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Abstract

Permafrost is a perennially frozen ground often occurring in periglacial environments. Due to
its frozen state, organic carbon accumulates in the soils. By temperature rise and thaw of the
active layer, these stocks become vulnerable to microbial decomposition. To predict the future
of organic carbon in the Arctic, it is necessary to expand the knowledge on its spatial
distribution across arctic environments. This study examined the spatial distribution of
organic carbon and its availability within a valley, which is subjected to thermo-erosion on
Herschel Island, Yukon Territory. By analyses of soil samples variations in soil organic
carbon, total nitrogen and the carbon-to-nitrogen ratio (C/N) were investigated. Ecological
units, hillslope position and distance to shore helped to identify spatial differences between
sites. The analyses showed that highest values for soil organic carbon, total nitrogen and C/N
occurred on uplands, followed closely of the values in the valley bed. On slopes the values of
soil organic carbon, total nitrogen and C/N were lower. Further, differences of the soil organic
carbon, total nitrogen and C/N stocks occurred across the valley locations with distance to the
shore. Upstream the soil organic carbon, total nitrogen and C/N stocks were higher to those
downstream. Sites on slopes and downstream are characterized by continuous surface
disturbances due to permafrost degradation, thermo-erosion and hillslope processes. This
study could demonstrate that even in local scales organic carbon stocks and its availability

differs spatially depending on environmental parameters.
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1. Introduction

High-latitude regions of the northern hemisphere are drastically affected by global climate
change and undergo an atmospheric temperature increase with a prognosis of 3 to 8 °C by
2100 (Barry & Gan 2011: 323; Schuur et al. 2008: 702). Along the Yukon coast, the area of
interest, the temperature has increased by approximately 2.5 °C during the past 100 years
(Burn & Zhang 2009: 15). The rise in air temperature has a huge impact on the Arctic because
these environments are characterized by the presence of ice in the ground, which strongly
responds to warming and is therefore exposed to future climate changes (Pizano et al. 2014: 2;
Hugelius 2011: 9). Almost 24 % of the northern hemisphere is underlain by permaftrost (figure
1) (French 2007: 95). Permafrost is defined as soil or sediment that is frozen for at least two
consecutive years. The soil top layer that thaws seasonally is termed active layer (French
2007: 85). Permafrost is sensitive to changes in air temperature and is currently thawing
(Schuur 2008: 706). With increasing temperatures the active layer deepens (French 2007: 85).
Since high-latitude soils store huge quantities of carbon they have a large potential impact on
the global carbon cycle (Hobbie et al. 2000: 196; McGuire et al. 2009: 524), as two-third of
the fossil carbon may be released into the atmosphere and partly will be dissolved in
hydrological systems (Vonk et al. 2012: 137).

Low soil temperatures and poor drainage limits microbial decomposition in permafrost soils
(Hugelius 2011: 9) and facilitates organic carbon (OC) accumulation especially in peatlands.
This terrestrial OC is present due to biotic activity as vegetative biomass and in soil organic
matter (SOM) (McGuire et al. 2009: 526). When the top layer thaws, the soil microorganism
activity gets enhanced and leads to an increase in the decomposition of organic matter and to
mineralization of carbon and nitrogen (Zech et al. 2014: 3).

Because of the vulnerability of permafrost soils to temperature rise, previous studies estimated
the pool of soil organic carbon (SOC). Tarnocai et al. (2009) estimated a SOC amount of
1024 Pg (2009: 7) and Hugelius et al. (2014) calculated stocks of 1307 Pg stored in 0300 cm
permafrost depths (2014: 6590), which is nearly half of the global storage amount (Tarnocai
2009: 1).

Generally, the OC stocks are impacted by geomorphic disturbances. According to a study by
Obu et al. (2015), the storage of OC relates to surface morphology. Along with the assessment
of different storages of SOC and total nitrogen (TN), they showed that there is less SOC
stored in areas that underlie higher erosion rates (Obu et al. 2015: 101). Upon thawing, arctic

landscapes will be more exposed to erosional dynamics and disturbances, e.g. massive coastal



erosion and rapid mass movements such as slumps or slow mass movements like solifluction
or gelifluction (Smith et al. 1989: 9; Lantuit & Pollard 2005: 413). When occurring along the
arctic coast, these physical processes are responsible for an increased transportation rate of
sediments into the nearshore marine environment, which contributes to modify the parameters
of the carbon cycle and thereby the conditions of the regional chemistry (Jorgenson & Brown
2005: 78; Glinther et al. 2013: 4298; Tanski et al. 2017: 435). Due to that here is therefore an
urgent need to understand the impact of surface disturbances on the stocks of OC and TN in

the Arctic.

