigricans

Alectoria ochroleuca

Lichens

Trisetum spicatum

Tofieldia pusilla

Poa pratensis

Poa glauca

Poa arctica

Poa alpina

Luzula spicata

Racomitrium lanuginosum

Racomitrium canescens

Racomitrium ericoides

Ptilidium ciliare

Polytrichum/Polytrichastrum

Pohlia

Oncophorus wahlenbergii

Meesia uliginosa

Hypnum revolutum

Hypnum bambergeri

Hylocomium splendens

Encalypta

Distichium

Dicranium

Campylium stellatum

Bryum

Aulocomnium turgidum

Mosses

Thamnolia vermicularis

Stereocaulon alpinum

Vaccinium uliginosum

Salix polaris

Salix lanata

Salix herbacea

Salix arctica

Betula nana

Deciduous dwarf shrubs

Saxifraga oppositifolia

Empetrum nigrum

Dryas octopetala

Cassiope tetragona

Evergreen dwarf shrubs

Tortula

Tomentypnum nitens

Sanionia uncinata

Table 2.2 Major plant functional groups and their associated species/genus encountered in all five habitats in sub-Arctic Iceland and high
Arctic Svalbard.

Statistical analyses
All statistical analyses were conducted using the R statistical language and environment (R
version 3.3.2, RStudio version 1.0.136, R Core Team, 2017). In order to test hypotheses 1,
3 and 4, three groups of Linear Mixed Effects Models (LMM) were used, fitted by the lmer
function from the lme4 package in R (Bates et al., 2015). For the first group of models,
treatment (warming vs. control), habitat (Betula heath, moss heath, Dryas heath, Cassiope
heath and snowbed) and their interaction were used as fixed effects (H1). For the second
group of models, treatment (warming vs. control), duration of warming manipulation (short–
term vs. long–term) and their interaction were used as fixed effects (H3). Finally, for the
third group of models, treatment (warming vs. control), different years of experiment (2016
vs. 2017) and their interaction were used as fixed effects (H4). Separate models were fitted
for all the four different decomposition variables as response variables in each group of
models (12 different models). Plot identity was included as a random factor in all 12 models
to account for the nested study design (i.e. several teabags within each plot). The full models
for the three groups were structured as follows:
Decomposition variable ~ Treatment * Habitat + (1 | plot)

(H1)

Decomposition variable ~ Treatment * Duration + (1 | plot)

(H3)

Decomposition variable ~ Treatment * Year + (1 | plot)

(H4)

Only interactions that were significant were kept in the final models; non-significant
interactions were dropped, and for those models only the independent terms are reported.
The significance of the interactions and the independent terms were assessed using the
lmerTest package in R (Kuznetsova et al., 2017). Where relevant, the model coefficient
estimate ± standard error and the p value (estimate ± standard error, p value) are reported
in the text.
To explore the relationships between the decomposition variables and environmental
factors (H2), a correlation plot was fitted with the corrplot function from the corrplot
package in R (Wei & Simko, 2017). A significant relationship between the variables was
tested with the cor.mtest function in the same package. If there was a significant
relationship between any of the decomposition variables and the environmental factors, the
relationship was investigated further. The effects of treatments on soil and surface mean
temperature and soil moisture were tested with a t–test in R to see if the OTCs increased
air and soil temperature as expected but also to see if the treatments altered soil moisture
within the chambers. Since a significant relationship was found in the Betula heath in
Iceland between decomposition and abundance of deciduous shrubs, a t–test was also
conducted to compare the abundance of shrubs between the treatments. All graphs were
made using the ggplot2 package in R (Wickham, 2009).
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2.3 Results
Impacts of experimental warming on decomposition in the Arctic
Mean air summer temperature of 2016 was higher in the OTCs than in the control plots in
all the plots that had functional data loggers except in the Betula heath in Iceland where the
control plots had on average 0.8°C higher temperature than the OTCs. The increase in
temperature varied between habitats and was highest ( 2.7°C) in the moss heath in Iceland.
Mean soil temperature did not differ between any of the habitats apart from the Betula heath
in Iceland where soil temperature was on average 1.7°C higher in the control plots. Soil
moisture was consistently higher in control plots than in OTCs in all habitats. The change in
soil moisture was largest in the high Arctic habitats, where the moisture content was
significantly higher in the ambient control plots in both the Dryas heath (t = 4.75, p < 0.001)
and the Cassiope heath (t = 2.86, p < 0.01) (Table 2.3).
Table 2.3 Climate and soil characteristics for the five habitats included in the study. Data is
presented as an average measurement within warming plots (OTC) and ambient control plots (CTL)
respectively. The difference () between OTC and CTL plots is also presented; statistical
significance of these differences (t–test) is indicated in bold (α = 0.05).
Habitat type

Air temperature

Soil temperature

Soil moisture

OTC

CTL

°C

OTC

CTL

°C

OTC

CTL

%

Betula heath

11.2 ± 0.1

12.0

-0.8

9.2

10.9

-1.7

32.4 ± 0.8

34.0 ± 1.2

-2.4

Moss heath

15.3 ± 0.4

12.6

2.7

10.0

NA

NA

NA

NA

NA

10.6 ± 0.4

9.3 ± 0.5

1.3

6.2 ± 0.5

6.6 ± 0.3

-0.4

37.1 ± 0.9

44.9 ± 1.3

-7.8

Cassiope heath 10.3 ± 0.5

8.0 ± 0.4

2.3

4.8 ± 0.4

4.8 ± 0.3

0

44.1 ± 1.4

52.2 ± 2.4

-8.1

7.7 ± 0.5

6.0 ± 0.4

1.7

5.6 ± 0.5

4.9 ± 0.3

0.7

45.0 ± 1.7

46.5 ± 1.5

-1.5

Iceland

Svalbard
Dryas heath
Snowbed

Air– and soil temperature was obtained from data loggers (iButtons) from within plots measured over the
summer months of 2016 (May–July). Some of the data loggers failed and therefore data was not obtained from
all plots but an average was calculated from those working. Soil moisture data was obtained with point
measurements from a hand–held moisture meter conducted in early summer of 2016. Data is presented as means
± SE. Where SE is not presented, only one logger was functionally logging temperature.

Plant community structure and species composition differed substantially between habitats
in the sub– and high Arctic. The most abundant group in the Betula heath, apart from
bryophytes, were deciduous shrubs dominated by the dwarf shrub species Betula nana. In
this habitat, the abundance of deciduous shrubs was significantly higher within the OTCs
than in the control plots (t = -4.12, p < 0.001). The most abundant functional group in the
moss heath habitat were bryophytes, dominated by the moss species Racomitrium
lanuginosum. No differences in vegetation abundance were found between the treatments in
the moss heath habitat. The Dryas and Cassiope heath were dominated by evergreen shrubs
and bryophytes, while the snowbed community, with lowest amount of biomass (indicated
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by fewer total hits) was dominated by bryophytes and forbs (Figure 2.3). No differences in
functional group abundance between the two treatments were found in the high Arctic
habitats.

Figure 2.3 Relative abundance of functional groups present in each of the five habitats in the sub–
and high Arctic (average for all plots, both CTL and OTCs). Functional groups are abbreviated as:
FORB = Forbs, GRAM = Graminoids, LICHENS = Lichens, MOSS = Bryophytes, SDECI =
Deciduous dwarf shrubs, SEVER = Evergreen dwarf shrubs.

As expected, decomposition differed significantly between the two tea types (green and
rooibos tea; t = 76.5, p < 0.001). After summer incubation, relative mass remaining of green
tea ranged from 0.33–0.60 (g g-1), while relative mass remaining of rooibos tea ranged from
0.45–0.95 (g g-1). After full year incubation however, relative mass remaining of green tea
ranged from 0.24–0.58 (g g-1) and relative mass remaining of rooibos tea ranged from 0.60–
0.97 (g g-1). These values of mass loss suggest that the assumptions of the Tea Bag Index
(Keuskamp et al., 2013) are valid for the sampling periods, with the green tea having already
entered the second phase of decomposition and the rooibos tea remaining in the first phase
(see chapter 1.3 for more detail).
There was a significant interaction between warming treatments and habitats for mass loss
(%) of green tea and for the stabilisation factor S for both summer and full year incubations
(Table 2.4), indicating that the effect of warming on decomposition of green tea differed
between habitats (Table 2.5). In the Betula heath in Iceland, mass loss of green tea was
significantly higher in warmed plots for both summer and full year incubation (Table 2.5;
Figure 2.4). In turn, the stabilisation factor S was significantly lower in the warmed plots
after both the summer and full year incubation. Since the stabilisation factor S is calculated
as the proportion of the actual loss of labile fraction during incubation over the possible
hydrolysable loss of the labile fractions of the green tea, a lower value of S indicates a more
complete decomposition of the green tea. These results therefore indicate a more complete
decomposition under warmer conditions than ambient in the Betula heath in Iceland (Table
2.5; Figure 2.5). This did not apply for the lower latitude moss heath habitat in Iceland,
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where there were no significant differences in mass loss of green tea or the stabilisation
factor due to warming (Table 2.5).
Opposite to the trend in the Betula heath in Iceland, warmed plots in Svalbard generally had
lower decomposition of green tea and higher stabilisation factor than the control plots. Mass
loss of green tea was significantly lower in warmed plots in the Cassiope heath after summer
incubation and significantly lower in warmed plots in the Dryas heath after full year
incubation (Table 2.5; Figure 2.4). In turn, the stabilisation factor S was significantly higher
in warmed plots in the Cassiope heath after summer incubation and significantly higher in
the warmed plots in the Dryas heath after full year incubation (Table 2.5; Figure 2.5),
indicating a less complete decomposition under warmer conditions in the high Arctic.
No interactions were found between warming and habitat for the mass loss of rooibos tea
(%) nor the decomposition rate constant k (Table 2.4). Warming did not have an effect on
these decomposition variables, except for a greater mass loss of rooibos tea in warmed plots
after full year incubation in the Betula heath in Iceland (Table 2.5). Mass loss of rooibos tea
and the decomposition rate constant differed across habitats (Figures 2.5 and 2.6). Mass loss
of rooibos tea was higher in the two sub–Arctic habitats in Iceland than in the high Arctic
habitats in Svalbard (Figure 2.4); mass loss was highest in the Betula heath for the summer
incubation period, but it was highest in the moss heath for the full year incubation. The
decomposition rate constant was also higher for the habitats in Iceland for the full year
incubation, but for the summer incubation, the decomposition rate constant did not differ
between habitats, except it was significantly lower in the snowbed habitat in the high Arctic
from the other four habitats (Figure 2.6).
Table 2.4 Results of Linear Mixed Effects Models testing the interactive effects of warming
treatments and habitat type on four different decomposition variables; mass loss (%) of green tea,
mass loss (%) of rooibos tea, stabilisation factor S and decomposition rate k. The significance of the
independent terms is assessed only when the interaction was non-significant.
Decomposition
variables
Mass loss (%)
Green tea
Mass loss (%)
Rooibos tea

# obs.

Incubation
period

Warming * Habitat

χ2 = 25.3
p <0.001
χ2 = 1.58
155
Summer
p = 0.813
χ2 = 20.1
S
150
Summer
p <0.001
χ2 = 2.55
k
150
Summer
p = 0.635
Mass loss (%)
χ2 = 17.3
157
Full year
p = 0.002
Green tea
Mass loss (%)
χ2 = 2.23
145
Full year
p = 0.693
Rooibos tea
χ2 = 12.1
S
143
Full year
p = 0.017
χ2 = 0.656
k
143
Full year
p = 0.957
Significant parameters are presented in bold (α = 0.05).

155

Warming

Habitat

χ2 = 0.328
p = 0.567

χ2 = 42.0
p <0.001

χ2 = 0.953
p = 0.329

χ2 = 21.6
p = 0.006

χ2 = 0.840
p = 0.359

χ2 = 147
p <0.001

χ2 = 0.345
p = 0.557

χ2 = 81.0
p <0.001

Summer
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Figure 2.4 Mass loss (%) (mean ± SD) of green and rooibos tea for two different incubation periods,
summer incubation (3 months) and full year incubation. Mass loss was assessed across five different
habitats, in sub–Arctic Iceland and in high Arctic Svalbard. Two treatments were applied; warming
treatments with OTCs and unwarmed control plots. Asterisks indicate significant differences in mass
loss of tea between treatments and letters represent significant differences between habitats. Sample
sizes are indicated in Table 2.1.

Figure 2.5 Stabilisation factor S (mean ± SD) which describes the proportion of potentially
decomposable compounds remaining upon stabilisation of decomposition, calculated from mass loss
of green tea. Stabilisation factor S was calculated after approximately 90 days of incubation (summer
incubation) and after 364 days of incubation (full year incubation) across five different habitats, in
sub-Arctic Iceland and in high Arctic Svalbard. Two treatments were applied; warming treatments
with OTCs and unwarmed control plots. Asterisks indicate significant differences in stabilisation
factor S between treatments and letters represent significant differences between habitats. Sample
sizes are indicated in Table 2.1.
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Figure 2.6 Decomposition rate k (mean ± SD) which represents the rate at which decomposable
compounds are lost during decomposition, calculated from mass loss of rooibos tea. Decomposition
rate k was calculated after 88–105 days of incubation (summer incubation) and after 367–371 days
of incubation (full year incubation) across five different habitats, in sub-Arctic Iceland and in high
Arctic Svalbard. Two treatments were applied; warming treatments with OTCs and unwarmed
control plots. Letters represent significant differences in decomposition rate k between habitats.
Sample sizes are indicated in Table 2.1.

For all four decomposition variables for summer and full year incubation, decomposition
differed significantly between habitats (Table 2.3; Figures 2.4–2.6). Decomposition was in
general higher in Icelandic habitats than in the habitats in Svalbard. Mass loss of green tea
was significantly higher in the two sub–Arctic habitats than in the Dryas heath and the
Cassiope heath for both incubation periods (Figure 2.4). The same trend occurred for the
stabilisation factor S, where stabilisation was significantly lower in the two sub–Arctic sites
(Figure 2.5). Oddly enough, mass loss of green tea was significantly higher in the snowbed
community, a wet habitat in the high Arctic, than in any other habitat for both incubation
periods (Figure 2.4). This also applied for the stabilisation factor which was significantly
lower in the snowbed compared to the other habitats (Figure 2.5). Similar trends were not
found for the mass loss of rooibos tea and the decomposition rate k. The two habitats in the
sub–Arctic Iceland had significantly higher mass loss of rooibos tea for both incubation
periods (Figure 2.4).
The average stabilisation factor S and decomposition rate k for both warming and control
plots was similar for the Betula heath and the moss heath in the sub–Arctic and the Dryas
heath and the Cassiope heath in the high Arctic. The stabilisation factor ranged from 0.30 to
0.41 and the decomposition rate k ranged from 0.0055 to 0.0073. The wet snowbed habitat
in the high Arctic however, stood out with a low average value for stabilisation factor, which
indicates a more complete decomposition, and a low average value for decomposition rate
k, which in turn indicates lower rates of decomposition (Figure 2.7).
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155

155

150

150

157

145

143

143

Mass loss (%)
Green tea

Mass loss (%)
Rooibos tea

S

k

Mass loss (%)
Green tea

Mass loss
(%)Rooibos tea

S

k

Full year

Full year

Full year

Full year

Summer

Summer

Summer

Summer

Incubation
period

Significant parameters are presented in bold (α = 0.05).

