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Abstract
A considerable part of the global pool of terrestrial carbon is stored in high latitude soils. In
these soils, repeated cycles of freezing and thawing creates soil motion (cryoturbation) that in
combination with other cryogenic disturbance processes may play a profound role in
controlling the carbon balance of the arctic soil. Conditions for cryogenic soil processes are
predicted to dramatically change in response to the ongoing climate warming, but little is
known how these changes may affect the ability of arctic soils to accumulate carbon. In this
thesis, I utilize a patterned ground system, referred to as non-sorted circles, as experimental
units and quantify how cryogenic soil processes affect plant communities and carbon fluxes in
arctic soils. I show that the cryoturbation has been an important mechanism for transporting
carbon downwards in the studied soil over the last millennia. Interestingly, burial of organic
material by cryoturbation appears to have mainly occurred during bioclimatic events
occurring around A.D. 900-1250 and A.D. 1650-1950 as indicated by inferred 14C ages. Using
a novel photogrammetric approach, I estimate that about 0.2-0.8 % of the carbon pool is
annually subjected to a net downward transport induced by the physical motion of soil. Even
though this flux seems small, it suggests that cryoturbation is an important transporter of
carbon over centennial and millennial timescales and contributes to translocate organic
matter to deeper soil layers where respiration proceeds at slow rates. Cryogenic processes not
only affect the trajectories of the soil carbon, but also generate plant community changes in
both species composition and abundance, as indicated by a conducted plant survey on nonsorted circles subjected to variable differential frost heave during the winter. Here,
disturbance-tolerant plant species, such as Carex capillaris and Tofieldia pusilla, seem to be
favoured by disturbance generated by the differential heave. Comparison with findings from a
previous plant survey on the site conducted in the 1980s suggest that the warmer
temperatures during the last decades have resulted in decreased differential heave in the
studied non-sorted circles. I argue that this change in cryogenic activity has increased
abundance of plants present in the 1980s. The fact that the activity and function of the nonsorted circles in Abisko are undergoing changes is further supported by their contemporary
carbon dioxide (CO2) fluxes. Here, my measurements of CO2 fluxes suggest that all studied
non-sorted circles act as net CO2 sources and thus that the carbon balance of the soils are in a
transition state. My results highlight the complex but important relationship between
cryogenic soil processes and the carbon balance of arctic soils.
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Introduction
Background
Northern circumpolar permafrost soils, soil that is frozen at least two consecutive years, store
approximately 50% of the estimated global belowground organic carbon pool (Zimov, et al.
2006, Tarnocai, et al. 2009, Hugelius, et al. 2014). Further, climate change is predicted to be
most pronounced at high latitudes (Christensen, et al. 2007), which could lead to degradation
of permafrost and release of high amounts of carbon dioxide (CO2) to the atmosphere
(Schuur, et al. 2008, Schuur, et al. 2015), and accelerate global warming. Permafrost thawing
has already been observed and reported for the entire circum-Arctic region (Åkerman and
Johansson 2008, Romanovsky, et al. 2010a, Romanovsky, et al. 2010b, Smith, et al. 2010).
The changing environmental conditions in the Arctic in combination with the large reservoir
of carbon motivates research on processes that affect the release of the greenhouse gas CO2
and its uptake via photosynthesis. Previous studies have largely focused on the CO2 release
originating from respiration processes affected by permafrost thaw and the exposure of
carbon previously stored in frozen soil layers. However, recent studies have suggested that the
redistribution of carbon by cryoturbation, i.e. the physical soil movement that occurs in cold
climates as a result of cryostatic pressures and freeze/thaw cycles (French 2007), can have a
substantial effect on the response of carbon pools to climate change (Bockheim 2007, Koven,
et al. 2011). Modelling of permafrost and cryoturbation in the circumpolar region shows that
translocation of carbon by this process and insulation of organic material increases the soil
carbon pool by up to 30% (Koven, et al. 2009). By re-distributing carbon within the soil,
cryoturbation affects the biogeochemical environment in which decomposition processes take
place. Furthermore, the physical mass movement of soil and the development of segregation
ice may also disrupt plant root growth (Jonasson 1986) and thus hamper the input of carbon
from photosynthesis. However, little is known about the net effects that cryoturbation may
have upon the carbon balance under different climatic conditions and time-scales (Walker, et
al. 2004, Bockheim 2007). Since conditions for cryogenic soil processes are predicted to
dramatically change in response to the ongoing climate warming (Aalto, et al. 2014) this
question needs an urgent answer.