Recent studies have attempted to discuss the impact of distribution on organic matter storage
but often just focused on rapid mass movements and the related transport of organic material
(Obu et al. 2015: 104). However, no study investigated the impact of one prominent
geomorphic feature of the Arctic on the SOC stocks: thermo-erosional valleys (TEV) (Godin
et al. 2014: 2). Thermo-erosional processes are frequent on slopes with frozen ground
(Morgenstern 2012: 73). These mass wasting processes are a combination of thermal and
mechanical actions (van Everdingen 2005: 80) and are closely linked to valley developments
in landscapes underlain by continuous permafrost (French 2007: 193).

Within TEVs, permafrost influences the water fluxes to a great extent, since it prohibits the
water to percolate into the ground and enhances the pore-water pressure, which is resulting in
downslope movements such as solifluction or gelifluction and the displacement of solved
substrates, such as carbon (French 2007: 224). However, the effect of erosion, terrain,
hillslope positions and hillslope gradient on decomposition rates and availability within TEVs
is relatively unknown.

This study aims to estimate the carbon availability in soils of a thermo-erosional valley on
Herschel Island, West Canadian Arctic.

The availability of carbon depends on the qualitative and quantitative carbon presence and
physical landscape processes (Weiss 2017: 7). Thaw increases carbon availability for decay
and thereby exceed the decomposition processes of microorganisms (Weiss 2017: 7). For the
calculation of carbon stocks and their availability it is important to know how much OC is
distributed and stored on different surface terrains.

Therefore, soil samples were taken in a TEV on Herschel Island (Yukon Territory, Canada)
and analyzed to measure TOC and TN, in order to explain the variability in the carbon-to-

nitrogen ratio (C/N) and relate it to geomorphic disturbances within a valley.



2. Background

2.1. Permafrost and Periglacial Environments

Permafrost is confined to high latitudinal terrestrial and marine regions or to elevated
mountain ranges (figure 1) (Ehlers 2011: 187; Barry & Gan 2011: 167). It can consist of ice
rich ground material and/or sediments (rocks), organic matter and ice, which remains at or
below 0 °C for at least two consecutive years (van Everdingen 2005: 55; Ehlers 2011: 185;
French 2007: 84). Permafrost gets classified in accordance to its extent in a landscape. If more
than 90 % is underlain by permafrost it gets referred to ‘continuous permafrost’, areas with a
lower extent are summarized as ‘discontinuous permafrost’ (French 2007: 94).

Most of the current permafrost formed during the last glaciation period (Fritz 2011: 27; Barry
& Gan 2011: 178) and presently underlays about 36.2 million km? globally (French 2007: 95).

/’ p /'J Y /j i
! =/

Continuous permafrost
>90% area coverage

Discontinuous/sporadic
10-90% coverage

Isolated patches

Figure 1: Thematic map of the circum-polar permafrost extent.
(obtained at: http://www.grida.no/graphicslib/detail/permafrost-extent-in-the-northern-hemisphere 1266#, accessed 14.
October 2017; by Hugo Ahlenius, UNEP/GRID-Arendal; modification of Brown et al., 1997)

In Siberia, the continental climate conditions and the partly glaciated mountain regions
enabled an important development of ground ice (French 2007: 98), whereas the glacial
regression of the massive ice shield in North America created a landscape characterized by
enormous quantities of meltwater and a great distribution of post-glacial lakes, which partially
prohibited ground ice to grow (French 2007: 98). Because of this, the North American region
shows, on a global scale, only the second largest amount of frozen ground with a
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contemporary spatial extent of 5.7 million km? (Ehlers & Gibbard 2007: 13; French 2007: 84)
behind the Siberian region (French 2007: 98; Ehlers 2011: 185).