# obs.

Decomposition
variables

Warming
Moss heath
1.51 ± 1.39
p = 0.290
1.26 ± 1.39
p = 0.376
-0.02 ± 0.02
p = 0.288
0.00 ± 0.00
p = 0.628
-0.13 ± 1.40
p = 0.928
0.104 ± 1.38
p = 0.940
0.00 ± 0.02
p = 0.894
0.00 ± 0.00
p = 0.634

Warming
Betula heath
4.59 ± 1.36
p = 0.002
-0.50 ± 1.96
p = 0.800
-0.05 ± 0.02
p = 0.025
0.00 ± 0.00
p = 0.710
4.38 ± 1.34
p = 0.002
2.03 ± 0.724
p = 0.008
-0.05 ± 0.02
p = 0.004
0.00 ± 0.00
p = 0.575

0.00 ± 0.00
p = 0.728

0.03 ± 0.02
p = 0.050

-0.26 ± 1.33
p = 0.849

-3.35 ± 1.29
p = 0.015

0.00 ± 0.00
p = 0.112

0.04 ± 0.02
p = 0.098

1.23 ± 1.45
p = 0.392

-3.36 ± 1.89
p = 0.098

Warming
Dryas heath

0.00 ± 0.00
p =0.893

0.00 ± 0.00
p = 0.920

-0.19 ± 1.91
p = 0.921

-0.13 ± 1.82
p = 0.946

0.00 ± 0.00
p = 0.687

0.05 ± 0.01
p = 0.002

-0.72 ± 1.49
p = 0.638

-4.54 ± 1.15
p = 0.002

Warming
Cassiope heath

0.00 ± 0.00
p = 0.605

-0.03 ± 0.04
p = 0.375

0.50 ± 2.39
p = 0.841

4.67 ± 3.16
p = 0.176

-0.00 ± 0.00
p = 0.975

0.04 ± 0.04
p = 0.300

1.04 ± 2.41
p = 0.670

-4.16 ± 3.04
p = 0.210

Warming
Snowbed

Table 2.5 Results of Linear Mixed Effects Models testing the impacts of experimental warming on four different decomposition rate variables; mass loss
(%) of green and rooibos tea, stabilization factor S and decomposition rate constant k in five different habitats in the sub-Arctic Iceland and the high
Arctic Svalbard. The table includes the estimates ± SE as well as p values to indicant significant differences. Note that positive estimates indicate a
positive change and negative estimates indicate a negative change

Figure 2.7 Average decomposition rate k and stabilisation factor S for all five habitats in the high
and sub-Arctic. Each habitat has values for both control and warming plots, as indicated by circles
and triangles respectively. The decomposition rate k represents short–term dynamics of new input
and the stabilisation factor S is indicative of long–term carbon storage. Calculations were based on a
single measurement after incubation between 88 – 105 days over the growing season of 2016. Error
bars show standard errors.

The role of environmental variables on decomposition
Vegetation abundance of functional groups as well as soil moisture (%), moss thickness
(cm), soil pH and soil organic content (LOI) were measured inside all the plots in the Betula
heath habitat in sub–Arctic Iceland (Table 2.6). No relationship was found between the
environmental variables and mass loss of green tea, except for abundance of deciduous
shrubs (number of hits) and moss thickness (cm) (Figure 2.8). The abundance of deciduous
shrubs was positively correlated with the mass loss of green tea (r = 0.47, p < 0.01) (Figure
2.9a), while moss thickness negatively correlated with the mass loss (r = -0.38, p < 0.05)
(Figure 2.9b). No relationship was found between the environmental variables and the mass
loss of rooibos tea in the Betula heath.
Vegetation abundance of functional groups as well as soil moisture and moss thickness were
measured in the three habitats in Endalen (the Dryas heath, the Cassiope heath and the
snowbed community) (Table 2.6). There was a significant relationship between mass loss
of green tea and both soil moisture and moss thickness as well as abundance of evergreen
shrubs (Figure 2.10a). Mass loss of rooibos tea however, only correlated significantly with
soil moisture and the abundance of deciduous shrubs in the three high Arctic habitats (Figure
2.10b). Mass loss of green tea positively correlated with soil moisture (r = 0.20, p < 0.05)
(Figure 2.11a), and moss thickness (r = 0.18, p < 0.05) (Figure 2.11b), but was negatively
correlated with the abundance of evergreen shrubs (r = -0.38, p < 0.001) (Figure 2.11c).
Mass loss of rooibos tea was however, negatively correlated with soil moisture (r = -0.2, p
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< 0.05) (Figure 2.12a), opposite to the relationship between mass loss of green tea and soil
moisture, and was negatively correlated to the abundance of deciduous shrubs (r = -0.2, p <
0.05) (Figure 2.12b).
Table 2.6 Environmental variables measured in four out of five habitats included in the study. Data
is presented as an average measurement within warming plots (OTC) and ambient control plots
(CTL) respectively. The difference () between OTC and CTL plots is also presented. Soil moisture
was also measured in the same habitats and is presented in Table 2.3. The moss heath is excluded
from this table since the environmental variables presented here weren’t measured in the moss heath
habitat.
Habitat type

Moss thickness

Soil pH

Soil organic matter

OTC

CTL



OTC

CTL



OTC

CTL



2.4 ± 0.5

5.0 ± 0.8

-2.6

5.8 ± 0.04

5.8 ± 0.02

0

12.6 ± 0.6

11.2 ± 0.6

1.4

Dryas heath

0.9 ± 0.5

1.7 ± 0.3

-0.8

NA

NA

NA

NA

NA

NA

Cassiope heath

2.2 ± 0.4

1.2 ± 0.6

1.0

NA

NA

NA

NA

NA

NA

Snowbed

1.3 ± 0.4

2.3 ± 0.4

-1.0

NA

NA

NA

NA

NA

NA

Iceland
Betula heath
Svalbard

Moss thickness represents the moss layer on top of each tea bag. It was measured in the field with a tape measure
and is presented in centimetres (cm). Soil pH was measured from soil samples in the lab with a calibrated pH
electrode. Soil organic matter content was determined with the loss on ignition method (LOI) and is presented
as the percentage of weight loss during combustion. Data is presented as means ± SE.

Figure 2.8 Correlation plot showing the relationships between mass loss of green tea (%) and the
four measured environmental variables (soil moisture (%), moss thickness (cm), pH in soil and soil
organic matter content in soil (LOI)) as well as the abundance (number of hits) of deciduous and
evergreen dwarf shrubs in the Betula heath in sub–Arctic Iceland. The intensity of the colours
indicate the strength of the correlation as indicated by the horizontal scale. Significant relationships
are indicated with asterisks in the plot (* < 0.05, ** < 0.01, *** < 0.001).
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Figure 2.9 a) Relationship between mass loss of green tea (%) and moss thickness (cm) in the Betula
heath in sub–Arctic Iceland. b) Relationship between mass loss of green tea (%) and abundance of
deciduous dwarf shrubs (number of hits) in the Betula heath in sub–Arctic Iceland.

a

b

Figure 2.10 a) Correlation plot showing the relationships between mass loss of green tea (%) and
the environmental variables measured (soil moisture (%), moss thickness (cm)) as well as the
abundance (number of hits) of deciduous and evergreen dwarf shrubs in three habitats in high Arctic
Svalbard; Dryas heath, Cassiope heath and the snowbed. b) Correlation plot showing relationship
between mass loss of rooibos tea (%) and the same environmental variables measured in Svalbard.
The intensity of the colours indicate the strength of the correlation as indicated by the horizontal
scale. Significant relationships are indicated with asterisks in the plot (* < 0.05, ** < 0.01, *** <
0.001).
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Figure 2.11 a) Relationship between mass loss of green tea and soil moisture (%) in three high Arctic
habitats in Svalbard; Dryas heath, Cassiope heath and the snowbed. b) Relationship between mass
loss of green tea and moss thickness (cm) in the three high Arctic habitats in Svalbard. c) Relationship
between mass loss of rooibos tea and soil moisture (%) in three high Arctic habitats in Svalbard.

Figure 2.12 a) Relationship between mass loss of rooibos tea and soil moisture (%) in three high
Arctic habitats in Svalbard; Dryas heath, Cassiope heath and the snowbed. b) Relationship between
mass loss of rooibos tea and abundance of deciduous shrubs (number of hits) in the three high Arctic
habitats in Svalbard.
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Impacts of long-term vs. short-term warming on decomposition
In Endalen, the study site in Svalbard, ten new OTC plots were placed in the Dryas– and
Cassiope heath in the summer of 2015 and 2016. This allows for a unique opportunity to
compare the effects of long–term (15 years) and short–term (1–2 growing seasons) warming
on decomposition rates. The results in this section therefore only represent data from two
habitats in Endalen: the Dryas heath and the Cassiope heath.
There was no interaction between warming treatments and the length of the warming period
for any of the decomposition variables, for either the summer or the full year incubation
(Table 2.7). The warming treatments however, influenced the decomposition processes in
both long– or short–term experiments, were the mass loss of green tea consistently decreased
within the warming treatments (Figure 2.13) and the stabilisation factor S increased within
the OTCs (Figure 2.14) in the summer incubation only (Table 2.7; Figure 2.13 – 2.15).
Table 2.7 Results of Linear Mixed Effects Models testing the interactive effects of warming
treatments and the duration of warming manipulation on four different decomposition variables;
mass loss (%) of green tea, mass loss (%) on rooibos tea, stabilisation factor S and decomposition
rate k.
Decomposition
variables

# obs.

Incubation
period

94

Summer

97

Summer

S

91

Summer

k

91

Summer

97

Full year

94

Full year

S

92

Full year

k

92

Full year

Mass loss (%)
Green tea
Mass loss (%)
Rooibos tea

Mass loss (%)
Green tea
Mass loss (%)
Rooibos tea

Warming * Duration

Warming

Duration

χ2 = 1.58
p = 0.209
χ2 = 0.202
p = 0.653
χ2 = 1.20
p = 0.274
χ2 = 1.63
p = 0.202
χ2 = 0.171
p = 0.679
χ2 = 0.142
p = 0.706
χ2 = 0.108
p = 0.743
χ2 = 0.275
p = 0.600

χ2 = 12.3
p < 0.001
χ2 = 0.099
p = 0.753
χ2 = 13.03
p < 0.001
χ2 = 2.59
p = 0.107
χ2 = 2.38
p = 0.123
χ2 = 0.019
p = 0.890
χ2 = 1.16
p = 0.281
χ2 = 0.022
p = 0.881

χ2 = 0.919
p = 0.338
χ2 = 0.136
p = 0.712
χ2 = 0.899
p = 0.343
χ2 = 1.04
p = 0.308
χ2 = 0.089
p = 0.766
χ2 = 0.124
p = 0.725
χ2 = 0.034
p = 0.817
χ2 = 0.220
p = 0.639

Significant parameters are presented in bold (α = 0.05).
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Figure 2.13 Mass loss (%) (mean ± SD) of green and rooibos tea for two different incubation periods,
summer (3 months) and full year incubation. Two treatments were applied; warming treatments with
OTCs and unwarmed control plots. Mass loss was assessed in Endalen, Svalbard in both newly
established plots (short–term warming) and plots that had been warmed for 20 years (long–term
warming). Asterisks indicate significant differences in mass loss of tea between treatments and letters
represent significant differences between the duration of warming manipulation. Sample sizes are
indicated in Table 2.1.

Figure 2.14 Stabilisation factor S (mean ± SD) for two different incubation periods, summer (3
months) and full year incubation. Two treatments were applied; warming treatments with OTCs and
unwarmed control plots. Mass loss was assessed in Endalen, Svalbard in both newly established plots
(short–term warming) and plots that had been warmed for 20 years (long–term warming). Asterisks
indicate significant differences in stabilisation factor S between treatments and letters represent
significant differences between duration of warming manipulation. Sample sizes are indicated in
Table 2.1.
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Figure 2.15 Decomposition rate k (mean ± SD) for two different incubation periods, summer (3
months) and full year incubation. Two treatments were applied; warming treatments with OTCs and
unwarmed control plots. Mass loss was assessed in Endalen, Svalbard in both newly established plots
(short–term warming) and plots that had been warmed for 20 years (long–term warming). Asterisks
indicate significant differences in decomposition rate k between treatments and letters represent
significant differences between duration of warming manipulation. Sample sizes are indicated in
Table 2.1.

Inter-annual variation in decomposition with warming
The inter–annual variation in decomposition was studied in the Betula heath in Iceland,
where tea bags were buried for two growing seasons in 2016 and 2017. The summer of 2016
was slightly warmer than the summer of 2017, where the average temperature over the three
warmest months in 2016 was 8.8 ± 0.5°C while the average temperature in 2017 was 7.6 ±
1.1°C. The summer of 2016 was also wetter than the summer of 2017, where the average
precipitation over the summer was 51 ± 15 mm in 2016 but 28 ± 8 mm in 2017.
There was a significant interaction between warming treatments and years for mass loss (%)
of green tea, the stabilisation factor S and decomposition rate k, but no interaction was found
for the mass loss (%) of rooibos tea (Table 2.8). Mass loss of green tea was significantly
higher in warmed plots in both 2016 (4.59 ± 1.36, p = 0.002) and 2017 (9.13 ± 1.32, p
<0.001), but the effect was stronger in 2017 (Figure 2.16). The stabilisation factor S was
also significantly lower in warmed plots in both 2016 (-0.05 ± 0.02, p = 0.025) and 2017 (0.11 ± 0.02, p<0.001), with a stronger effect in 2017 (Figure 2.17). Decomposition rate k
however showed different trends: the constant did not differ between warmed and control
plots in 2016, but was lower in warmed plots for the growing season of 2017 (-2.64 × 10-3
± 6.77 × 10-4, p <0.001) (Figure 2.18). This indicates slower decomposition under warmer
conditions in summer of 2017, opposite to the results from the mass loss of green tea and
stabilisation factor S that indicate a faster and more complete decomposition of green tea
under warmer conditions.
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Table 2.8 Results of Linear Mixed Effects Models testing the impacts of warming treatments and
interaction of habitat on four different decomposition variables; mass loss (%) of green tea, mass loss
(%) on rooibos tea, stabilisation factor S and decomposition rate k. The significance of the
independent terms is assessed only when the interaction was non-significant.
Decomposition
variables

# obs.

Incubation
period

Warming * Year

Mass loss (%)
Green tea

79

Summer

χ2 = 6.53
p = 0.011

Mass loss (%)
Rooibos tea

75

Summer

χ2 = 0.00
p = 0.985

S

71

Summer

χ2 = 5.73
p = 0.017

k

71

Summer

χ2 = 4.62
p = 0.032

Warming

Year

χ2 = 0.195
p = 0.659

χ2 = 2.60
p = 0.107

Significant parameters are presented in bold (α = 0.05).