Cryoturbation and its impact on the carbon balance
Cryoturbation occurs mainly within the active layer above permafrost, but it is also found in
seasonally frozen ground (French 2007). If repeated over many seasons, cryoturbation often
result in the formation of patterned ground structures, such as sorted or non-sorted circles,
polygons or stripes (Washburn 1956, 1979). Today there are four commonly accepted models
of how cryoturbation is generated; i) the convection-cell equilibrium model (Mackay 1979), ii)
the cryostatic model (Vandenberghe 1992), iii) the diapiric model (Swanson, et al. 1999), and
iv) the differential heave model (Van Vliet-Lanoë 1991, Peterson and Krantz 2003). The first
two models include two freezing fronts that move upwards from the permafrost table and
downward from the soil surface, creating a pressure that moves soils during collapse. The
diapiric model refers to soil movement due to liquefaction of the soil followed of a rapid
solidification (Dyke and Zoltai 1980). The fourth model includes the no uniformity of isolating
layers and soil material causing the soil to freeze and thaw at different times leading to a
heterogenic uplift and settlement and a subsequent convection-cell movement of soil.
Soil carbon is transported down to the colder environment in the soil by cryoturbation and
this process has been shown to be of major importance for carbon sequestration in patterned
ground (Horwath, et al. 2008, Ping, et al. 2008). Multiple factors probably control the
decomposition rate of soil organic matter at different depths. Temperature is one of them
since kinetic enzyme reactions are dependent on the temperature of the soil matrix
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(Kirschbaum 1995, Davidson and Janssens 2006). The stability of the molecular structure of
soil organic matter is another central factor for the fate of carbon break down (Giardina and
Ryan 2000, Biasi, et al. 2005, Davidson and Janssens 2006, Hartley, et al. 2008). However,
in addition to these two factors, many other environmental constraints such as physical
disconnection, frozen water, influence of roots, freeze-thaw cycles and fire frequency
influence the stability of organic matter in soils (Schmidt, et al. 2011). Cryoturbation can
affect all these environmental constraints. Furthermore, when weathering products are mixed
with organic material, it often results in slower decomposition rates (Oades 1988, Torn, et al.
1997, Rasmussen, et al. 2006), offering the possibility that the mixing induced by
cryoturbation can affect degradation processes. However, Klaminder, et al. (2013) observed
an increased respiration rate when mineral soil was mixed with organic compounds, probably
as a result of low concentrations of inhibited weathering products and the positive effects of
increased pH and water availability. With increasing temperatures, recalcitrant compounds of
soil organic matter, depleted in 13C, are decomposed by arctic microbes (Biasi, et al. 2005).
This indicates that even the most resistant soil organic material compounds can be respired.
Respiration of old recalcitrant organic matter has been observed in response to increased
temperatures in the arctic (Dorrepaal, et al. 2009, Schuur, et al. 2009). Considering these
previous findings, it seems likely that organic matter buried by cryoturbation can be
decomposed during periods of changing climatic conditions if warmer temperatures are found
in the soil.