2.2. Permafrost Degradation and main Periglacial Landforms

In periglacial environments, ground-ice and permafrost strongly influence the landscape
(Barry & Gan 2011: 183). As soon as ground ice melts, it modifies ground conditions.
Unconsolidated sediments made cohesive by ice, get easily eroded and therefore are highly
vulnerable to temperature rises (Lantuit & Pollard 2008: 86; Ehlers 2011: 185). Permafrost
degradation starts by continuous deepening of the active layer, resulting in subsurface and
surface water concentrations (Schaefer et al. 2014: 3). As soon as water bodies (such as thaw
lakes and streams) get more common in these environments the local heat transfer in the
ground get changed, creating specific landscape features linked to a combination of thermal
and/or gravity induced mechanical actions. These degradation processes are defined as
thermokarst and thermo-erosion (Morgenstern 2012: 74; Lantuit & Pollard 2005: 415).
Thermokarst occurs by thaw of ice-rich ground that can cause in sifu surface subsidence due
to a loss of volume (French 2007: 191), forming typical polygonal structures and a high
distribution of lakes. Thermal erosion on the other hand, is combined by thermal actions (i.e.,
thaw) and mechanical actions (i.e., transportation) ablating unconsolidated frozen sediments
(Morgenstern 2012: 74; Giinther et al. 2012: 137). This dynamic process of permafrost
degradation often occurs on coastlines and river banks, as well as in landforms with small
reliefs formed by initialed water runoff. Both processes can be intensified by an increasing
depth of the active layer and can cause the release of fossil OC (Morgenstern 2012: 73).
Landscapes that are subject to permafrost degradation and high erosion rates will be
summarized to ‘disturbed’ landscapes in this study. Areas of low degradation or erosion rates

will be generally named ‘undisturbed’ terrains.

2.3. Carbon Stocks

SOC stocks in arctic permafrost soils are 1300 Pg within a depth of 300 cm. Just 800 Pg is
assumed to be frozen for several years (Hugelius et al. 2014: 6590). In comparison, global
SOC storages were estimated to 2376-2456 Pg for 0-200 cm depth and 351 Pg (200-300 cm)
(Tarnocai 2009: 1). These numbers demonstrate that a major part of OC stocks is located in

arctic regions (Davidson & Janssens 2006: 165; Tarnocai 2009: 7).



SOC that is stored in permafrost plays a major role in predicting climatic changes due to
temperature rise because it is a source of greenhouse gases (such as carbon dioxide and
methane), which get emitted by microbial activity (Schaefer et al. 2014: 2). The rise in
temperature causes the organic material to again become subject to mineralization and
decomposition by microbes after being protected by conditioned ground temperatures of 0°C
(Davidson & Janssen 2006: 167).

Even though the biomass production in high-latitude areas is low, tundra soils are known for
their high organic soil content (Zech et al. 2014: 3). Arctic SOC stocks are high due to a
hindered microbial activity related to cold temperature, poorly drained conditions and anoxic
soil conditions. (Zech et al. 2014: 3; Hugelius et al. 2012: 1; Pizano et al. 2014: 2; Strauss et
al. 2015: 2228).

Moreover, the soils are subject to cryoturbation that enables deposition of organic matter into
deeper soil layers and limits the decomposition of the organic matter (Lantuit et al. 2012: 392;
Hobbie et al. 2000: 200). But in coming decades much of the organic-rich, arctic and
subarctic soils preserved from thawing for millennia could become subject to degradation and
mineralization (Hugelius et al. 2014: 6574; Tanski et al. 2017: 435); and with a thickening of
the active layer the decomposition rate rises and greenhouse gases get released (Hugelius et
al. 2014: 6574).

This could impact the earth system by a presumed potential temperature rise of 0.29 +0.21 °C
until 2100, just induced by CO, and CH4 emissions of permafrost degradation (Schaefer et al.
2014: 7).

2.4. Soil Organic Matter Decomposition

Soil organic matter (SOM) is the accumulative fraction of the uppermost soil layer mainly
provided by plant detritus, leafs, roots or charcoal (Meyers & Teraines 2001: 239) and is the
main product for microbial metabolism (figure 2). The biochemical degrading process is
generally known as soil respiration, which is directly linked to the atmosphere (White 2013:
565). The mineralization of organic plant-based decay by soil unicellular microorganisms
plays a key role in the nutrient cycle (White 2013: 565).