Figure 2.16 Inter-annual variability in mass loss (%) (mean ± SD) of green and rooibos tea in two
different growing seasons, 2016 and 2017, in a Betula heathland habitat in sub–Arctic Iceland. Two
treatments were applied; warming treatments with OTCs and unwarmed control plots. Asterisks
indicate significant differences in mass loss of tea between treatments and letters represent significant
differences between years. Sample sizes are indicated in Table 2.1.
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Figure 2.17 Inter-annual variability in stabilisation factor S (mean ± SD) in two different growing
seasons, 2016 and 2017, in a Betula heathland habitat in sub–Arctic Iceland. Two treatments were
applied; warming treatments with OTCs and unwarmed control plots. Asterisks indicate significant
differences in stabilisation factor S between treatments and letters represent significant differences
between years. Sample sizes are indicated in Table 2.1.

Figure 2.18 Inter-annual variability in decomposition rate k (mean ± SD) in two different growing
seasons, 2016 and 2017, in a Betula heathland habitat in sub–Arctic Iceland. Two treatments were
applied; warming treatments with OTCs and unwarmed control plots. Asterisks indicate significant
differences in decomposition rate k between treatments and letters represent significant differences
between years. Sample sizes are indicated in Table 2.1.
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2.4 Discussion
In light of the increased research attention on the potential impact of climate change,
simulations of warming are now dominated by the use of the passive warming technique
with open top chambers (OTCs), which has become a standard for field manipulations of
climate warming (Bokhorst et al., 2013). The reason for the popularity of the chambers is
because the design is simple and cost–effective, but is also structurally strong enough to
withstand extreme weather conditions so they can be left in place for long–term research
(Marion et al., 1997). However, the design’s confounding effect on other microclimate
variables, such as soil moisture, wind speed, snow accumulation and restriction of
herbivores, need to be acknowledged. Bokhorst et al. (2013) analysed 20 different studies
that used OTCs to simulate warming across the polar and alpine regions and found that soil
moisture content, although not significantly, was lower inside OTC plots compared with
ambient control plots. This is in line with our findings that soil moisture was generally lower
in the OTCs, particularly in the long–term monitoring habitats in high Arctic Svalbard
(Table 2.2). This can have large implications on the interpretations in our data since many
studies have revealed that decomposition rates in a warmer world will only increase if soil
moisture is sufficient (Aerts, 2006). Experimental warming in our sites was in general not
accompanied with an increase in soil temperature. This is consistent with other studies that
find minimal or no significant effect of the warming treatments on soil temperature (e.g.,
Blok et al., 2015; Christiansen et al., 2017), while other studies detect higher soil temperature
inside the OTCs (Bokhorst et al., 2013). Altering temperature in the field will always
influence other factors, which makes it difficult to examine the real effect of temperature
change alone, but all temperature enhancing systems, active or passive, have these potential
unwanted ecological effects (Marion et al., 1997). Despite these confounding effects, the use
of open top chambers has proved to be a useful tool for studying impacts of climate warming
in ecosystems and still remains a standard in ecological warming induced field experiments
(Bokhorst et al., 2013).
The difference in mass loss of the two tea types were in accordance with other studies using
the TBI as a proxy for plant litter (Althuizen et al., 2018; Keuskamp et al., 2013). The green
tea consistently decomposed faster than the rooibos tea in all six habitats in our study.
According to Keuskamp et al. (2013), 90 days of incubation should be sufficiently long to
estimate stabilisation S and short enough to determine initial decomposition rate k under
wide range of environmental conditions. The green tea needs to have reached its limit value,
to allow for estimation of the stabilisation factor, while the labile fraction of rooibos tea
needs to be actively decomposing to allow for estimation of the decomposition rate. Under
extreme environmental conditions however, where the growing season is short (2–3 months)
and microbial activity is assumed to be low due to low temperatures, this time period might
not be sufficient for the green tea to reach its limit value, leading to an overestimation of the
stabilisation factor S (Keuskamp et al., 2013). In our sites, particularly in the high Arctic
Svalbard where soil temperatures are low, the length of incubation might need to be extended
for a good estimation of the stabilisation factor S and this issue needs further investigation.
The use of tea bags in this field experiment proved to be useful for estimating the potential
decomposition rate in our habitats and allowed for a comparison between habitats with
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different plant community composition. This method however does not give a realistic view
of the decomposition processes in our sites and in order to provide the link between potential
and actual decomposition rates, concurrent incubation of native litter would be needed
(Didion et al., 2016).
Impacts of experimental warming on decomposition in the Arctic
Our results demonstrate the complexity in decomposition responses to warming across
different habitats in the high and sub–Arctic regions. We observed an increase in
decomposition of the labile fractions under warmer conditions in the Betula heath in sub–
Arctic Iceland. This is in accordance to our expectations that decomposition rate increases
with warmer temperature and supports other studies which have observed the same trend
(e.g., Aerts, 2006; Davidson & Janssens, 2006). Over the 20 year period of warming
manipulation, significant community changes were detectable in the Betula heath in Iceland,
where the abundance of deciduous and evergreen shrubs have increased significantly, in
particular the deciduous dwarf shrub species Betula nana (Jónsdóttir et al., 2005). Certain
phenotypic traits of this species, including developmental plasticity and formation of
mycorrhizal networks which facilitate C transfer in the soil, promote the species success in
outcompeting other species (Bret-Harte et al., 2001; Deslippe & Simard, 2011). The positive
relationship between the mass loss of green tea and the abundance of deciduous shrubs
suggests that the increase in B. nana in response to warming may have affected
decomposition rates directly or indirectly. The shift in plant growth–form composition,
where faster decomposing graminoids and forbs litter are replaced by slower decomposing
shrub leaf litter is often considered to contribute to increased carbon storage in these regions
(Cornelissen et al., 2007). Our results on the contrary suggest otherwise, that increased shrub
expansion will instead accelerate decomposition rate. Other studies have observed the same
pattern as well where greater plant productivity is associated with increased net C soil loss
from the system (Hartley et al., 2012; Lynch et al., 2018). Hartley et al. (2012) observed
greater C soil stocks in a tundra heath than in a more productive mountain–birch (B.
pubescens) forest and concluded that microbial processes are activated by a process referred
to as positive priming. These positive priming effects are often related to increased C transfer
caused by root activity which stimulates the decomposition of older soil organic matter
(Lynch et al., 2018). It is therefore possible that the indirect effect of warming, the increasing
magnitude of deciduous shrub abundance is influencing the decomposition processes in the
Betula heath habitat in Iceland, despite the fact that air– and soil temperature were both lower
within the OTC plots compared to the controls in the summer of 2016.
Contrary to our expectations, decomposition of the labile fractions was lower under warmer
conditions in the dry Dryas heath and mesic Cassiope heath habitats in high Arctic Svalbard.
Temperature data from the summer of 2016 show that air temperature inside the warming
treatments were in all cases 1–2°C higher than in the ambient control plots. We found no
detectable differences between soil temperatures in the two treatments in any of the habitats.
In these relatively dry and mesic habitats in Svalbard, however, soil moisture content was
significantly lower inside the OTCs than outside in the ambient control plots, and the
moisture difference between the treatments was much higher within the Dryas and Cassiope
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heath in Svalbard than in any of the other three habitats (snowbed, Betula heath and moss
heath) (Table 2.2). These are the same habitats where a reduction in decomposition was
observed in response to the warming treatment. It is therefore likely that the reduced soil
moisture content within the chambers is outweighing the effects of increasing air
temperature in our two high Arctic habitats (Dryas and Cassiope heath), while the effect of
plant community change and increased abundance in deciduous shrubs is the dominating
driver in the Betula heath.
In the high Arctic habitats in Svalbard, soil moisture was positively correlated with mass
loss of green tea, while in the sub–Arctic habitats in Iceland, no such relationship was found
(Figure 2.8 and 2.10). This gives us further evidence that soil moisture is playing a larger
role in our high Arctic habitats than in the sub–Arctic. The effects of soil moisture within
the chambers has been documented before where number of studies also observed a
reduction in decomposition rates within experimental warming where OTCs were used (e.g.,
Blok et al., 2015; Christiansen et al., 2017; Robinson et al., 1995; Sjögersten & Wookey,
2004). These studies also concluded that low decomposition rates are likely restricted by the
evaporative soil drying associated with the experimental warming. These conclusions
therefore raise the essential question of whether natural summer warming will be associated
with enhanced surface drying or not, following future climate change.
While mass loss of the more labile substrate showed different responses between the
treatments in the sub– and high Arctic habitats, the responses of the more recalcitrant
substrate to the treatments did not differ across habitats. In general, warming had no effect
on the mass loss of rooibos tea, except in the Betula heath after full year incubation (Table
2.4). There, mass loss of rooibos tea was higher under warmer conditions, which follows the
trend observed from the green tea. Here it might be worth mentioning that, since the
interaction between warming and habitat was not significant, the significant response
observed for the Betula heath might be due to “multiple testing”, which can happen when
performing a large number of statistical analyses, some of the tests will be significant solely
by chance (Benjamini & Yekutieli, 2001). A more plausible explanation to the general lack
of effect of warming on decomposition of rooibos tea is the short experimental period, since
one year might not be enough for the recalcitrant fraction to respond to different conditions
in these cold environments.
The mass loss of green tea and the stabilisation factor S were relatively high in the wet
snowbed habitat in Svalbard compared to other habitats. While the mass loss of green tea
was higher in the snowbed, mass loss of rooibos tea contradicted that trend and was lower
there compared to all the other habitats. Here, the length of the growing season could be
impacting the decomposition process in the snowbed community. The snowbed in Endalen
has deep snow depth and later snowmelt than the other two high Arctic habitats in Endalen.
A shorter growing season would generally result in less time for the organic matter to
decompose and it is therefore logical that this could be influencing the decomposition rate
in the snowbed community. When plotting the stabilisation factor S against the
decomposition rate k, the snowbed habitat stood out in contrast to the other habitat with a
low stabilisation factor S and low decomposition rate k (Figure 2.7). Because low
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stabilisation factor suggests a more complete decomposition (Keuskamp et al., 2013), these
two processes should not go together. Recently, studies working with the TBI approach have
started to acknowledge that in wet ecosystems, under waterlogged conditions, mass loss of
green tea is often much higher than in moist and dry environments (Petit Bon et al., in prep).
This contradicts the assumption that waterlogged conditions generally slow down the
process of decomposition (Dise, 2009). A possible explanation might be that under these
extremely wet conditions, where water runs through the system, the mass loss of green tea
will be higher caused by leaching, leading to an overestimation of the decomposition of the
labile fractions (Michalzik et al., 2001). This bias could very well be applied to our dataset
and further interpretation of the snowbed results in terms of decomposition can therefore be
inaccurate.
When the snowbed habitat is excluded, we found that decomposition was higher in the two
sub–Arctic habitats for all four decomposition variables. This is in accordance with the
general assumption that decomposition rate generally decreases with higher latitude as
microbial activity slows down in colder and dryer environments (Hobbie et al., 2002).
Decomposition rate did not in general differ between the two sub–Arctic habitats after
summer incubation, but after full year incubation, decomposition was higher in the moss
heath habitat than in the Betula heath for all four decomposition variables. This indicates
that decomposition processes in the moss heath are more active outside of the growing
season than in the Betula heath in Iceland. The tea bags were buried for three summer months
from June–September, which may not perfectly capture the whole growing seasons in all the
habitats. The length of the growing season is most likely longer in the moss heath in
Thingvellir than in the Betula heath in Audkuluheidi and could therefore explain why
decomposition is more active in the moss heath outside of these three summer months for
the summer incubation period.
Although our experiment focuses on short–term decomposition processes of up to one year,
our findings suggest that warming can accelerate carbon cycling in tundra ecosystems where
soil moisture is sufficient (Hicks Pries et al., 2013), and therefore possibly contribute to the
reduction of the existent soil carbon pool in the tundra (Crowther et al., 2016; Mack et al.,
2004). Our results however, also highlight the indirect effects of warming which will
indisputably play a crucial role on below–ground processes in different regions of the Arctic.
If natural summer warming leads to enhanced surface drying in certain tundra ecosystems,
the consequence could be opposite to the projected positive feedback to climate change,
while climate–induced shrub expansion could stimulate microbial decomposition and in
return accelerate climate warming.
The role of environmental variables on decomposition
The environmental variables measured in this study correlated in different ways with the
decomposition variables between the high and sub–Arctic habitats. There were obvious
relationships between the abundance of shrubs in both the sub–Arctic and high Arctic
habitats. There was a positive relationship between abundance of deciduous shrubs and mass
loss of green tea in the Betula heath in Iceland. In addition, a negative relationship between
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the abundance of evergreen shrubs and mass loss of green tea, as well as a negative
relationship between the abundance of deciduous shrubs and mass loss of rooibos tea was
found in the high Arctic habitats in Svalbard. This indicates that the presence of certain
functional types, especially dwarf shrubs, can influence the below–ground processes in some
ways.
We observed a negative relationship between mass loss of green tea and moss thickness in
the Betula heath in sub–Arctic Iceland. This is in accordance with our hypothesis, and
indicates that the moss might be playing a role in the decomposition process. Thick moss
layer has often been associated with colder soil temperature (Gornall et al., 2007; van der
Wal et al., 2001). Gornall et al. (2007) observed an increase in microbial biomass and
nutrient cycling in soils under thin moss layers where soil temperature was higher. This
suggests that thick moss layers can slow down microbial activity and therefore profoundly
influence C losses into the atmosphere.
Soil moisture positively correlated with mass loss of green tea in the high Arctic habitats,
which is in accordance with our expectations. As mentioned earlier, soil moisture plays a
crucial role in litter decomposition and is often a limiting factor of decomposition where
water availability is not sufficient (Hicks Pries et al., 2013). In the sub–Arctic habitats
however, no relationship was found between the decomposition variables and soil moisture.
This suggests that other factors than soil moisture played a more important role in our sub–
Arctic habitats, such as for example, abundance of dwarf shrubs.
Impacts of long-term vs. short-term warming on decomposition
Contrary to our expectation, we found no differences in the effects of different duration of
warming manipulations on decomposition rate. For both short–term and long–term warming
experiments, decomposition was higher in ambient control plots compared to the warming
treatments. In our study, comparison with long–term and short–term effects of warming was
performed in the high Arctic habitats, since a new set of plots were established only in
Svalbard. The indirect effects of climate warming on ecosystems involve changes in plant
community structure and litter quality (Aerts, 2006). These changes are generally considered
long–term changes (Chapin & Shaver, 1996) which might alter both microclimate during
summer and substrate quality in contrasting ways (Blok et al., 2016). The most pronounced
expected vegetation change in the tundra is notably the expansion of shrubs and graminoids
and decrease in bryophytes and lichens, where shrubs will expand in warmer environments
while graminoids will be dominant in colder regions (Elmendorf et al., 2012; Myers-Smith
et al., 2011).
These vegetation changes that are expected to indirectly influence the below–ground
processes were not detectable in our high Arctic habitats. In a meta–analysis examining the
responses of tundra vegetation to climate warming, the general increase in shrub abundance
was only apparent in the warmest tundra sites while no responses were detected in the coldest
sites, including our habitats which are located in high Arctic Svalbard (Elmendorf et al.,
2012). These habitats are showing a high level of resilience to climate warming after 15
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years of warming manipulation, where the systems are not shifting to a new state but rather
maintaining the same ecosystem function despite the disturbance by warmer climate (I.S.
Jónsdóttir, personal communication, April 11, 2018). A possible explanation for the lack of
change between long–term and short–term warming manipulations might be due to an
unexpected ability of the high Arctic ecosystems to resist the disturbance by climate
warming (Post et al., 2009).
Inter-annual variation in decomposition with warming
When studying the effects of inter–annual variation on decomposition rate in sub–Arctic
Iceland, surprisingly, we observed that decomposition was slower in the growing season
which had both higher temperature and higher precipitation. Studies have shown that warmer
and wetter conditions, are expected to occur in Arctic regions with warming climate
(Boisvert & Stroeve, 2015). Mass loss of green tea was higher in the growing season of 2017
which was the colder and drier season of the two and the same trend was found for the
stabilisation factor S. This contradicts results from other studies that used the TBI approach
along a climatic and an elevational gradient which observed enhanced decomposition with
higher temperatures and precipitation (Althuizen et al., 2018; Didion et al., 2016). These
results indicate that there are other, unidentified drivers of decomposition rate that can
override the effect of annual variation in temperature and soil moisture.
The effect of warming in the Betula heath remained the same between years where the
decomposition of the labile fractions was higher under warmer conditions. This strengthens
our results reported earlier in this chapter and confirms our expectations that increased
warming enhances the decompositions processes in this sub–Arctic ecosystem. Surprisingly
an opposite trend was observed in the impacts of warming on the decomposition rate k in the
growing season of 2017, which indicated that warming is having a negative impact on the
decomposition process. These results highlight the complexity of the decomposition
processes in tundra ecosystems under changing climate and emphasises the importance of
joint research efforts in quantifying the direction, magnitude and rate different
environmental drivers have on microbial activity in the soil. Our results suggest, that a great
variation in the impacts of changing climate on decomposition processes exists along the
tundra geographical gradient and a more detailed understanding of the drivers that control
these processes are needed.
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3 Decomposition responses to sheep
grazing in Icelandic soils
3.1 Introduction
High–latitude environments are important C sinks and collectively store nearly half of the
global terrestrial C stocks (Tarnocai et al., 2009). Since climate warming is predicted to
happen more rapidly in the Arctic than in other areas of the world, these environments have
the potential to become significant C sources to the atmosphere (C. E. Hicks Pries et al.,
2011). The role of plant–herbivore interactions in response to tundra warming has been
studied extensively and is of great importance in light of the current pace of the warming
tundra (Barrio et al., 2016; Bråthen et al., 2007; Olofsson et al., 2012). Herbivores are
capable of modifying entire ecosystems through both direct and indirect effects and are in
some cases able to counteract the responses to climate warming on plant growth (Olofsson
et al., 2009; Ylänne et al., 2015). The direct effects of large herbivores, such as sheep for
example, include grazing/browsing, trampling and deposition of feces which affects plant
species composition and soil nutrient cycling (Barthelemy et al., 2015; van der Wal, 2006).
The indirect effects however, include the cascading effects of altered species composition of
plant communities, such as changes in litter quality and soil processes (Ylänne et al., 2015).
Herbivory involves a variety of possible effects on soil processes which are dependent on
the grazing pressure and environmental conditions (De Bello et al., 2006). The complexity
of the mechanisms involved, often make predictions on the effects of vertebrate herbivory
on soil processes difficult (Andriuzzi & Wall, 2017). Given the great variation in ecosystem
fertility and the timing and intensity of grazing between sites, generalisations on the effects
herbivory has on vegetation and soil processes are often lacking (Bråthen et al., 2007; Wardle
et al., 2001). Bargett & Wardle (2003) reasoned that the effects of herbivores on soil
decomposers are conditional on site fertility and grazing intensity and can be positive,
negative or neutral depending on the mechanisms involved. Grazing pressure over relatively
short time scale is generally believed to facilitate nutrient cycling through both direct and
indirect effects (Olofsson & Oksanen, 2002; Sjögersten et al., 2012). With the deposition of
faeces and urine, herbivores influence the quality of resource inputs to the soil directly,
therefore accelerating soil fertility and nutrient cycling (Bardgett & Wardle, 2003;
Barthelemy et al., 2018). Trampling of large herbivores is also expected to reduce moss layer
depth and vegetation cover (van der Wal & Brooker, 2004), affecting the soil microclimate
by increasing the soil temperature and soil water content, which further facilitates ecosystem
respiration (Gornall et al., 2007). In addition, in relatively nutrient rich environments,
herbivores’ selective feeding can reinforce the dominance of graminoids with rapidly
decomposable litter, and in turn decrease the abundance of trampling intolerant species and
deciduous shrubs, which also promotes the microbial activity in the soil (Olofsson &
Oksanen, 2002; Stark et al., 2002).
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Nutrient poor ecosystems that have been under long–term herbivory pressure with high
grazing intensity often respond in a very different way. In these systems, herbivore selective
feeding on nutrient rich palatable plant species may give a competitive advantage to more
unpalatable species, which often have slow growth rates and produce slowly decomposable
litter (Ylänne et al., 2015). High grazing pressure in nutrient poor soils is believed to favour
chemically defended plants such as evergreen dwarf shrubs (Bråthen et al., 2007). Evergreen
dwarf shrubs store large amounts of C within their biomass and also produce secondary
compounds that decelerate litter decomposition and nutrient cycling, which can strengthen
the ecosystem C storage (Cornelissen et al., 2004). In an herbivory exclosure experiment
conducted over 50+ years, Lara et al. (2017) found that grazing pressure serves a dominant
role in maintaining a strong C sink in the tundra landscape through a shift in the plant
community structure (Lara et al., 2017). Other long–term studies support these conclusions
(see for example, Ward et al., 2007), opposing the observations from short–term studies
where herbivores are generally expected to facilitate C losses to the atmosphere (Olofsson
& Oksanen, 2002; Sjögersten et al., 2011; Sjögersten et al., 2012; van der Wal & Brooker,
2004)
During the ninth century Iceland was settled by the Norse followed by rapid population
increase soon after settlement. This would later lead to substantial ecosystem changes of the
island (Vickers et al., 2011). Before the human settlement, known as landnám, climate was
the main driver of ecosystem change, although frequent volcanic eruptions also influenced
the island’s environmental conditions (Eddudóttir, 2016; Gísladóttir et al., 2011). Since the
settlement, Iceland has suffered severe environmental degradation, particularly in response
to extensive mountain birch woodland (Betula pubescens) removal, following the
introduction of large mammalian herbivores and wood harvesting (Dugmore et al., 2005;
Eddudóttir, 2016). Volcanic activity, climatic variation, especially cold spells and high
grazing pressure have been proposed as the main drivers of the severe ecosystem degradation
in Iceland (Arnalds, 2015a). High density of large herbivores can cause depletion of
vegetation cover through trampling and removal of aboveground plant parts. Once bare
ground is exposed, the Icelandic volcanic soils (Andosols) are particularly vulnerable to
erosion. In some ecosystems, where C stocks of the soils are reduced by water and wind
erosion, Vitrisols (soils of the deserts) take the place of more fertile Andosols, further
amplifying the land degradation process (Arnalds, 2015b; Marteinsdóttir et al., 2017). Sheep
has for centuries been the dominant livestock in Iceland. By the end of the 19th century,
sheep density increased significantly following technological improvement and reached a
peak of 900,000 sheep in 1977. This high sheep density led to severe degradation of many
ecosystems, particularly in vulnerable regions in the highlands and within the volcanically
active zone (Marteinsdóttir et al., 2017).
Human induced changes in large herbivore density has in some environments drastically
influenced the ecosystem function and changed native populations of plants and animals
(Wardle & Bardgett, 2004). Introduction of livestock populations can sometimes lead to
ecosystem degradation in areas where herbivore populations are not properly managed, since
they are not restricted to natural factors such as predation, food limitation and diseases
(Rapport et al., 1998). In Iceland, the introduction of large herbivores has in many regions
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driven the ecosystems to a degraded state, with vegetation changes from more nutrient rich
plant species to less productive unpalatable species (Arnalds & Barkarson, 2003). The
ecological impacts of sheep grazing are fairly well documented in Iceland, although many
studies have only been published in local journals and internal reports in Icelandic and are
therefore not accessible to the international research community (Marteinsdóttir et al., 2017).
Most published studies in Iceland focus on the herbivore’s impact on plant community
structure, for instance documenting vegetation changes where there is a decrease in mosses,
shrubs and trees and unpalatable plant species become dominant (Jónsdóttir, 1984;
Valdimarsdóttir & Magnússon, 2013) as well as biomass losses and an ecosystem’s higher
tendency to soil erosion (Arnalds, 2015a; Jónsdóttir, 1984). However, terrestrial ecosystems
rely on both above–ground and below–ground processes to maintain ecosystem functioning,
yet the knowledge on the impacts of herbivory pressure on below–ground processes in
Iceland is limited.
Given the great variability that exists in plant–herbivore interactions in Arctic and alpine
ecosystems, the need for combined research efforts and common standardised protocols are
evident in order to address important questions at larger scales (Barrio et al., 2016). Here,
we studied the short–term impact of sheep grazing on decomposition rate in Icelandic soils
using a standardised protocol, the Tea Bag Index (TBI) approach (Keuskamp et al., 2013).
To account for long–term responses of herbivory on below–ground processes, we also
compared the sheep grazing exclusion impact between the short–term study and a longer–
term experiment where sheep has been excluded for more than two decades. The study was
conducted in two contrasting sites in northern Iceland which differ in relation to soil
properties. Since soils within the volcanically active zone in Iceland are generally considered
to respond differently to disturbance and are more prone to erosion, two sites were chosen,
one within and one outside of the volcanically active zone. Two different habitats were
located within both sites that differ in vegetation cover. In order to assess the impacts of
herbivory on decomposition variables, we compared decomposition rate within fences that
excluded all sheep grazing with grazed control plots. Short–term vs. long–term effects of
grazing on decomposition were also investigated with a comparison of the newly established
plots and plots where sheep grazing has been excluded for 20 years. Specifically, we aimed
to (1) determine how short–term sheep exclusion affects four different decomposition
variables in different soil types in northern Iceland, and (2) compare the long–term effects
with short–term effects of herbivory exclusion on decomposition in Audkuluheidi, Iceland.
We set out to examine the validity of the following hypotheses:
H1.