Cryogenic disturbances and their effect on plants
Cryogenic processes disturb plant growth through several different processes. First,
segregation ice (pipkrake or needle-ice) can damage plant tissues both above and below
ground (Hopkins and Sigafoos 1951, Gartner, et al. 1986, Jonasson and Callaghan 1992, Kade,
et al. 2005, Kade and Walker 2008). Second, differential heave resulting from the heterogenic
displacement of soil, induced by soil frost and ice-lenses, can disrupt plant roots (Jonasson
1986, Kade and Walker 2008). Third, disturbance of plant growth may also occur in response
to a moving and partly instable soil surface as soil is injected to the surface by cryogenic
overpressures in sub-soil layers (Makoto and Klaminder 2012). Plant species such as Tofieldia
pusilla, Juncus biglumis, Salix reticulata, Saxifraga oppositifolia, and Carex capillaris are
more frequently found on highly cryogenically disturbed sites (Jonasson 1986, Walker, et al.
2004, Kade and Walker 2008, Walker, et al. 2011), whereas shrubs with woody root systems,
such as Vaccinium uliginosum, Vaccinium vitis-idaea, Salix myrsinifolia, Empetrum
nigrum, Andromeda polifolia and Betula nana, are primarily found in sites less affected by
cryogenic disturbances (Walker, et al. 2011, Klaus, et al. 2013). Since cryogenic activities
influence the abundance and composition of the vegetation, it may also influence the input of
carbon to the soil.

Cryoturbation within non-sorted circles
Non-sorted circles (Figure 1) are the most frequently occurring patterned ground in
periglacial environments (French 2007) and offer a study unit where both cryoturbation and
its disturbances occur simultaneously. These patterned ground features consist of an inner
zone of sparsely vegetated mineral soil (henceforth referred to as inner) that is surrounded by
vegetation (henceforth referred to as outer) (Figure 2). Between these two plot-scales, there is
often an area where the plant abundance gradually increases from inner towards outer; this
plot-scale is called the transition in this thesis. Non-sorted circles (inner + transition) are 0.5
to 3 m in diameter. They are often formed in fine-grained frost-susceptible soils and may
occur singly or in groups (non-sorted circles fields, Figure 1A).
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Cryoturbation, one of the driving forces behind the formation of non-sorted circles, is
favoured by, but not restricted to, permafrost within 2 m of the soil surface (Washburn 1979).
Therefore, non-sorted circles are most often found on sites were permafrost is present or has
just disappeared. Even though non-sorted circles can form in a soil surface without an organic
layer (Harris 1998, Peterson and Krantz 2003) the maintenance of non-sorted circles are
attributed to vegetation and an organic layer (Peterson, et al. 2003, Walker, et al. 2004, Kade,
et al. 2006, Kade and Walker 2008, Hjort 2014) affecting the differential heave and
temperature (Harris 1998). The amount of differential heave in a soil depends on the
unfrozen water content, the permeability, the ground thermal condition and the degree of
saturation (Peterson 2011). Taken together, these variables tend to favour decreased
differential heave during periods of increased mean annual air temperature (Harris 1998).

Figure 1. Non-sorted circles in the Abisko area. a) A field of non-sorted circles during summer from helicopter.
b) Non-sorted circles at Mount Suorooaivi in May. c) Windblown non-sorted circles during winter (Photograph:
Makoto Kobayashi). d) Non-sorted circles at Mount Suorooaivi in summer.