Organic matter underlies microbial decomposition (White 2013: 565), whereby carbon gets
partly incorporated into the microbial tissue and excretes CO; (Stevenson 1994: 100). During
the degradation, the organic form of N gets transformed to NH3 by cell synthesis (Stevenson

1994: 100).



For the decay process the convertibility depends on substrate quality for example chemical
and physical structures of organic litter as well as climate, vegetation and moisture (Graham
2012: 710; Hobbie et al. 2000: 197). Lignin, soluble carbohydrates and vascular plants have a
more stable structure and are therefore more difficult to decompose, leading to a limited
availability of carbon and nitrogen constituents for microorganisms (Jansson & Persson 1982:
241; Hobbie 2000: 197). The C/N ratio is used as a proxy to visualize the rate of biochemical
degradation of organic material within a soil profile. The ratio can also give hints on the
turbation rate and accumulation of organic matter in the depths of frozen soils. With changing
conditions, these parameters may alter the presence and availability of organic matter for
decomposition (Weiss 2017: 7). The availability of OC is mostly attributed to its accessibility
for microbial decomposition. SOM and OC in periglacial environments are fragile
components of the carbon cycle that is influenced by surrounding conditions (Weiss 2017: 7).
Its bioavailability, therefore, depends on predominant vegetation types, impacting the quality
of organic matter, and also on the dynamic of regional landscapes (Weiss 2017: 7). Thus,

enhanced thaw will increase the availability of SOM (Weiss 2017: 7).
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2.5. Thermo-erosional Valleys

In continuous permafrost environments thermo-erosional valleys (TEV) are a frequent type of
periglacial degradation (Godin et al 2014: 1). These mass wasting processes are a
combination of thermal and mechanical actions that occur on slopes (van Everdingen 2005:
80; Morgenstern 2012: 73). A created heat transfer by seasonally thaw and water runoff
deepens the active layer of the soil subsurface (Morgenstern 2012: 73; Harms et al. 2014: 300;
French 2007: 260). This results in an interplay of ground-ice loss and mechanical erosion that
provokes ground subsidence and gullying (Harms et al. 2014: 300). These induced erosional
mechanisms by thaw in unconsolidated grounds highly influence the valley developments in
landscapes underlain by continuous permafrost (French 2007: 193).

Depending on the slope gradient and surface substrate, thermal erosion can occur as slow
mass movements (Godin et al. 2014: 2; Ehlers 2011: 187) provoked by gullying and surface
runoffs (van Everdingen 2005: 80). Due to the frozen state, water is prohibited to percolate
into the ground. The increasing water content within the active layer exceeds the thermal
equilibrium, which results in downward sliding sediment masses along the permafrost table
(French 2007: 186). Destabilized landscapes with TEVs are common in arctic regions (Pizano
2014: 2; French 2007: 224; Smith et al. 1989: 9) and locally have a substantial impact on
water, sediment, and organic matter transport from permafrost uplands to coastal waters
(Morgenstern 2012: 74).

Generally, a TEV is formed by an accumulation of water along ice wedges that can be
originated by thaw or precipitation that evokes further thaw (French 2007: 191). This results
in small gullies and incise the ground by vertical and horizontal erosion undercutting collapse
exposed organic soil mats (French 2007: 191). Once gullying started soil degradation and
deportation is initialed (Poesen et al. 2003: 115). TEV are often asymmetric, typically, also in
subarctic regions, the north-facing slope is steeper (French 2007: 263). The opposite slope is
therefore characterized by a deeper active layer due to stronger solar radiation, which enables
greater mass movements that lowers the slope inclination (French 2007: 263). Due to the
valley asymmetry, TEVs also play an important role as niches for snow accumulation
(Morgenstern 2012: 75).

Near surface sediment movements often arise during late summer when the active layer is
deepest (Smith et al. 1989: 7). Depending on surface substrates, vegetation coverage (Ehlers
2011: 195) the seasonal freeze and thaw mass movements might vary in intensity (French

2007: 224).



Processes involved in TEV development are still not completely understood. Valley
asymmetry shows a complex interplay of channeling and mass movements (French 2007:

248), which impact the deposition and decomposition rate of organic matter within a valley.