Herbivory exclusion enhances decomposition rate in both sites within and outside
the volcanically active zone in Iceland. Both of these sites can be considered as
heavily grazed ecosystems since sheep intensity has been high for centuries. This has
driven the systems to a degraded state where palatable species replaced unpalatable
species with less decomposable litter, decelerating soil microbial processes and
strengthening the terrestrial C stocks. Excluding grazing in these areas will therefore
return the system closer to its presumed original, less degraded state, where
herbivores are absent (Figure 3.1; H1).
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H2.

Long–term herbivory exclusion facilitates decomposition rate and the impacts on the
soil processes are more pronounced than in the short–term exclusion experiment.
Indirect changes in species composition affected by herbivory grazing are slow
processes. After 20 years of herbivory exclusion, the system will have moved closer
to its original state than after only one year of herbivory exclusion (Figure 3.1; H2).

Figure 3.1 Diagram of possible effects of sheep grazing pressure and time of grazing on
decomposition processes in the soil. Moderate grazing pressure will facilitate microbial activity in
the soil with increased nutrient input through deposition of feces and urine as well as their selective
feeding can reinforce the dominance graminoids with easily decomposable litter in nutrient rich
ecosystems. As the degree of sheep grazing intensity increases nutrient poor ecosystems will respond
in different ways. High sheep intensity will ultimately have decelerating effects on nutrient cycling
because their selective feeding will favour unpalatable plant species with slowly decomposable litter.
Hypotheses 1 and 2 are indicated in the diagram (H1 and H2; see text for more detail).
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3.2 Methods
Study sites
This experiment is a part of a larger research initiative within the Herbivory Network, which
was established to encourage coordinated research efforts when investigating the plant–
herbivore interactions in tundra ecosystems (Barrio et al., 2016). The study was initiated in
early summer of 2016 where the sites and habitats were chosen on the basis of the two main
features that are related to the ecological responses to sheep grazing in Iceland; volcanic
activity and vegetation cover (Arnalds, 2015; Marteinsdóttir et al., 2017). Two different sites
were selected in northern Iceland, Audkuluheidi and Theistareykir, one outside and one
within the volcanically active zone, which ranges from the south–west part of Iceland to the
north–east (Figure 3.2). The sites were chosen based on their similarity in vegetation and
sheep density. Within both sites, two different habitats were then chosen based on
differences in vegetation cover; a species–rich Betula nana dwarf shrub heathland (hereafter
Betula heath) and a species-poor gravel desert.
Audkuluheidi is located in the north-western highlands of Iceland (65°13’N, 19°67’W) at
490 m elevation, outside of the volcanic zone. Grazing pressure from sheep is extensive
during the summer months and has been for centuries (Jónsdóttir, 1984).