Within non-sorted circles, cryoturbation is believed to move soil according to a pseudocircular pattern were soil is transported upwards in the inner and downwards in the
transition where churning of organic matter occurs (Figure 2). The initial conceptual model of
soil movement in non-sorted circles included an oversaturation of the surface soil due to
underlying layers being frozen and preventing water percolation downwards (Eggiton and
Shilts 1978, Shilts 1978, Mackay 1979, Dyke and Zoltai 1980). This oversaturation of soil
might lead to liquidification and a flow of soil from the inner towards the transition, hence
bury plants and the organic horizon (D in Figure 2). Even though the majority of authors
indirectly suggest that oversaturation of the soil in the non-sorted circles occurs during
special climatic conditions, the conceptual model often used today includes a continuously
circular soil motion rate driven by several interrelated cryogenic processes (Harris 1998,
Peterson and Krantz 2003, Walker, et al. 2004, Klaminder, et al. 2014). During winter, the
soil of the inner will freeze quicker than the surrounding soil in the outer because of the
thicker insulating O horizon in the latter plot-scale. Water from the surroundings will be
dragged to the freezing front via cryogenic pressures in the inner where ice lenses form thus
enhancing the uplift of the soil due to volume changes. This process enables the soil to be
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pushed upwards in inner (A in Figure 2). During thaw, empty spaces will be created
underneath mineral particles enabling the soil to settle creating a subduction of surface soil in
outer (C in Figure 2). During autumn and spring, when air temperatures fluctuate around
0°C, the diurnal freezing and thawing creates soil creep (B in Figure 2) due to needle ice
formation and the local downslope gradient from inner towards outer.

Figure 2. Conceptual model of soil motion in non-sorted circles (Eggiton and Shilts 1978, Shilts 1978, Mackay
1979, Dyke and Zoltai 1980, Peterson, et al. 2003, Walker, et al. 2004, Nicolsky, et al. 2008, Walker, et al.
2008). Continuous soil motion creates a circular motion with soil pushed up in inner (A), creeping down slope at
the surface (B) and pushed down in the transition (C). During favourable climate conditions rapid soil motion
occurs when oversaturated soil from inner bury organic material in transition and outer (D).

Objective of the thesis
The main objective of my thesis is to increase our understanding about how cryoturbation and
the associated disturbance affect plants and the carbon fluxes in sub-arctic soils. I focused on
the following research questions addressed in the four papers (Table 1):
1. Over what timescale does cryoturbation occur in non-sorted circles?
2. What effect does cryogenic disturbance have on vegetation?
3. What is the effect of cryogenic disturbances on carbon fluxes?
In my thesis, I focus on retrieving empirical data for testing my research questions from nonsorted circle systems. The reasons for choosing this study unit are: i.) non-sorted circles are
fairly homogenous in texture, removing soil texture effects in this synthesis; and ii.) both
cryoturbation and cryogenic disturbance are known from previous studies to occur within this
patterned ground.
Table 1. Objectives of the thesis where dotes indicates in which papers they are addressed.

Objective/Paper
1. Timescale of cryoturbation
2. Cryoturbation’s effect on vegetation
3. Cryoturbation’s effect on carbon fluxes

I

II

III












IV




Study site
_
_
My studies were conducted around Abisko (68 21°N, 18 50E°) in northern Sweden (Figure
3a). The area is located within sporadic permafrost (Johansson, et al. 2013), where a
deepening of the active layer has been monitored during the last decades (Åkerman and
Johansson 2008). Because non-sorted circles are most active where permafrost is located, I
monitored and excavated non-sorted circles situated on areas where permafrost is expected to

4

be present (Johansson, et al. 2006) i.e. on wind-exposed ridges (Paper I)(Figure 3c:A) and on
heath patches in close proximity to mires with a permafrost depth of around 50 cm (Paper IIIV)(Figure 3b and c: B and C). Non-sorted circles used in the study were found on heaths
situated within 400 to 1150 m above sea level (m. a.s.l.) on wind-exposed ridges at Mount
Suorooaivi (Paper I)(Figure 3b and c) and on heaths situated close to the Abisko scientific
research station (Paper II-IV) (Figure 3b and d).