3. Study Area: Herschel Island

3.1. Geographical and Geological Background

Qikigtaruk, Herschel Island (69.57N 138.91W), is situated in the southeastern arctic Beaufort
Sea (figure 3). The island is positioned 3 km north of the Canadian mainland and
approximately 100 km west of the Mackenzie Delta (Fritz et al. 2011: 27). Its geographical
extent is ca. 116 km? with an elevation maximum up to 183 m.a.s.l. (Burn 2012: 30).

In 1959, Mackay proposed that Herschel Island was formed by glacial ice-thrusting (Smith et
al. 1989: 4). A lobe of the Laurentide Ice Sheet advanced to the northwest of the island during
Late Wisconsin Glaciation (around 23 to 18 ka BP) and upthrusted sediment from the Yukon
Coastal Plain (Mackay 1959: 20; Fritz et al. 2011: 27; Lantuit & Pollard 2008: 87). During
that time, the ice masses formed a push moraine of frozen continental shelf sediments (Smith
et al. 1989: 5). Simultaneously a depression southeast of the ridge got scraped, which is
nowadays called Herschel Basin (Smith et al. 1989: 5; Burn 2012: 33).

Because of the trajectory of the ice push, the ground dominantly contains marine and beach
fine silty and sandy sediments, respectively, which got covered by glacial deposits consisting

of clay, silt and sand (Burn 2012: 33; Lantuit & Pollard 2008: 87).
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Figure 3: Location of study area Herschel Island in the West Canadian Beaufort Sea. Herschel Island is marked with a star
and the study site, Fox Creek valley, is signified with an arrow. Dashed line visualizes limit of the last glaciation phase Lenz
et al. 2013, modified).

3.2. Climate

Due to its high-latitude, the climatic conditions on Herschel Island are arctic by nature and is
defined as polar tundra (ET) or Meadow tundra (Lantuit & Pollard 2005: 421).

The surrounding sea surface is covered during nine to ten months by sea ice reaching to the
coastline (Barry 1993: 46). Consequently, the climatic conditions are moderated by the
Beaufort Sea and its expansion cycles of sea ice (Burn 2012: 48). While in summer the land
masses get warmed and the mean temperature rises above 5 °C; in winter, the unfrozen water
column underneath the sea surface ice releases stored heat and the mean temperature
decreases to a value below -25 °C (Burn 2012: 48). The mean annual temperature on Herschel
Island is -9 °C (Burn 2012: 49).

On average, the annual precipitation rate is around 166 mm, whereby a half of the
precipitation falls as rain during the summer months (Burn 2012: 50). Generally, the snow
cover is lower than on the mainland due to a smaller amount of vegetation, which can prevent
the snow from getting blown out by strong northwesterly winds (Lantuit & Pollard 2008: 96).
Nonetheless, in wind sheltered valleys snow banks can accumulate some meters deep (Burn

2012: 50).



3.3. History of Settlement

Archeological evidences indicate a long-lasting settlement history of humans for the Canadian
arctic territories since approximately 10 ka BP (Friesen 2012: 146). On Herschel Island
Inuvialuit settlements can only be traced back eight centuries (Burn 2012: 145). During this
time, the island was already separated from the mainland (Burn 2012: 145).

Physical conditions on Herschel Island and the nutrient rich Beaufort Sea offered a lucrative
life for several inhabitant groups during the settlement history (Burn 2012: 6). After a long
period of aboriginal occupation, in 1826 the first Euro-Americans entered the territories by
discovery expeditions (Burn 2012: 7). Through the expansion of whaling, the Beaufort Sea
simultaneously gained in economic interest and whale hunters stationed on the island (Burn
2012: 7). After the whale stocks collapsed in the early 20" century, the installed housings in
the eastern part of the island became a police detachment (Smith et al. 1989: 3). In 1987
Herschel Island got included to a Territorial Park (Myers-Smith et al. 2011: 611).

Thanks to the history of settlement of this remote place, Herschel Island provides satisfying
documentations on the surrounding environment for approximately 100 years, which makes it

an interesting place for arctic research (Myers-Smith et al. 2011: 611).