Figure 3.2 The study sites are located in the north–western highlands of Iceland in Audkuluheidi
and in north–eastern Iceland in Theistareykir. The volcanically active area in Iceland ranges from the
south–west to the north–east and is represented by the dark grey area. Audkuluheidi is located outside
of this volcanically active area while Theistareykir is located within the area. Map adapted from
Kleine et al. (in press).
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The climate is typically described as oceanic-subarctic where long-term (1996–2017)
average annual temperature is 4.1 ± 0.3 °C and average annual precipitation is 1242 ± 37
mm (Kolka weather station, Icelandic Meteorological Office, personal communication,
March 8, 2018). The soils are classified as well-drained Brown Andosols with typical andic
properties caused by high contents of allophane and ferrihydrite (Jónsdóttir et al., 2005;
Óskarsson & Arnalds, 2009). In the Betula heath in Audkuluheidi, plant cover is up to 90%
and moss cover is relatively high. The habitat is dominated by the dwarf shrub Betula nana
and in addition Empetrum nigrum, Vaccinium uliginosum and Silene acaulis occur in high
frequency. The gravel desert community however, has less than 10% plant cover with
dominant vascular plant species such as Armeria maritima, Cerastium alpinum, Arabidopsis
petraea and Juncus trifidus (Miguel, 2017).
Theistareykir (65°89’N, 17°08’W) is located in north-eastern Iceland at 340 m elevation
within the volcanically active zone. Theistareykir is closer to the coast than Audkuluheidi
and is also at lower elevation, which leads to differences in climatic conditions and snow
cover. Long-term (1995–2010) average annual temperature from a weather station located
approximately 20 km from Theistareykir is 3.0 ± 0.16 °C and the average annual
precipitation is 619 ± 21 mm (Staðarhóll weather station, Icelandic Meteorological Office,
personal communication, March 8, 2018). Based on the soil map of Iceland the soils can be
classified as well-drained brown Andosols with high pH values compared to similar soil
types in other regions of Iceland, caused by high amounts of aeolian additions (Arnalds,
2015b; Óskarsson & Arnalds, 2009). The two habitats within Theistareykir are similar to the
ones in Audkuluheidi with some distinctive features. The species rich Betula heathland is
dominated by the dwarf shrub B. nana and in addition E. nigrum, Calluna vulgaris and
Loiseleuria procumbens also occur in high frequency. The abundance of moss is also higher
in Theistareykir than in Audkuluheidi. The gravel desert habitat has less than 10% plant
cover with dominant vascular plant species such as Armeria maritima, Cerastium alpinum,
Arabidopsis petraea and Juncus trifidus. Grazing pressure from sheep is also extensive
during the summer months in Theistareykir (Miguel, 2017).
The difference in vegetation cover between the two habitats, gravel desert and Betula heath,
leads to differences in soil properties. The soils in the gravel desert habitats are classified as
Vitrisols and are separated from Andosols based on having lower carbon and allophane
concentrations as well as the lack of high organic matter and water holding capacity which
is typical of Andosols (Arnalds, 2015c).
Experimental design
A hierarchical study design was established in early summer 2016, before the sheep were
released for the summer grazing season, in both Audkuluheidi and Theistareykir. At each
site, twelve plots (12 × 12 m) were established in pairs in each habitat (Betula heath and
gravel desert, 6 pairs per habitat), summing up to a total of 48 plots. The plots in each pair
were randomly assigned to one of the two treatments: control or an exclosure fence. The
exclosure treatment was designed to exclude all large herbivores with a one meter high wire
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net which was fastened on wooden poles (Figure 3.3). Within each pair plots were three
meters apart and the distance between pairs was approximately 100 meters.
In order to estimate the effects of long–term exclusion of sheep grazing on decomposition,
exclosures were used from another dwarf shrub heathland located less than 5 km from the
other habitats in Audkuluheidi (65°26’N, 20°25’W). This habitat has already been described
in detail in chapter 2 and will be referred to here as the long–term experiment. The
experiment in this habitat is a part of the ITEX network (Molau & Mølgaard, 1996), and was
established in 1996 in a Betula nana heathland, with similar vegetation as the newly
established Betula heath in Audkuluheidi. In this habitat, 20 plots (0.75 × 0.75 m) were
established, 10 located within a large fence (exclosures) and 10 located outside of the fence,
serving as controls.

Figure 3.3 Experimental design in two sites in northern Iceland. Within each site, two different
habitats were selected, a Betula heath and a gravel desert. Within each habitat, six pairs of adjacent
plots (12 × 12 m) were selected and two treatments, exclosures and controls were randomly assigned
to the plots. Tea bags were installed in the field in the middle of the plots. Six pairs of two types of
tea (rooibos and green tea) were buried in all plots (controls and fenced enclosures) and left to
decompose for different time periods – three months (pairs to the left) and one year (pairs to the
right). Map adapted from Kleine et al. (in press).
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Data collection
Incubation of tea bags in the field
Following the protocols from the Tea Bag Index (Keuskamp et al., 2013; see chapter 1.3 for
more detail), tea bags were installed in the beginning of the growing season on the 14th of
June in Audkuluheidi and the 9th of July 2016 in Theistareykir. Six pairs of rooibos and green
tea bags were buried into the soil in the middle of each plot (Figure 3.3) and left to
decompose. In the long–term study in the Betula heath in Audkuluheidi, tea bags were
installed on the 12th of June 2016. In the long term study, four pairs of rooibos and green tea
were buried in each corner of the 0.75 × 0.75 plots and left to decompose. The tea bags were
incubated for two different time periods – half of the tea bag pairs for three months over the
growing season (June – September; summer incubation) and the other half for twelve months
(full year incubation). A total of 668 tea bags were used for this study.
Tea bags were analysed in the lab and decomposition variables estimated as described in
detail in chapter 1.3. Four decomposition variables were used in this study to estimate
decomposition rate; mass loss of green tea (%), mass loss of rooibos tea (%), stabilisation
factor S and decomposition rate constant k.
Statistical analyses
All statistical analyses were conducted using the R statistical language and environment (R
version 3.3.2, RStudio version 1.0.136, R Core Team, 2017). In order to test our hypotheses,
two groups of Linear Mixed Effects Models (LMM) were used, fitted by the lmer function
from the lme4 package in R (Bates et al., 2015). For the first group of models, treatment
(fences vs. control), habitat (Betula heath vs. gravel desert), site (Audkuluheidi vs.
Theistareykir) and their three way interaction were used as fixed effects (H1). For the second
group of models, treatment (fences vs. control), duration of herbivory exclusion (short–term
vs. long–term) and their interaction were used as fixed effects (H2). A separate model was
fitted for all the four different decomposition variables as a response variable for all three
groups (8 different models). Plot identity nested within block was included as a random
factor in all 8 models to account for the nested experimental design where tea bags were
nested within plots and plots nested within blocks (Figure 3.3). The full models for the two
groups were structured as followed:
Decomposition variable ~ Treatment * Habitat * Site + (1 | Block/Plot)

(H1)

Decomposition variable ~ Treatment * Duration + (1 | Block/Plot)

(H2)

Only interactions that were significant were kept in the final models; non-significant
interactions were dropped, and for those models only the independent terms are reported.
The significance of the interactions and the independent terms were assessed using the
lmerTest package in R (Kuznetsova et al., 2017). All graphs were made using the ggplot2
package in R (Wickham, 2009).
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3.3 Results
Impacts of sheep grazing on decomposition rate in Icelandic
soils
As expected, decomposition rate differed significantly between the two tea types (green and
rooibos tea; t = 74.5, p < 0.001). After summer incubation, the relative mass remaining of
green tea ranged from 0.33–0.59 (g g-1), while the relative mass remaining of rooibos tea
ranged from 0.71–0.85 (g g-1). After full year incubation, the relative mass remaining of
green tea ranged from 0.25–0.53 (g g-1) and the relative mass remaining of rooibos tea ranged
from 0.50–0.82 (g g-1). These values of mass loss suggest that the assumptions of the Tea
Bag Index (Keuskamp et al., 2013) are valid for the sampling periods, with the green tea
having already entered the second phase of decomposition and the rooibos tea remaining in
the first phase (see chapter 1.3 for more detail).
Short–term sheep exclusion did not affect decomposition rates in our sites in Iceland. None
of the four decomposition variables (mass loss of green tea, mass loss of rooibos tea,
stabilisation factor S and the decomposition rate k) were significantly different between
fenced and control plots (Table 3.1; Figure 3.4 – 3.6). This lack of effect was consistent
across habitats and sites (i.e. non-significant interaction between grazing exclusion, habitat
and site; in all cases p > 0.08).
There were no clear patterns showing which habitat type had higher decomposition rate
across the two sites (Table 3.1). In Audkuluheidi, outside of the volcanically active zone,
mass loss of green tea was significantly higher in the gravel desert than in the Betula heath
for both summer (4.76 ± 1.22, p < 0.001) and full year incubation (4.59 ± 1.13, p < 0.001)
(Figure 3.4). The stabilisation factor S was in turn, significantly lower in the gravel desert
than in the Betula heath in Audkuluheidi after full year incubation (-0.052 ± 0.016, p =
0.005), indicating a more complete decomposition in the less vegetated habitat (Figure 3.5).
In Theistareykir however, mass loss of rooibos tea was significantly higher in the Betula
heath than in the gravel desert after full year incubation (7.47 ± 1.34, p < 0.001) (Figure
3.4). Decomposition rate k followed the same trend and was significantly higher in the Betula
heath after full year incubation (0.002 ± 0.00, p < 0.001), indicating a faster decomposition
in a species rich habitat with more complete vegetation cover inside the volcanic active zone
(Figure 3.6).
Decomposition rate was different between sites inside and outside the volcanically active
zone. In general, the response variables indicated higher decomposition rate at Theistareykir,
within the volcanically active zone. Mass loss of green tea was significantly higher in
Theistareykir, than in Audkuluheidi, after full year incubation (5.97 ± 0.92, p < 0.001). The
same trend applied for mass loss of rooibos tea after full year incubation (4.40 ± 1.23, p <
0.001) (Figure 3.4) and the stabilisation factor S which was lower in Theistareykir (Figure
3.5). No significant differences were found between sites the decomposition rate k. (Figure
3.6).
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Table 3.1 Results of Linear Mixed Effects Models testing the impacts of sheep exclusion in two
different habitats (Betula heath and gravel desert) and two sites (within and outside the volcanically
active zone) on four decomposition rate variables; mass loss (%) of green and rooibos tea,
stabilisation factor S and decomposition rate constant k.
Decomposition variables

# obs.

Incubation period

Sheep exclusion

Habitat site interaction

Mass loss (%)Green tea

143

Summer

χ2 = 1.25
p = 0.263

χ2 = 11.6
p < 0.001

Mass loss (%)Rooibos tea

143

Summer

χ2 = 0.780
p = 0.377

χ2 = 0.625
p = 0.429

S

143

Summer

χ2 = 1.25
p = 0.265

χ2 = 11.6
p < 0.01

k

143

Summer

χ2 = 2 × 10-4
p = 0.989

χ2 = 2.64
p = 0.104

Mass loss (%)Green tea

117

Full year

χ2 = 0.353
p = 0.553

χ2 = 11.7
p < 0.001

Mass loss (%)Rooibos tea

114

Full year

χ2 = 0.469
p = 0.494

χ2 = 20.6
p < 0.001

S

101

Full year

χ2 = 0.065
p = 0.798

χ2 = 8.07
p < 0.01

k

101

Full year

χ2 = 0.334
p = 0.563

χ2 = 6.85
p < 0.01

Significant parameters are presented in bold (α = 0.05).

Figure 3.4 Mass loss (%) (mean ± SD) of green and rooibos tea for two different incubation periods,
summer (3 months) and full year incubation. Mass loss of tea (%) was assessed in two different
habitats in two sites in northern Iceland. Plots were either fenced to exclude sheep grazing or open,
control plots. Letters represent significant differences in mass loss of green and rooibos tea between
habitats. Sample sizes are indicated in Figure 3.3.
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Figure 3.5 Stabilisation factor S (mean ± SD) for two different incubation periods, summer (3
months) and full year incubation. Stabilisation factor S was assessed in two different habitats in two
sites in northern Iceland. Plots were either fenced to exclude sheep grazing or open, control plots.
Letters represent significant differences in stabilisation factor between habitats. Sample sizes are
indicated in Figure 3.3.

Figure 3.6 Decomposition rate k (mean ± SD) for two different incubation periods, summer (3
months) and full year incubation. Decomposition rate k was assessed in two different habitats in two
sites in northern Iceland. Plots were either fenced to exclude sheep grazing or open, control plots.
Letters represent significant differences in decomposition rate between habitats. Sample sizes are
indicated in Figure 3.3.
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Long-term vs. short-term grazing impacts on decomposition
The impact of long–term grazing was assessed in two very similar Betula heath habitats in
Audkuluheidi, where the duration of sheep exclusion was different. In the long–term
experiment, sheep had been excluded for 20 years while in the short–term experiment, sheep
had only been excluded for periods spanning one growing season and one year. The results
in this section therefore only represent data from the two Betula heath habitats in
Audkuluheidi.
There was no interaction between sheep exclusion and the duration of the exclusion for any
of the decomposition variables, for both incubation periods (Table 3.2), indicating that the
effects of sheep grazing on decomposition rate did not vary between short–term and long–
term sheep exclusion. There were significant differences however, in mass loss of green tea
(summer incubation: -2.63 ± 0.75, p <0.01; full year incubation: -2.10 ± 0.71, p < 0.01) and
stabilisation factor S (summer incubation: 0.031 ± 0.010, p < 0.01; full year incubation:
0.026 ± 0.009, p < 0.05) between the duration of exclusion for both incubation periods
(Table 3.2). Mass loss of green tea was higher in the long–term experiment (Figure 3.7),
and in turn, stabilisation factor S lower in the long–term experiment (Figure 3.8), indicating
that decomposition of the labile substrate is different between the two Betula heath habitats.
There were no significant differences between long–term and short–term sheep exclusion on
the mass loss of rooibos tea or the decomposition rate k for either incubation period (Table
3.2; Figure 3.7; Figure 3.9). Treatment effect was only detectable for the mass loss of
rooibos tea where the mass loss was higher outside the fence in grazed plots (Table 3.2;
Figure 3.7)
Table 3.2 Results of Linear Mixed Effects Models testing the difference in the effects of short–term
and long–term sheep exclusion on four decomposition rate variables; mass loss (%) of green and
rooibos tea, stabilisation factor S and decomposition rate constant k.
Decomposition
variables

# obs.

Incubation
period

Mass loss (%)Green tea

74

Summer

Mass loss (%)Rooibos tea

73

Summer

S

71

Summer

k

71

Summer

Mass loss (%)Green tea

72

Full year

Mass loss (%)Rooibos tea

70

Full year

S

67

Full year

k

67

Full year

Sheep exclusion
* Duration

Significant parameters are presented in bold (α = 0.05).
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χ2 = 0.276
p = 0.600
χ2 = 0.134
p = 0.712
χ2 = 0.255
p = 0.613
χ2 = 3.24
p = 0.071
χ2 = 0.00
p = 0.10
χ2 = 1.65
p = 0.199
χ2 = 0.678
p = 0.410
χ2 = 3.94
p < 0.05

Sheep
exclusion
χ2 = 0.184
p = 0.668
χ2 = 425
p = 0.514
χ2 = 0.444
p = 0.505
χ2 = 0.274
p = 0.601
χ2 = 632
p = 0.427
χ2 = 3.99
p < 0.05
χ2 = 0.011
p = 0.917
χ2 = 0.460
p = 0.498

Duration of
exclusion
χ2 = 0.052
p = 0.001
χ2 = 1.42
p = 0.234
χ2 = 9.14
p < 0.01
χ2 = 2.68
p = 0.101
χ2 = 8.30
p < 0.01
χ2 = 1.23
p = 0.267
χ2 = 6.80
p < 0.01
χ2 = 7.93
p < 0.01

Figure 3.7 Mass loss (%) (mean ± SD) of green and rooibos tea for two different incubation periods,
summer (3 months) and full year incubation. Mass loss of tea was assessed in a Betula heath at two
locations within the Audkuluheidi site with different time periods of sheep exclusion; a long–term
exclusion experiment, where sheep had been excluded for 20 years (1996–2016) and a short–term
exclusion experiment, where sheep had only been excluded for one growing season in 2016.
Asterisks indicate significant differences in mass loss of tea between fenced and control plots and
letters represent significant differences between years of exclusion. Sample sizes differ between sites
and are n = 6 in the short–term experiment and n = 10 in the long–term experiment.