Figure 3. a) Map over Scandinavia with Abisko highlighted with a black dot. b) Close up of Abisko area with the
lower three maps highlighted (A, B and C). c) Close up of Mount Suorooaivi with study site for Paper I. d) Close
up of Abisko with study site 1-10 for Paper III and IV. e) Close up of Ábesosuolu with study site A-C for Paper II
and 11-15 for Paper III-IV. LiDAR derived hillshade with 350° illumination angle from Lantmäteriet as
background in b-e. Maps are projected on SWEREF99TM. Grid on map a: Latitude/Longitude. Grid on map b-c:
SWEREF99TM, linear unit: meter.
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Methods
Buried organic layers (n=13) were excavated and dated with 210Pb and 14C to detect historical
periods when cryogenic disturbance occurred at Mount Suorooaivi (Paper I)(Figure 4a).
Aerial photos from 1959 and 2008 was used to detect eventual trends in cryogenic activates
during this period (Paper I). To obtain quantitative measurements on lateral and vertical soil
movement without interfering with the soil structure, I used a photogrammetric method to
obtain a 3D-model of the non-sorted circle surface for two years (2012 and 2014)(Figure 4b
and c). Images were acquired with a portable calibrated camera rig with three calibrated
cameras located around each non-sorted circle to obtain point clouds of 3D coordinates of the
soil surface. The 3D-models were extracted from each other to obtain a cm yr-1 rate of soil
movements (Paper II). Plant surveys were conducted on selected circles using the quadrat
method (Figure 4d)(Bullock 2006) and the pin-point method (Figure 4e)(Jonasson 1988).
The quadrat method was used in the inner for all 15 non-sorted circles while the pin-point
method was used at five non-sorted circles at the site where Jonasson (1986) conducted the
same survey 1984-85 (Paper III). This latter approach allowed assessments of vegetation
change over the last three decades when cryogenic disturbances were expected to be reduced
due to warmer climatic conditions. Carbon flux measurements from the three plot-scales
(inner, transition, and outer) in all 15 non-sorted circles were conducted biweekly during the
snow free season of 2012 (Paper IV)(Figure 4f). First, the measurement was performed with
an uncovered chamber enabling photosynthesis and soil respiration to occur simultaneously
(i.e. net ecosystem exchange, NEE). Second, the measurement was performed with a black
covering to exclude all light to measure only photosynthetic activity (i.e. soil respiration, Re).
NEE and Re fluxes were used to calculate the gross ecosystem photosynthesis (i.e. GEP):
𝐺𝐸𝑃 = 𝑁𝐸𝐸 − 𝑅!

(1)

where negative NEE values indicating a sink of CO2 to the atmosphere. Two different
measurements of cryogenic disturbance were measured. i) Cryogenic activity-index
(Cryoindex)(Paper IV) was calculated by counting the number of 10×10 cm squares (N) in a
50×50 cm frame that had more than 1 cm2 disrupted mineral soil surface lacking vegetation
or humus (S):  
𝐶𝑟𝑦𝑜!"#$% =

!

(2)

!

ii) Differential heave (Paper II-IV) was measured as the height difference between inner and
outer in August 2012 and 2013 and March 2013 and 2014. Differential heave (DH) was
calculated as follow:
𝐷𝐻 = ℎ!,! − ℎ!,! − (ℎ!,! − ℎ!,! )

(3)

where h indicates the height (cm) of inner (i) and outer (o) during winter (w) and summer (s).
From the three plot-scales (inner, transition, and outer) soil cores were used to calculate
carbon storage in the upper 0.5 m of the soil.
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Figure 4. a) Excavation of a non-sorted circle at Mount Suorooaivi to collect buried organic horizon. b) and c)
Image acquisition with camera rig. d) Quadrat method at non-sorted circle 1 (Photograph: Louise Berglund). e)
Pin-point method at non-sorted circle 8 (Photograph: Louise Berglund). f) CO2 flux measurements at non-sorted
circle 2 (Photograph: Laurenz Teuber).