3.4. Geomorphology

Herschel Island is underlain by massive frozen ground that provides cohesion to the
sedimentary material (Lantuit & Pollard 2008: 87). The permafrost reaches down to
presumably 450 m (Burn 2012: 67). The soil top layer annually thaws to a depth of 40 to 60
cm (Burn & Zhang 2009: 14; Burn 2012: 33). Primarily, Herschel Island shows an undulating
hilly landscape that is characterized by morphological features attributed to permafrost and its
degradation implying ground disturbances, subsidence processes and the instability of ground
surface (Ehlers 2011: 185; French 2007: 186; Fritz et al. 2011: 26; Tanski et al. 2017: 435).
Herschel Island underlies strong coastal erosion processes with an annual retreat of 0.68 m/a™
(Obu et al. 2016: 9). Numerous retrogressive thaw slumps and the exposition of massive
ground ice triggers rapid landmass erosion along the south-eastern coast (Lantuit et al. 2005:
414; Pollard et al. 2012: 72; Obu et al. 2016: 3). Along the northern and western shorelines
coastal retreat is dominant, eroding high bluffs reaching up to 50 m (Obu et al. 2016: 3).

The south and east coasts are characterized by a slightly hilly earth surface, shallow valleys
and alluvial fans or accumulation spits (Pollard et al. 2012: 72-74; Tanski et al. 2017: 435).
Polygonal nets formed by numerous merging ice wedges in poorly drained tundra are present

on the upland plateaus (Ehlers 2011: 197; Smith et al. 1989: 7). These polygon tundra patterns
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develop trough ground subsidence because of volume loss during the thawing season. By a
refreezing of water lenses at the permafrost table pushs up small hummocks that are trapped
by ice wedges (French 2007: 186; Lewellen 1970: 1).

Another frequently occurring characteristic erosional process on Herschel Island is thermal
erosion (Lantuit & Pollard 2008: 86), enhancing the erosional processes on the upland by
repeated changes in water saturation. Active layer thaw, snow melt, run-off and summer
precipitation enforces the formation of sinkholes and tunnels that arise in downwards gulling,
forming a relief of TEVs (Godin et al. 2014: 2; French 2007: 191; Smith et al. 1989: 7). Even
on gentle slopes (at least 2°) continuous slow mass movements are witnessed, such as frost
creep recognizable by lobes along the slope, initialed by periodical freeze and thaw (Smith et
al. 1989:9).

All these downslope movements and material loss affect the ability of the slow soil formation
in tundra (Smith et al. 1989: 14). The short weathering season and cryoturbation, which
enables an accumulation of organic matter in lower soil depths, blur the soil horizons (French
2007: 80; Smith et al. 1989: 9) and affects the vertical distribution of organic matter within a
soil profile. On Herschel Island the organic matter content has been observed to be the highest
in the active layer and the uppermost parts of the permafrost layer by values between 3 —

25w, (Kokelj et al. 2002: 175).

3.5. Vegetation

The vegetation on Herschel Island is sparse due to the local arctic climate conditions of low
precipitation, cold annual mean temperature and a thin active layer (Kennedy 2012: 80). Low
tundra vegetation composition dominates (Myers-Smith et al. 2011: 611), with small shrubs,
sedges and grasses that are able to resist the weak tundra soil development (Lewellen 1970:
1). Nevertheless, about 200 species were inventoried (Kennedy 2012: 80). The vegetative
canopy is mainly represented by tussock cotton-grass (Eriophorum vaginatum), tundra typical
shrubby dwarf willows (Salix pulchra, Salix arctica, Salix glauca, Salix richardsonii), various
forb herbaceous species, mosses and as well graminoid species such as sedges and grasses
(Myers-Smith et al. 2011: 611; Kennedy 2012: 81). With regard to different geomorphology,
soil properties and moisture, the vegetation composition changes substantically i.e., on slopes

these changes can easily be observed (Kennedy 2012: 82).
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3.6. Ecological Units

Smith et al. (1989) defined ecological units on Herschel Island based on a detailed survey on

soils and vegetation types and linked this classification to specific geomorphological terrain.