Figure 3.8 Stabilisation factor S (mean ± SD) for two different incubation periods, summer (3
months) and full year incubation. Stabilisation factor S was assessed in a Betula heath at two locations
within the Audkuluheidi site with different periods of sheep exclusion; a long–term exclusion
experiment, where sheep had been excluded for 20 years (1996 – 2016) and a short–term exclusion
experiment, where sheep had only been excluded for one growing season in 2016. Letters represent
significant differences between years of exclusion. Sample sizes differ between sites and are n = 6
in the short–term experiment and n = 10 in the long–term experiment.
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Figure 3.9 Decomposition rate k (mean ± SD) for two different incubation periods, summer (3
months) and full year incubation. Decomposition rate k was assessed in a Betula heath at two
locations within the Audkuluheidi site with different periods of sheep exclusion; a long–term
exclusion experiment, where sheep had been excluded for 20 years (1996 – 2016) and a short–term
exclusion experiment, where sheep had only been excluded for one growing season in 2016. Letters
represent significant differences between years of exclusion. Sample sizes differ between sites and
are n = 6 in the short–term experiment and n = 10 in the long–term experiment.
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3.4 Discussion
Impacts of sheep grazing on decomposition rate in Icelandic
soils
There were no impacts of short–term sheep exclusion on decomposition rate in our sites in
Iceland and the lack of effect was consistent across all habitats and sites. The lack of change
in below–ground processes in response to herbivory exclusion has been reported before.
Cahoon et al. (2012) found that five years of herbivory exclusion had no effect on ecosystem
respiration (RE), which is the sum of plant respiration (Ra) and respiration by heterotrophic
microorganisms (Rh) (Hermle et al., 2010). This is similar to Metcalfe & Olofsson (2015)
and Lara et al. (2017) findings. Although no impact on RE was detected in these studies, they
all observed effects of the exclusions on the net ecosystem exchange (NEE), which was not
measured in this study.
Olofsson & Oksanen (2002) found that 40 years of reindeer grazing led to dominance of
more easily decomposable graminoids, while deciduous and evergreen shrubs dominated a
more lightly grazed area. The high dominance of graminoids in the highly grazed areas was
reasoned with the great re–growth capacity of graminoids, which is seen as an alternative
strategy to low palatability for the tolerance of high grazing pressure. This resulted in higher
rates of litter decomposition and increased nutrient cycling in the highly grazed area
(Olofsson & Oksanen, 2002). Alternatively, other studies have reported opposed observation
where long–term grazing pressure decreases the nutrient cycling, since herbivores selective
feeding on palatable species gives a competitive advantage to plant species with more slowly
decomposable litter (Kasahara et al., 2016; Lara et al., 2017). The degree of grazing intensity
can vary significantly between sites and is dependent on different features (Bardgett &
Wardle, 2003). In Iceland, the high grazing pressure of sheep livestock spanning centuries
has severely affected many areas, and has in many cases driven the ecosystems to a degraded
state (Arnalds, 2015a). It can be argued that grazing intensity in Iceland is in some cases
much greater and the ecosystems have reached a far more degraded state than in other studies
that investigate wild herbivore populations. This is because these wild herbivores are
restricted by natural factors such as predation and food limitation, which does not apply for
domestic herbivores that are subsidised by winter foraging and protected from diseases and
predation (Oesterheld et al., 1992). These site–specific conditions therefore make
comparisons between studies very complicated and needs to be taken into account when
studying the impacts of herbivory on ecosystem functioning.
Most studies examining the impacts of herbivory on soil processes observe a significant
change in vegetation composition in excluded plots which is often proposed to be the
dominant driver of changes in ecosystem C balance (e.g., Barthelemy et al., 2015; Sjögersten
et al., 2011; Ylänne et al., 2015). Our study however, only spanned a period of one year. No
obvious changes were detectable in vegetation cover between the treatments during the
experimental period. It is therefore likely that our short experimental period reflects the lack
of herbivory impact on decomposition processes. Having said that, our results also show that
in the long–term exclusion experiment in the Betula heath in Audkuluheidi, sheep exclusion
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did also not affect any of the decomposition variables measured in the study, with one
exception of the rooibos tea. This will be discussed further in the next sub–chapter.
Surprisingly, decomposition was in some cases greater in Theistareykir, a site within the
volcanically active zone, than in Audkuluheidi. Mass loss of green tea was greatest in the
gravel desert in Theistareykir and mass loss of rooibos tea was greatest in the Betula heath
in Theistareykir. Nutrient rich soils with high organic matter content are generally
considered to promote decomposition rates (Bonanomi et al., 2017; Tiessen et al., 1994).
Soils within the volcanically active zone however, are considered to be less fertile with less
clay and organic material content than soils outside the volcanically active zone (Arnalds &
Óskarsson, 2009). Although, the soil fertility might be more unfavourable in the soils within
the Theistareykir site, abundance of bryophytes is higher in Theistareykir than in
Audkuluheidi. It is therefore possible that the difference in moss cover and depth is playing
a role, since higher moss abundance leads to more favourable soil environment (Gornall et
al., 2007). Having said that, proper measurements are missing on specific soil properties and
vegetation cover in the sites in Audkuluheidi and Theistareykir and more studies
investigating the environmental factors in these sites are needed for better interpretation of
these results.
Although, exclusion of sheep grazing in our sites did not affect the decomposition process,
the significance of the study is evident. This experiment was initiated in summer of 2016
with the intention to run as a long–term exclusion experiment. This particular study on the
responses of decomposition to herbivory exclusion therefore serves as an important baseline
study for future studies in these experimental sites. Good knowledge on the ecosystem
functioning in the start of a long–term experiment is essential for future interpretations on
the ecosystem response to herbivory exclusion.
Long-term vs. short-term grazing impacts on decomposition
Contrary to our expectations, no differences were observed between long–term and short–
term sheep exclusion in our sites in Audkuluheidi, with one exception of the rooibos tea that
had greater mass loss in grazed control plots than un–grazed fenced plots. Similar to the
short–term experiment, sheep exclusion did not affect any of the decomposition variables.
In our short–term experiment we concluded that the short experimental period might be
contributing to the lack of herbivory impact on the rates of decomposition. This however, is
not supported by our results from the long–term exclusion experiment.
In both of the ecosystems in Audkuluheidi, intense livestock summer grazing has persisted
for centuries (Jónsdóttir, 1984). In highly grazed systems like these, the herbivores’ selective
feeding on nutrient rich palatable species can provide a competitive advantage to less
productive unpalatable plant species, which ultimately changes the nutrient turnover of the
ecosystem (Wardle & Bardgett, 2004; Ylänne et al., 2015). The constant removal of nutrients
out of the system significantly alters the nutrient stocks, leading to some grazing commons
to show little response to decades of sheep exclusion and the system becoming trapped in a
degraded state. In Iceland, some studies indicate that the intense sheep grazing has
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influenced some ecosystems to such a degree that they can be considered to be in a stable
degraded state (Barrio et al., 2018). For example, after 60 years of sheep absent, species
diversity of vascular plant and bryophytes had not recovered and did not differ between
grazed and un–grazed areas (Liebig, 2016; Mörsdorf, 2015).
Thus far, no studies have investigated the impacts of sheep grazing in Iceland on below–
ground processes to the best of our knowledge, but lack of responses on vegetation is in line
with our results on soil processes. A plausible explanation for the lack of responses on
decomposition processes to sheep exclusion treatments could therefore be that the heavy
summer grazing of livestock has deteriorated the ecosystems nutrient stocks to such a degree
that recovery from grazing can take decades or even centuries to appear. This will however
need further evidence from future studies conducted in these environments.
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4 Conclusions
The results of this thesis highlight the complexity in the decomposition responses to both
climate warming and herbivore grazing in high latitude environments. The warming
manipulation experiment in both sub– and high Arctic habitats provided further evidence
that climate warming influences below–ground processes, but the responses are highly site–
specific and can vary significantly depending on the environmental conditions. While
decomposition rate responded to experimental warming in one of our Icelandic habitats as
we expected, that is higher decomposition within the warming treatments, some habitats in
Svalbard responded in the opposite way. This was also reflected in opposite relationships
with some environmental variables as compared to Iceland, such as soil moisture and the
abundance of deciduous dwarf shrubs.
Over the 20 year period of warming manipulation in the Betula heath in Iceland, significant
community changes are detectable, where the abundance of deciduous dwarf shrubs have
increased significantly within the warming treatments. This increase in abundance of shrubs
was found to correlate positively with mass loss of green tea which suggests that this higher
abundance of deciduous dwarf shrubs in response to warming may be influencing the
decomposition processes directly or indirectly in the Betula heath in Iceland. While in
Iceland, significant changes in community structure are detectable within the warming
experiment, the same does not apply for the high Arctic habitats which are instead showing
high level of resilience to higher temperatures after 15 years of warming manipulation. When
short–term warming impacts on decomposition was compared to long–term warming in the
high Arctic Svalbard habitats, no differences were detectable between the duration of the
warming experiments. This strengthens the conclusion that the high Arctic habitats could be
more capable of resisting disturbances associated with climate warming. The common
confounding effect of the OTCs, that they reduce soil moisture within the chambers was
observed in the Dryas and Cassiope heath in Svalbard. Since soil moisture content differed
significantly between the treatments and there was a positive relationship with mass loss of
green tea and soil moisture we concluded that the lower soil moisture within the OTCs in
Svalbard is outweighing the impacts of increased air temperature on decomposition
processes.
In the herbivory experiment, our results highlight the possible resilience of a degraded
ecosystem to sheep grazing cessation in Iceland. Short–term sheep grazing exclusion did not
affect decomposition rates in Iceland and the lack of effect was consistent across both sites
and habitats. In addition, the effects of grazing exclusion on decomposition were only
evident for one out of four decomposition variables in the long–term exclusion experiment
after 20 years of sheep absence. The lack of response of decomposition to grazing was
thought to be a result of intense summer grazing of sheep in Iceland which most likely is
maintaining the ecosystems low nutrient stock and a recovery from sheep grazing could take
decades or even centuries to appear. In light of this, more coordinated research efforts are
necessary to disentangle the possible and complex responses of below–ground processes to
a warmer world combined with herbivory pressure, in particular in heavily grazed and
degraded environments, to be able to predict future consequences of climate change.
61

References
ACIA. (2004). Impacts of a Warming Arctic: Arctic Climate Assessment. ACIA Overview
Report. Cambridge University Press, 140.
Aerts, R. (1997). Climate, leaf litter chemistry and leaf litter decomposition in terrestrial
ecosystems: A triangular relationship. Oikos, 79(3), 439-449.
Aerts, R. (2006). The freezer defrosting: global warming and litter decomposition rates in
cold biomes. Journal of Ecology, 94(4), 713-724. doi:10.1111/j.13652745.2006.01142.x
Althuizen, I. H. J., Lee, H., Sarneel, J. M., & Vandvik, V. (2018). Long-Term Climate
Regime Modulates the Impact of Short-Term Climate Variability on
Decomposition in Alpine Grassland Soils. Ecosystems. doi:10.1007/s10021-0180241-5
Andriuzzi, W. S., & Wall, D. H. (2017). Responses of belowground communities to large
aboveground herbivores: Meta‐analysis reveals biome‐dependent patterns and
critical research gaps. Global Change Biology, 23(9), 3857-3868.
doi:10.1111/gcb.13675
Arnalds, Ó. (2015). Soils of Iceland. Dordrecht, Heidelberg, New York, London: World
Soil Series, Springer
Arnalds, Ó. (2015a). Collapse, Erosion, Condition and Restoration The soils of Iceland by
Arnalds (pp. 153-180). Dordrecht, Heidelberg, New York, London: World Soil
Series, Springer.
Arnalds, Ó. (2015b). Chemical Characteristics The soils of Iceland by Arnalds (pp. 91107). Dordrecht, Heidelberg, New York, London: World Soil Series, Springer.
Arnalds, Ó. (2015c). Classification and the Main Soil Types. The soils of Iceland (pp. 5570). Dordrecht, Heidelberg, New York, London: World Soil Series, Springer.
Arnalds, Ó., & Barkarson, B. H. (2003). Soil erosion and land use policy in Iceland in
relation to sheep grazing and government subsidies. Environmental Science &
Policy, 6(1), 105-113. doi:10.1016/S1462-9011(02)00115-6
Arnalds, Ó., & Óskarsson, H. (2009). Íslenskt jarðvegskort [A soil map of Iceland. In
Icelandic, English summary]. Náttúrufræðingurinn(78), 107-121.
Ayres, E., Steltzer, H., Simmons, B. L., Simpson, R. T., Steinweg, J. M., Wallenstein, M.
D., . . . Wall, D. H. (2009). Home-field advantage accelerates leaf litter
decomposition in forests. Soil Biology and Biochemistry, 41(3), 606-610.
doi:10.1016/j.soilbio.2008.12.022
Bardgett, R. D., & Wardle, D. A. (2003). Herbivore-Mediated Linkages between
Aboveground and Belowground Communities. Ecology, 84(9), 2258-2268.
Barrio, I. C., Bueno, C. G., Gartzia, M., Soininen, E. M., Christie, K. S., Speed, J. D. M., . .
. Hik, D. S. (2016). Biotic interactions mediate patterns of herbivore diversity in the
Arctic. Global Ecology and Biogeography, 25(9), 1108-1118.
doi:10.1111/geb.12470
Barrio, I. C., Hik, D. S., Jónsdóttir, I. S., Bueno, C. G., Mörsdorf, M. A., & Ravolainen, V.
T. (2016). Herbivory Network: An international, collaborative effort to study
herbivory in Arctic and alpine ecosystems. Polar Science, 10(3), 297-302.
doi:10.1016/j.polar.2016.03.001
63