Results and Discussion
Over what timescale does cryoturbation occur in non-sorted
circles?
Cryoturbation has occurred in non-sorted circles in Abisko for at least 2000 years as
evidenced by 14C ages of organic material located at depth in the transition (Figure 3 in Paper
I). The lack of buried organic material older than 2000 years might indicate an initiation of
patterned ground formation during the last two millennia. Further, my findings of a buried
podzolic soil under cryoturbated material (Paper I) indicate that soils were stable over several
millennia during early Holocene but became later instable due to cryoturbation. This
interpretation is also supported by paleolimnological findings from Lake Torneträsk,
indicating that soils in the Abisko region became instable and subjected to increased erosion
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during the last approximately 2000 years (Meyer-Jacob 2015). However, Harris (1998)
proposed that the development of non-sorted circles can occur from a vegetation free till
surface. It is thus possible that the appearance of non-sorted circles might have occurred
shortly after deglaciation (Haugland 2006), around 9500 calendar years ago (Berglund, et al.
1996). The low carbon content in the oldest buried organic layers also suggests that buried
layers continue to decompose after burial and thus, that complete degradation of buried
layers might make it difficult to find traces of older patterned ground systems (Table 1 in
Paper I).
According to dendrochronological data climatic shifts occurred in the studied area around
A.D. 1200, A.D. 1400, A.D. 1550 and A.D. 1780 (Loader, et al. 2013). Based on the 14C and
210Pb ages of the buried inclusions, it seems as if cryoturbation events in the past in Abisko
were associated with climatic shifts occurring around A.D. 900-1250 and A.D. 1650-1950
(Figure 3 in Paper I). I believe that burial of organic matter during these periods occurred
because a permafrost table was present in the soils, which stimulated cryoturbation and soil
creeping. Clearly permafrost functioning as a weakly permeable soil layer which would have
favoured oversaturation of soil during springtime thawing and subsequently lateral soil
creeping and burial.
Observation of the soil motion in the contemporary environment using photogrammetry
indicates a lateral motion of surface stones between 0.1 and 6.3 cm yr-1 and a vertical soil
motion rate in inner of 0.7±0.1 cm yr-1 and 0.9±0.1 cm yr-1 in transition (Paper II). These
estimates are in agreement with previously inferred rates from this geomorphological features
(Eggiton and Shilts 1978, Klaminder, et al. 2014). In other words, lateral transport of soil is
still occurring in the studied system. However, I found no strong indication for that these
lateral transport rates caused any burial processes that could be compared with the past
processes that caused burial of whole organic layers during around A.D. 900-1250 and A.D.
1650-1950. Therefore, it seems that the ongoing lateral transport of soil in the non-sorted
circles of the area is weaker, or at least different, from that causing burial of organic during
the last millennia. The area around Abisko has during the last decades experienced a climate
warming (Callaghan, et al. 2010) with decreased coverage of permafrost and an increase of
the active layer in surrounding mires (Åkerman and Johansson 2008). A diminishing
permafrost layer and warmer conditions has likely lowered cryoturbation rates in the studied
soil. This interpretation is supported by my findings that shrubs has been able to colonize
many non-sorted circles since the 1950s (Paper I) and that differentially heave—the driver of
later soil transport rates— seems to have been reduced since the 1980s (Paper III). However,
since most of the youngest buried organic material found in the non-sorted circles is from the
early 20th century (Figure 3 in Paper I), it seems that trend with decreasing cryogenic
activities during the last decades might be part of a longer trend starting already at the end of
the little ice-age. Today, the low upward net vertical soil motion (0.7±0.1 cm yr-1 in inner and
0.9±0.1 cm yr-1 in transition, Figure 3 in Paper II) in the studied non-sorted circles are,
therefore, likely lower than a few decades ago (Figure 3 in Paper III) and that the upward and
downward soil motions in non-sorted circles might be close to ceasing.