In later studies (Obu et al. 2015; Myers-Smith et al. 2011; Burn & Zhang 2009), these

ecological units were often used to subdivide terrain and calculate changes within it. This

research also takes advantage of the ecological classification as an overarching framework to

characterize organic matter storage, its spatial distribution and quality within TEVs. Along the

study sites following units appear (map 2):

Guillemot describes areas of wet ice wedge-polygonal ground or depressions with
standing water and occurring channels. Peat accumulation, counting several
decimeters above mineral soil, is common (Siewert, 2016: 4; Smith et al. 1989: 41),
Herschel describes uplands and gentle slopes with dense vegetation and common
tussock tundra on a micro-hummocky surface with a shallow active layer (Siewert,
2016: 4; Smith et al. 1989: 44),

Komakuk as the most common unit type on Herschel Island describes uplands and
moderate slopes (7 %) with discontinuous vegetation coverage and exposed soil. The
soils are fine-textured and mostly well drained, in wetter soils especially cotton grass
and mosses dominate the vegetation composition, whereas the vegetation in well
drained ground is normally characterized by arctic willow (Siewert, 2016: 4; Smith et
al. 1989: 49),

Plover unit is mostly occurring on gently convex sloping terrain or crests with >40%
bare soils exposure by degradation and erosion. Cryoturbation within the soils is
common. The vegetative coverage consists predominantly of Willow/Dryas-Vetches
(Smith et al. 1989: 52),

Jaeger represents moderate erosion across heterogeneous slope surfaces with different

vegetation circles du to varying soil moisture. (Smith et al. 1989: 46).

In this study the Plover and Jaeger unit is combined as in the study of Obu et al. (2015). Table

1 shows the geomorphological, pedological and biophysical parameters associated with the

relevant ecological units compiled by Smith et al. (1989) is provided.

12
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3.7.Fox Creek Valley

The study focuses on Fox Creek, a small valley that predominately underlies thermos-
erosional processes. It is located on the eastern part of Herschel Island. The valley runs from
an elevation of 70 m.a.s.l. in the inland and extends over a distance of circa 1 300 m from the
source to its outlet at the coastline to the Beaufort Sea (map 1).

The valley is characterized by the presence of a degrading polygon tundra net on the uplands
and mainly develops by thermal erosion, which can be verified by gelifluction, active layer
detachments and gullying on its gentle slopes. Down the valley mass wasting processes
impact the slopes, which become steeper (figure 4). On the steeper slopes, in the lower part of
the valley the stream incises the ground deeper, showing barren ground walls along the
stream. The closer the valley gets to its outlet the more the valley symmetry changes, visible
by more irregular slope surfaces. Map 3 gives an overview on the changing slope gradients
with advanced distance to the source. In Fox Creek, generally small tundra vegetation of
shrubs, grasses, mosses and sedges forms the vegetative canopy. According to the degree of
erosion, water content, soil sediments and remaining snowbanks during spring, the vegetative
composition varies.

The ecological units that are present along the study site locations of the valley are Herschel,
Komakuk, Jaeger-Plover, Guillemot (map 2).Geomorphological units helped to locate
separate the sites. ‘Uplands’ included all sites that were on the plateus, ‘bed’ summarized sites
that were along the valley bottom close to the stream, and for ‘slopes’ samples locations were

unified that appear between the scarp and the toe of a slope.

o

: g : . ; . g e L P B T T MR \ S
Figure 4: Overview on Fox Creek valley. Pictures were taken from different positions on the uplands. a) View on upper
valley into source direction. Inside these area FC-T1 and FC-T2 were located. b-c) View from lower valley position (FC-T3)
(Photo: J.Ramage, AWI).
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Map 1: Elevation map for Fox Creek, Herschel Island.
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Map 2: Elevation map for Fox Creek, Herschel Island.
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Figure 5: Transect profiles and site positions. With an overview picture on the location of the upstream transect (Photo:

J.Ramage, AWI).

16



Hillslope gradient map for Fox Creek, Herschel Island
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Map 2: Hillslope gradient map for Fox Creek, Herschel Island.