Barrio, I. C., Hik, D. S., Thórsson, J., Svavarsdóttir, K., Marteinsdóttir, B., & Jónsdóttir, I.
S. (2018). The sheep in wolf‘s clothing? Recognizing threats for land degradation
in Iceland using state‐and‐transition models. Land Degradation & Development.
doi:10.1002/ldr.2978
Barthelemy, H., Stark, S., Michelsen, A., & Olofsson, J. (2018). Urine is an important
nitrogen source for plants irrespective of vegetation composition in an Arctic
tundra: Insights from a 15N‐enriched urea tracer experiment. Journal of Ecology,
106(1), 367-378. doi:10.1111/1365-2745.12820
Barthelemy, H., Stark, S., & Olofsson, J. (2015). Strong Responses of Subarctic Plant
Communities to Long-Term Reindeer Feces Manipulation. Ecosystems, 18(5), 740751. doi:10.1007/s10021-015-9856-y
Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects
Models Using lme4. Journal of Statistical Software, 67(1), 1-48.
doi:10.18637/jss.v067.i01
Benjamini, Y., & Yekutieli, D. (2001). The control of the false discovery rate in multiple
testing under dependency. Annals of Statistics, 29(4), 1165-1188.
doi:10.1214/aos/1013699998
Berg, B., & Matzner, E. (1997). Effect of N deposition on decomposition of plant litter and
soil organic matter in forest systems. Environmental Reviews, 5(1), 1-25.
doi:10.1139/a96-017
Berg, B., & McClaugherty, C. (2014). Plant Litter: Decomposition, Humus Formation,
Carbon Sequestration. Berlin, Heidelberg: Springer-Verlag.
Bjarnason, I. Þ. (2008). An Iceland hotspot saga. Jökull(58), 3-16.
Blakemore, L. C., Searle, P. L., & Daly, B. K. (1987). Methods for Chemical Analysis of
Soils. New Zealand: Soil Bureau Scientific Report 80.
Blok, D., Elberling, B., & Michelsen, A. (2015). Initial Stages of Tundra Shrub Litter
Decomposition May Be Accelerated by Deeper Winter Snow But Slowed Down by
Spring Warming. Ecosystems, 19(1), 155-169. doi:10.1007/s10021-015-9924-3
Boisvert, L. N., & Stroeve, J. C. (2015). The Arctic is becoming warmer and wetter as
revealed by the Atmospheric Infrared Sounder. Geophysical Research Letters,
42(11), 4439-4446. doi:doi:10.1002/2015GL063775
Bokhorst, S., Huiskes, A., Aerts, R., Convey, P., Cooper, E. J., Dalen, L., . . . Dorrepaal, E.
(2013). Variable temperature effects of Open Top Chambers at polar and alpine
sites explained by irradiance and snow depth. Glob Chang Biol, 19(1), 64-74.
doi:10.1111/gcb.12028
Bonanomi, G., Cesarano, G., Gaglione, S. A., Ippolito, F., Sarker, T., & Rao, M. A.
(2017). Soil fertility promotes decomposition rate of nutrient poor, but not nutrient
rich litter through nitrogen transfer. Plant and Soil, 412(1), 397-411.
doi:10.1007/s11104-016-3072-1
Bråthen, K. A., Ims, R. A., Yoccoz, N. G., Fauchald, P., Tveraa, T., & Hausner, V. H.
(2007). Induced Shift in Ecosystem Productivity? Extensive Scale Effects of
Abundant Large Herbivores. Ecosystems, 10(5), 773-789. doi:10.1007/s10021-0079058-3
Bret-Harte, M. S., Shaver, G. R., Zoerner, J. P., Johnstone, J. F., Wagner, J. L., Chavez, A.
S., . . . Laundre, J. A. (2001). Developmental Plasticity Allows Betula nana to
Dominate Tundra Subjected to an Altered Environment. Ecology, 82(1), 18-32.
doi:10.2307/2680083

64

Brochmann, C., Gabrielsen, R. M., Nordal, I., Landvik, J. Y., & Elven, R. (2003). Glacial
Survival or tabula rasa? The History of North Atlantic Biota Revisited. Taxon,
52(3), 417-450. doi:10.2307/3647444
Cahoon, S. M. P., Sullivan, P. F., Post, E., & Welker, J. M. (2012). Large herbivores limit
CO2 uptake and suppress carbon cycle responses to warming in West Greenland.
Global Change Biology, 18(2), 469-479. doi:10.1111/j.1365-2486.2011.02528.x
Callaghan, T. V., Björn, L. O., Chapin III, F. S., Chernov, Y., Christensen, T. R., Huntley,
B., . . . Shaver, G. R. (2005). Arctic Tundra and Polar Desert Ecosystems In A. C. I.
Assessment (Ed.), Arctic Climate Impact Assessment, ACIA (pp. 244-335):
Cambridge University Press.
Chapin, F. S., & Shaver, G. R. (1996). Physiological and Growth Responses of Arctic
Plants to a Field Experiment Simulating Climatic Change. Ecology, 77(3), 822-840.
doi:10.2307/2265504
Christiansen, C. T., Haugwitz, M. S., Prieme, A., Nielsen, C. S., Elberling, B., Michelsen,
A., . . . Blok, D. (2017). Enhanced summer warming reduces fungal decomposer
diversity and litter mass loss more strongly in dry than in wet tundra. Glob Chang
Biol, 23(1), 406-420. doi:10.1111/gcb.13362
Cornelissen, J. H., Quested, H. M., Gwynn-Jones, D., van Logtestijn, R. S., De Beus, M.
A. H., Kondratchuk, A., . . . Aerts, R. (2004). Leaf digestibility and litter
decomposability are related in a wide range of subarctic plant species and types.
Functional Ecology, 18(6), 779-786. doi:10.1111/j.0269-8463.2004.00900.x
Cornelissen, J. H., van Bodegom, P. M., Aerts, R., Callaghan, T. V., van Logtestijn, R. S.,
Alatalo, J., . . . Team, M. O. L. (2007). Global negative vegetation feedback to
climate warming responses of leaf litter decomposition rates in cold biomes. Ecol
Lett, 10(7), 619-627. doi:10.1111/j.1461-0248.2007.01051.x
Couteaux, M.-M., Bottner, P., & Berg, B. (1995). Litter decomposition, climate and liter
quality. Trends in ecology & evolution, 10(2), 63-66.
Crowther, T. W., Todd-Brown, K. E., Rowe, C. W., Wieder, W. R., Carey, J. C.,
Machmuller, M. B., . . . Bradford, M. A. (2016). Quantifying global soil carbon
losses in response to warming. Nature, 540(7631), 104-108.
doi:10.1038/nature20150
Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil carbon
decomposition and feedbacks to climate change. Nature, 440(7081), 165-173.
doi:10.1038/nature04514
De Bello, F., Lepš, J., & Sebastià, M. (2006). Variations in species and functional plant
diversity along climatic and grazing gradients. Ecography, 29(6), 801-810.
doi:10.1111/j.2006.0906-7590.04683.x
De Marco, A., Spaccini, R., Vittozzi, P., Esposito, F., Berg, B., & Virzo De Santo, A.
(2012). Decomposition of black locust and black pine leaf litter in two coeval forest
stands on Mount Vesuvius and dynamics of organic components assessed through
proximate analysis and NMR spectroscopy. Soil Biology and Biochemistry, 51, 115. doi:10.1016/j.soilbio.2012.03.025
Deslippe, J. R., & Simard, S. W. (2011). Below-ground carbon transfer among Betula nana
may increase with warming in Arctic tundra. New Phytol, 192(3), 689-698.
doi:10.1111/j.1469-8137.2011.03835.x
Didion, M., Repo, A., Liski, J., Forsius, M., Bierbaumer, M., & Djukic, I. (2016). Towards
Harmonizing Leaf Litter Decomposition Studies Using Standard Tea Bags—A
Field Study and Model Application. Forests, 7(12), 167. doi:10.3390/f7080167

65

Dise, N. B. (2009). Peatland Response to Global Change. Science, 326(5954), 810-811.
doi:10.1126/science.1174268
Dugmore, A. J., Church, M. J., Buckland, P. C., Edwards, K. J., Lawson, I., McGovern, T.
H., . . . Sveinbjarnardóttir, G. (2005). The Norse landnám on the North Atlantic
islands: an environmental impact assessment. Polar Record, 41(1), 21-37.
doi:10.1017/S0032247404003985
Eddudóttir, S. D. (2016). Holocene environmental change in Northwest Iceland. (PhD
dissertation), University of Iceland.
Einarsson, M. A. (1984). Climate of Iceland. In H. v. Loon (Ed.), World Survey of
Climatology: 15: Climates of the Oceans. Amsterdam, Netherlands: Elsevier.
Einsarsson, S., Karlsdóttir, L., & Jónsson, Ó. A. (2004). Blönduvirkjun: Úttekt á
umhverfisáhrifum. Retrieved from Iceland:
Elmendorf, S. C., Henry, G. H., Hollister, R. D., Bjork, R. G., Bjorkman, A. D., Callaghan,
T. V., . . . Wookey, P. A. (2012). Global assessment of experimental climate
warming on tundra vegetation: heterogeneity over space and time. Ecol Lett, 15(2),
164-175. doi:10.1111/j.1461-0248.2011.01716.x
Elvebakk, A. (2005). A vegetation map of Svalbard on the scale of 1:3.5 mill.
Phytocoenologia, 35(4), 951-967.
Elvebakk, A., & Prestrud, P. (1996). A catalogue of Svalbard plants, fungi, algae and
cyanabacteria. Oslo: Norweigan Polar Institute.
Encyclopedia, B. (2010, September 16). Irminger Current. Retrieved from
https://www.britannica.com/place/Irminger-Current
Førland, E. J., Benestad, R., Hanssen-Bauer, I., Haugen, J. E., & Skaugen, T. E. (2011).
Temperature and Precipitation Development at Svalbard 1900–2100. Advances in
Meteorology, 2011, 1-14. doi:10.1155/2011/893790
Gísladóttir, G., Erlendsson, E., & Lal, R. (2011). Soil evidence for historical humaninduced land degradation in West Iceland. Applied Geochemistry, 26(SUPPL.),
S28-S31. doi:10.1016/j.apgeochem.2011.03.021
Gornall, J. L., Jónsdóttir, I. S., Woodin, S. J., & van der Wal, R. (2007). Arctic mosses
govern below-ground environment and ecosystem processes. Oecologia, 153(4),
931-941. doi:10.1007/s00442-007-0785-0
Hartley, I. P., Garnett, M. H., Sommerkorn, M., Hopkins, D. W., Fletcher, B. J., Sloan, V.
L., . . . Wookey, P. A. (2012). A potential loss of carbon associated with greater
plant growth in the European Arctic. Nature Climate Change, 2(12), 875-879.
doi:10.1038/nclimate1575
Hermle, S., Lavigne, M. B., Bernier, P. Y., Bergeron, O., & Paré, D. (2010). Component
respiration, ecosystem respiration and net primary production of a mature black
spruce forest in northern Quebec. Tree Physiology, 30(4), 527-540.
doi:10.1093/treephys/tpq002
Hicks Pries, C. E., Schuur, E. A. G., & Crummer, K. G. (2011). Holocene Carbon Stocks
and Carbon Accumulation Rates Altered in Soils Undergoing Permafrost Thaw.
Ecosystems, 15(1), 162-173. doi:10.1007/s10021-011-9500-4
Hicks Pries, C. E., Schuur, E. A. G., Natali, S. M., & Crummer, K. G. (2015). Old soil
carbon losses increase with ecosystem respiration in experimentally thawed tundra.
Nature Climate Change, 6(2), 214-218. doi:10.1038/nclimate2830
Hicks Pries, C. E., Schuur, E. A. G., Vogel, J. G., & Natali, S. M. (2013). Moisture drives
surface decomposition in thawing tundra. Journal of Geophysical Research:
Biogeosciences, 118(3), 1133-1143. doi:10.1002/jgrg.20089

66

Hobbie, S. E., Nadelhoffer, K. J., & Högberg, P. (2002). A synthesis: The role of nutrients
as constraints on carbon balances in boreal and arctic regions. Plant and Soil,
242(1), 163-170. doi:10.1023/a:1019670731128
Hreinsdóttir, S., Einarsson, E., & Sigmundsson, F. (2001). Crustal deformation at the
oblique spreading Reykjanes Peninsula, SW Iceland: GPS measurements from
1993 to 1998. Journal of Geophysical Research: Solid Earth, 106(B7), 1380313816. doi:10.1029/2001JB000428
IPCC. (2013). Climate Change 2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change Retrieved from Cambridge, United Kingdom and New York, NY, USA:
Jonasson, S., Chapin Iii, F. S., & Shaver, G. R. (2001). 1.10 - Biogeochemistry in the
Arctic: Patterns, Processes, and Controls Global Biogeochemical Cycles in the
Climate System (pp. 139-150). San Diego: Academic Press.
Jones, A., Stolbovov, V., Tarnocai, C., Broll, G., Spaargaren, O., & Montanarella, L.
(2010). Soil Atlas of the Northern Circumpolar Region. Luxemborg: Publications
Office of the European Union.
Jónsdóttir, I. S. (1984). Áhrif beitar á gróður Auðkúluheiðar [Effects of grazing on the
vegetation of Auðkúluheiði heathlands. In Icelandic with English summary].
Náttúrufræðingurinn(53), 19-40.
Jónsdóttir, I. S. (2004). International Tundra Experiment – ITEX. Supporting publication
to the CAFF Circumpolar Biodiversity Monitoring Program – Framework
Document. CAFF CBMP Report No. 6. Retrieved from Akureyri, Iceland:
Jónsdóttir, I. S. (2005). Terrestrial Ecosystems on Svalbard: Heterogeneity, Complexity
and Fragility From an Arctic Island Perspective. Biology and Environment:
Proceedings of the Royal Irish Academy, 105B(3), 155-165.
Jónsdóttir, I. S. (2011). Diversity of plant life histories in the Arctic. Preslia, 83(3), 281200.
Jónsdóttir, I. S. (2014). Vistfræði mosa í ljósi loftlagsbreytinga [Bryophyte ecology in light
of climate change. In Icelandic with English summary]. Náttúrufræðingurinn, 84(34), 99-112.
Jónsdóttir, I. S., Magnússon, B., Guðmundsson, J., Elmarsdóttir, Á., & Hjartarson, H.
(2005). Variable sensitivity of plant communities in Iceland to experimental
warming. Global Change Biology, 11(4), 553-563. doi:10.1111/j.13652486.2005.00928.x
Kasahara, M., Fujii, S., Tanikawa, T., & Mori, A. S. (2016). Ungulates decelerate litter
decomposition by altering litter quality above and below ground. European Journal
of Forest Research, 135(5), 849-856. doi:10.1007/s10342-016-0978-3
Keuskamp, J. A., Dingemans, B. J. J., Lehtinen, T., Sarneel, J. M., Hefting, M. M., &
Muller-Landau, H. (2013). Tea Bag Index: a novel approach to collect uniform
decomposition data across ecosystems. Methods in Ecology and Evolution, 4(11),
1070-1075. doi:10.1111/2041-210x.12097
Knorr, W., Prentice, I. C., House, J. I., & Holland, E. A. (2005). Long-term sensitivity of
soil carbon turnover to warming. Nature, 433, 298. doi:10.1038/nature03226
Koven, C. D., Ringeval, B., Friedlingstein, P., Ciais, P., Cadule, P., Khvorostyanov, D., . . .
Tarnocai, C. (2011). Permafrost carbon-climate feedbacks accelerate global
warming. Proc Natl Acad Sci U S A, 108(36), 14769-14774.
doi:10.1073/pnas.1103910108
Kristinsson, H. (2010). Plöntuhandbókin. Blómplöntur og byrkningar. [The plant
handbook. Flowering plants and pteridophytes]. Reykjavík: Örn & Örlygur.
67