What effect does cryogenic disturbance have on vegetation?
I found several results indicating that cryogenic soil processes affect the vegetation. First, the
suggested long-term trend with cryogenic processes seems to co-vary with increased growth
of shrubs in the non-sorted circles. Assessment of shrubby vegetation using aerial
photographs covering Mount Suorooaivi indicates that around 10% of the bare mineral soil
has been colonized by vegetation (Figure 4 in Paper I) during the last 50-year period. In depth
analysis of this shrubby vegetation communities suggest that it is shrub species that
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characterize sites with limited differential heave that has started to colonize the inner of nonsorted circles (Figure 4 and 5 in Paper III).
Second, my field assessments of plants growing on the non-sorted circles indicate that plant
species composition is partly dependent on cryogenic disturbance processes (Table 1 in Paper
III). Here, species such as Astragalus alpinus, Bistorta vivipara, Saxifraga aizoides, Juncus
triglumis, Dryas octopetala and Salix reticulata appears most competitive under conditions
with increased cryogenic disturbance (Figure 4 in Paper III). These findings are supported by
earlier studies of non-sorted circles with high cryogenic disturbance (Jonasson 1986, Walker,
et al. 2004, Kade and Walker 2008, Walker, et al. 2011). Species negatively affected by
differential heave and other disturbances from cryogenic processes are plant species such as
Vaccinium uliginosum, Empetrum nigrum, Equisetum scirpoides and Euphrasia frigida
(Figure 3 in Paper III). Some of these plant species had colonized the inner since the 1980s
(Figure 4 in Paper III), since they were not present in earlier surveys (Jonasson 1986). The
spreading of plants sensitive to cryogenic disturbances co-occurs with a decrease in
differential heave in the same sites (Paper III). However, most disturbance-adapted species
that were present in the non-sorted circles in the 1984-1985 survey increase in abundance
during the last three decades. Equisetum arvense, Dryas octopetala and Carex
capillaris/dioica had increased the most between the two surveys (Figure 4 in Paper III)
although they appears adopted to cryogenic disturbance (Figure 3 in Paper III).
However, it is not self-evident that cryogenic soil processes effect the vegetation, the reverse
could also occur. An insulating organic soil horizon in outer of the non-sorted circles is a
prerequisite for differential heave and thus, for this cryogenic disturbance. Not surprisingly,
differential heave in my studied non-sorted circles appears positively correlated to a thicker
organic horizon in outer (Figure 5 and Figure 3a in Paper III), a trend that is also seen for
other non-sorted circles systems in the region (Klaus 2012). Therefore, a negative impact
on cryogenic disturbance processes by plants can only be expected to occur when plants start
to colonize the inner and thus, form an insulating organic horizon in this part of the nonsorted circles. Indeed, that seems to be what has happened in many non-sorted circle fields
since the 1950s (Paper I).