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). lmerTest Package: Tests
in Linear Mixed Effects Models. Journal of Statistical Software, 82(13).
Lara, M. J., Johnson, D. R., Andresen, C., Hollister, R. D., Tweedie, C. E., & Wardle, D.
A. (2017). Peak season carbon exchange shifts from a sink to a source following
50+ years of herbivore exclusion in an Arctic tundra ecosystem. Journal of
Ecology, 105(1), 122-131. doi:10.1111/1365-2745.12654
Liebig, E. C. (2016). The impacts of sheep grazing on bryophyte communities in Iceland.
(MSc Thesis), Faculty of Life and Environmental Sciences, School of Engineering
and Natural Sciences, University of Iceland, Reykjavík.
Liski, J., Nissinen, A., Erhard, M., & Taskinen, O. (2003). Climatic effects on litter
decomposition from arctic tundra to tropical rainforest. Global Change Biology,
9(4), 575-584. doi:10.1046/j.1365-2486.2003.00605.x
Lynch, L. M., Machmuller, M. B., Cotrufo, M. F., Paul, E. A., & Wallenstein, M. D.
(2018). Tracking the fate of fresh carbon in the Arctic tundra: Will shrub expansion
alter responses of soil organic matter to warming? Soil Biology and Biochemistry,
120, 134-144. doi:10.1016/j.soilbio.2018.02.002
Mack, M. C., Schuur, E. A. G., Bret-Harte, M. S., Shaver, G. R., & Chapin Iii, F. S.
(2004). Ecosystem carbon storage in arctic tundra reduced by long-term nutrient
fertilization. Nature, 431, 440. doi:10.1038/nature02887
Marion, G. M., Henry, G. H. R., Freckman, D. W., Johnstone, J., Jones, G., Jones, M. H., .
. . Virgina, R. A. (1997). Open‐top designs for manipulating field temperature in
high‐latitude ecosystems. Global Change Biology, 3(S1), 20-32.
doi:10.1111/j.1365-2486.1997.gcb136.x
Marteinsdóttir, B., Barrio, I. C., & Jónsdóttir, I. S. (2017). Assessing the Ecological
Impacts of Extensive Sheep Grazing in Iceland. Icelandic Agricultural Sciences,
30, 55-72. doi:10.16886/ias.2017.07
Meltofte, H. B., Berteaux, T., Bültmann, D., Christiansen, H., Cook, J. S., Dahlberg, J. A.,
. . . Friðriksson, F. (2013). Arctic Biodiversity Assesment. Akureyri, Iceland:
Conservation of Arctic Flora and Fauna (CAFF).
Metcalfe, D. B., & Olofsson, J. (2015). Distinct impacts of different mammalian herbivore
assemblages on arctic tundra CO2 exchange during the peak of the growing season.
Oikos, 124(12), 1632-1638. doi:10.1111/oik.02085
Michalzik, B., Kalbitz, K., Park, J.-H., Solinger, S., & Matzner, E. (2001). Fluxes and
concentrations of dissolved organic carbon and nitrogen – a synthesis for temperate
forests. Biogeochemistry, 52(2), 173-205. doi:10.1023/a:1006441620810
Miguel, P. S. (2017). Impacts of sheep grazing on germinable seeds in the Icelandic
Highlands. (BSc Thesis), Faculty of Life and Environmental Sciences, School of
Engineering and Natural Sciences, University of Iceland, Reykjavík.
Molau, U., & Mølgaard, P. (1996). ITEX Manual. Copenhagen, Denmark: Danish Polar
Centre.
Molau, U., & Mølgaard, P. (1996). ITEX Manual. Copenhagen, Denmark: Danish Polar
Centre.
Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T., Blok, D., . . .
Hik, D. S. (2011). Shrub expansion in tundra ecosystems: dynamics, impacts and
research priorities. Environmental Research Letters, 6(4), 045509.
doi:10.1088/1748-9326/6/4/045509
Mörsdorf, M. A. (2015). Effects of local and regional drivers on plant diversity within
tundra landscapes. (PhD Thesis), Faculty of Life and Environmental Sciences,
School of Engineering and Natural Sciences, University of Iceland, Reykjavík.
68

Oesterheld, M., Sala, O. E., & McNaughton, S. J. (1992). Effect of animal husbandry on
herbivore-carrying capacity at a regional scale. Nature, 356, 234.
doi:10.1038/356234a0
Olofsson, J., & Oksanen, L. (2002). Role of Litter Decomposition for the Increased
Primary Production in Areas Heavily Grazed by Reindeer: A Litterbag Experiment.
Oikos, 96(3), 507-515.
Olofsson, J., Oksanen, L., Callaghan, T. V., Hulme, P. E., Oksanen, T., & Suominen, O.
(2009). Herbivores inhibit climate-driven shrub expansion on the tundra. Global
Change Biology, 15(11), 2681-2693. doi:10.1111/j.1365-2486.2009.01935.x
Olofsson, J., Tømmervik, H., & Callaghan, T. V. (2012). Vole and lemming activity
observed from space. Nature Climate Change, 2(12), 880-883.
doi:10.1038/nclimate1537
Ólafsson, H., Furger, M., & Brümmer, B. (2007). The weather and climate of Iceland.
Meteorologische Zeitschrift, 16(1), 5-8. doi:10.1127/0941-2948/2007/0185
Óskarsson, H., & Arnalds, Ó. (2009). A soil map of Iceland (In Icelandic, English
summary, table and figure legends). Náttúrufræðingurinn(78), 107-121.
Post, E., Forchhammer, M. C., Bret-Harte, M. S., Callaghan, T. V., Christensen, T. R.,
Elberling, B., . . . Aastrup, P. (2009). Ecological Dynamics Across the Arctic
Associated with Recent Climate Change. Science, 325(5946), 1355-1358.
doi:10.1126/science.1173113
Rapport, D. J., Costanza, R., & McMichael, A. J. (1998). Assessing ecosystem health.
Trends in ecology & evolution, 13(10), 397-402. doi:10.1016/S01695347(98)01449-9
Robinson, C. H., Wookey, P. A., Parsons, A. N., Potter, J. A., Callaghan, T. V., Lee, J. A.,
. . . Welker, J. M. (1995). Responses of Plant Litter Decomposition and Nitrogen
Mineralisation to Simulated Environmental Change in a High Arctic Polar SemiDesert and a Subarctic Dwarf Shrub Heath. Oikos, 74(3), 503-512.
doi:10.2307/3545996
Schuur, E. A., Vogel, J. G., Crummer, K. G., Lee, H., Sickman, J. O., & Osterkamp, T. E.
(2009). The effect of permafrost thaw on old carbon release and net carbon
exchange from tundra. Nature, 459(7246), 556-559. doi:10.1038/nature08031
Serreze, M. C., & Barry, R. G. (2011). Processes and impacts of Arctic amplification: A
research synthesis. Global and Planetary Change, 77(1), 85-96.
doi:10.1016/j.gloplacha.2011.03.004
Serreze, M. C., & Francis, J. A. (2006). The Arctic Amplification Debate. Climatic
Change, 76(3), 241-264. doi:10.1007/s10584-005-9017-y
Sierra, C. A., Trumbore, S. E., Davidson, E. A., Vicca, S., & Janssens, I. (2015).
Sensitivity of decomposition rates of soil organic matter with respect to
simultaneous changes in temperature and moisture. Journal of Advances in
Modeling Earth Systems, 7(1), 335-356. doi:10.1002/2014ms000358
Sjögersten, S., van der Wal, R., Loonen, M. J. J. E., & Woodin, S. J. (2011). Recovery of
ecosystem carbon fluxes and storage from herbivory. Biogeochemistry, 106(3),
357-370. doi:10.1007/s10533-010-9516-4
Sjögersten, S., van der Wal, R., & Woodin, S. J. (2012). Impacts of Grazing and Climate
Warming on C Pools and Decomposition Rates in Arctic Environments.
Ecosystems, 15(3), 349-362. doi:10.1007/s10021-011-9514-y
Sjögersten, S., & Wookey, P. A. (2004). Decomposition of mountain birch leaf litter at the
forest-tundra ecotone in the Fennoscandian mountains in relation to climate and

69

soil conditions. Plant and Soil, 262(1), 215-227.
doi:10.1023/B:PLSO.0000037044.63113.fe
Stark, S., Strömmer, R., & Tuomi, J. (2002). Reindeer grazing and soil microbial processes
in two suboceanic and two subcontinental tundra heaths. Oikos, 97(1), 69-78.
doi:10.1034/j.1600-0706.2002.970107.x
Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhitova, G., & Zimov, S.
(2009). Soil organic carbon pools in the northern circumpolar permafrost region.
Global Biogeochemical Cycles, 23(2), n/a-n/a. doi:10.1029/2008gb003327
Team, R. C. (2017). R: A language and environment for statistical computing. R
Foundation for Statistical Computing. Vienna, Austria.
Thordarson, T., & Höskuldsson, Á. (2008). Postglacial volcanism in Iceland. Jökull(58),
197-228.
Tiessen, H., Cuevas, E., & Chacon, P. (1994). The role of soil organic matter in sustaining
soil fertility. Nature, 371, 783. doi:10.1038/371783a0
Valdimarsdóttir, A. S., & Magnússon, S. H. (2013). Gróður í Viðey í Þjórsá: áhrif
beitarfriðunar [Vegetation in Viðey in Þjórsá: the influence of grazing protection].
Náttúrufræðingurinn(83), 49-60.
van der Wal, R. (2006). Do herbivores cause habitat degradation or vegetation state
transition? Evidence from the tundra. Oikos, 114(1), 177-186.
doi:10.1111/j.2006.0030-1299.14264.x
van der Wal, R., & Brooker, R. W. (2004). Mosses mediate grazer impacts on grass
abundance in arctic ecosystems. Functional Ecology, 18(1), 77-86.
doi:10.1111/j.1365-2435.2004.00820.x
van der Wal, R., van Lieshout, S. M. J., & Loonen, M. J. J. E. (2001). Herbivore impact on
moss depth, soil temperature and arctic plant growth. Polar Biology, 24(1), 29-32.
doi:10.1007/s003000000170
Vickers, K., Erlendsson, E., Church, M. J., Edwards, K. J., & Bending, J. (2011). 1000
years of environmental change and human impact at Stóra-Mörk, southern Iceland:
A multiproxy study of a dynamic and vulnerable landscape. The Holocene, 21(6),
979-995. doi:10.1177/0959683611400201
Walker, D. A., Epstein, H. E., & Welker, J. M. (2008). Introduction to special section on
Biocomplexity of Arctic Tundra Ecosystems. Journal of Geophysical Research:
Biogeosciences, 113(G3). doi:10.1029/2008JG000740
Walker, D. A., Raynolds, M. K., Daniëls, F. J. A., Einarsson, E., Elvebakk, A., Gould, W.
A., . . . Yurtsev, B. A. (2005). The Circumpolar Arctic vegetation map. Journal of
Vegetation Science, 16(3), 267-282. doi:10.1111/j.1654-1103.2005.tb02365.x
Walker, M. D., Wahren, C. H., Hollister, R. D., Henry, G. H. R., Ahlquist, L. E., Alatalo, J.
M., . . . Wookey, P. A. (2006). Plant community responses to experimental
warming across the tundra biome. Proceedings of the National Academy of
Sciences, 103(5), 1342-1346. doi:10.1073/pnas.0503198103
Ward, S. E., Bardgett, R. D., McNamara, N. P., Adamson, J. K., & Ostle, N. J. (2007).
Long-Term Consequences of Grazing and Burning on Northern Peatland Carbon
Dynamics. Ecosystems, 10(7), 1069-1083. doi:10.1007/s10021-007-9080-5
Wardle, D. A., & Bardgett, R. D. (2004). Human‐induced changes in large herbivorous
mammal density: the consequences for decomposers. Frontiers in Ecology and the
Environment, 2(3), 145-153. doi:10.1890/15409295(2004)002[0145:HCILHM]2.0.CO;2
Wardle, D. A., Barker, G. M., Yeates, G. W., Bonner, K. I., & Ghani, A. (2001).
Introduces Browsing Mammals in New Zealand Natural Forests: Aboveground and
70

Belowground consequenses Ecological Monographs, 71(4), 587-614.
doi:10.1890/0012-9615(2001)071[0587:IBMINZ]2.0.CO;2
Wei, T., & Simko, V. (2017). R package "corrplot": Visualization of a Correlation Matrix.
Wickham, H. (2009). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
York.
Ylänne, H., Stark, S., & Tolvanen, A. (2015). Vegetation shift from deciduous to evergreen
dwarf shrubs in response to selective herbivory offsets carbon losses: evidence
from 19 years of warming and simulated herbivory in the subarctic tundra. Glob
Chang Biol, 21(10), 3696-3711. doi:10.1111/gcb.12964
Zhang, D., Hui, D., Luo, Y., & Zhou, G. (2008). Rates of litter decomposition in terrestrial
ecosystems: global patterns and controlling factors. Journal of Plant Ecology, 1(2),
85-93. doi:10.1093/jpe/rtn002

71