Figure 5. Relationship between differential heave (cm) and average depth of O-horizon (cm) in 15 non-sorted
circles for a) year 2012/2013, b) year 2013/2014, and c) average of 2012/2013 and 2013/2014. The relationship
was significant in year 2012/2013 (p=0.038, r 2=0.24). The positive trends in year 2013/2014 and for the average
of the two years were insignificant (p=0.08, r2=0.15; p=0.052, r2=0.20). Differential heave from Paper IV and Ohorizon depth from Paper III.
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What is the effect of cryogenic disturbances on carbon fluxes?
Indeed, cryogenic soil processes do affect carbon fluxes as evident from the large small scale
variation occurring within non-sorted circles, i.e. in the inner of the non-sorted circle
disturbance processes may lowering gross ecosystems production (GEP) rates in comparison
to the vegetated outer of the non-sorted circle (Figure 1a in Paper IV). However, it is also
evident that the effects from cryogenic soil processes are complex and work over different
time-scales.
In non-sorted circles in Abisko, about 0.2-0.8 % of the total carbon pool is currently
redistributed downward through the slow vertical displacement of soil in the transition each
year (Paper II). This slow transport is expected to have a positive effect on the carbon
sequestering over a millennia time-perspective as it will over such time frame move a
significant fraction of the carbon into deep soil layers where respiration losses occurs at slow
rates (Mikan, et al. 2002). However, this transport rate is too slow to have any detectable
strong effect on the contemporary carbon balance, as indicated by the fact that respiration
losses are larger than the CO2 uptake in all studied circles (Paper IV). One possible
explanation for this is linked to the burial of organic matter identified to have occurred in the
past (Paper I) and the changing bioclimatic conditions highlighted in paper III. Given that
organic matter was buried under other climatic conditions and with likely different plant
communities, it seems reasonable to assume that hampered cryogenic processes might
stimulate respiration of the older carbon pool and contribute to the net release of CO2.
Moreover, in the contemporary environment in Abisko more carbon is transported upwards
in inner than down in transition (0.03±0.02 kg C yr-1 and 0.01±0 kg C yr-1, respectively)
according to my calculations (Paper III). In other words, the system seems to actively bring
older carbon from deeper soil horizon to the soil surface where conditions for microbial
activity are better. Hence, a flux of soil carbon in complete contrast to that commonly
assumed when predicting the effects of cryoturbation upon the carbon balance of arctic soils
(Koven, et al. 2009). That the effect of cryogenic soil processes are more complex then
commonly assumed is that the observed net effect on plant composition and soil movements
seems to also affect how the organic matter functioning as a substrate for microbes. I found
that the normalized respiration rate in my studied circles indicated a faster respiration rates
in inner of the non-sorted circles (Paper IV). To what extent this is induced by changing litter
quality in response to altered vegetation communities or to the physical mixing of the soil
itself remains unknown, but the finding highlights that the current view on how cryoturbation
affects the fate of carbon might be too simplistic.
All studied non-sorted circles in the Abisko area acted as sources of CO2 to the atmosphere
during the study period (Figure 3c in Paper IV). Net emission from non-sorted circles is,
however, not a unique phenomena as net emission has been observed from similar features in
the Canadian Arctic (i.e. in mudboils also called non-sorted circles)(Wilson and Humphreys
2010). However, because NEE decreases with increasing cryogenic disturbance (Figure 3c in
Paper IV) and that cryogenic disturbance have a low activity in the area today (Paper I, II,
and III), I hypothesize that this area has been a stronger sink of carbon just a century back in
time.
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Conclusion
I found clear evidences that cryoturbation has been a processes that has been active in the
studies system for at least two millennia. Even though cryoturbation appears to have been
more effective in bury organic matter in the past, it is evident that the process is still active in
non-sorted circles in the study area. Interestingly, it seems as the vertical transport of soil
carbon was most profound during two historic periods (A.D. 900-1250 and A.D. 1650-1950)
and that the upward movement of soil carbon is actually more dominating in the
contemporary environment.
Cryogenic disturbance processes do affect plant communities and part of the changing
vegetation composition noted in the Abisko area during the last decades can be explained, at
least partly, to changing conditions for cryogenic disturbance processes. For example, nonsorted circles appear to be slowly overgrown by plants originally found outside the circles in
the middle of the 1980s.
The results from this thesis describe that cryogenic soil processes have complex effects upon
the carbon fluxes in patterned ground systems such as non-sorted circles. In short, while
cryoturbation can affect the trajectories of soil carbon the cryogenic disturbance processes
that co-occur with the soil motion may influence both the input rate of carbon to the soil
(GEP), the plant litter source and the rates in which the carbon source is being respired.
Connecting contemporary soil carbon fluxes to ongoing process is problematic as the
contemporary carbon flux might partly reflect the legacy of carbon inputs that occurred in the
past when cryoturbation processes was more pronounced than today. To be able to interpret
how cryogenic disturbances will react to future climate change, it is important to understand
how the paleo-environment in the area influence the contemporary carbon fluxes.
Nevertheless, it seems clear from my results that cryogenic processes do play an important
role for the carbon balance of artic soils and cannot be neglected when doing mechanistic
predictions of the fate of soil carbon in the arctic.
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