4. Methods

4.1. Field Work

In summer 2015 soil samples of 100 cm depth were taken along three transects across the
valley to guarantee a transition trough different geomorphological features and ecological
units. Along each transects, 3 to 5 sites were selected for coring (figure 5). The site crossed
valley uplands, slopes and bed and were each site was localized with DGPS. By surrounding
conditions every pit was grouped to its location on hillslope position, valley level and
ecological unit. To examine the soil processes of each site pits were dug down to the
permafrost table (figure 6). In the active layer, the samples were collected horizontally with
the aid of fixed volume cylinders. A detailed survey of soil properties such as soil type,
particle size, roots, buried organic matter occurrence were noted. In the permafrost, samples
were extracted utilizing a steel pipe that was hammered manually into the ground for the
remaining decimeters. Subsequently, all samples were weighted and stored cool until

laboratory processing in Potsdam, Germany.
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Figure 6: Soil sampling during field survey. a) Soil surface and vegetation cover on the upland at transect 1 (Herschel);
Sampling pit on the upland in transect 1 (b), on a slope transect 3 (Plover-Jaeger) (c), in the bed (Guillemot)(d). (e-f) Core

samples from permafrost ground (Photos: J.Ramage, AWI)

4.2. Laboratory Methods
As a preparation for further laboratory analysis, at first all individual samples (n = 93) got
freeze dried for 72 hours and then dry weight was measured to calculate the water content and

dry bulk density (BD). Afterwards every sample got divided for different laboratory analyses.

4.2.1. Dry Bulk Density

The dry bulk density is the weight of dry soil divided by the total soil volume (given in
equation 1).

In order to estimate total nitrogen (TN) and total organic carbon (TOC) dry bulk density was

needed to convert the weight-based value to its volume-based value (Strauss et al. 2015: S

1.3).

pp = dry bulk density [g/lcm’]
(D) Pp=Mmg/ vy my = sample dry weight [g]
v, = total volume [cm3]
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4.2.2. Elemental Analysis: Total Nitrogen, Total Carbon and Total Organic Carbon

To estimate the carbon and nitrogen elements in soil samples, all samples were first
homogenized manually and then grinded with a mill during 6 minutes for organics and 8
minutes for minerals before being measured in a carbon-nitrogen-sulphur analyzer. For every
subsample 5 g was weighted and transferred in zinc capsules for the measurement in the
elemental analyzer (Vario EL III, Elementar). To ensure a total oxidation by high temperature
combustion tungsten-(VI)-oxide (10 mg) was added to every subsample. This method brought
the sample to high temperatures in order to get the elements mobilized into their gaseous
phases, allowing a separation of the molecules by integrated absorption columns, and to detect
them due to their thermal conductivity (Eischeid 2015: 26). Subsequently the TN and TC
percentage could be estimated referring to the samples' input weight. During the
measurement, blank samples were involved and processed equally for the detection of
background noises (Strauss et al. 2015: S1.2).

TOC, was calculated referring to the previous estimation of TC., by the elemental analyzer.
The TOC analyzer (Vario Max C, Elementar) was configured to lower temperatures so that
only OC compounds was able to enter the gaseous phase (Eischeid 2015: 26). For that
crucibles were prepared to measure its weight, up to 100 mg according to the TCy, content
that was measured before. Also in this analyzing process blanks helped to reconstruct

background signals.

4.3. Data Processing

4.3.1. Soil Properties
Since only one sample was taken in each horizon in the active layer, and every 10 cm in the

permafrost soil, each sample was interpolated to a length of their horizon. Hereby a

representative value of the SOC storage of a horizon can be evaluated (equations 2 & 3).

TOC = total organic carbon [kg/m?]
Pb = dry bulk density [g/cm?]
TC\1% = total carbon [wt%]

h = height of sample horizon [cm]

2)TOC = [ ppx(TCy% /100 ) x h ] x 10

TN = total nitrogen [kg/m?]
(3) TN = [pbx ( TNy / 100 ) x h ] x 10 Pb = dry bulk density [g/cm3]

TNyw:% = total nitrogen [wt%]

h = height of sample horizon [cm]
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4.3.2. C/N Ratio

The TOC and TN relationship was visualized by using the C/N weight ratio. C/N is a reliable
proxy for the reconstruction of soil properties by its organic matter decomposition degree
within soils (Meyers 1997: 219). This assumption is based on a differing relation between C
to N during the composition of organic matter substrates by microorganisms. Since the
metabolic activity of microorganisms in aerated soil deposits preferentially mineralize carbon
and immobilize TN so that nitrogen compounds get left behind (Palmtag et al. 2016: 480;
Strauss et al. 2015: 2230). The more decomposition of organic substrates takes place, the
lower the C/N ratio value falls. Generally, it can be stated that the ratio decreases at lower
depth within a soil profile (Stevenson 1994: 100).

In this study, the C/N ratio was therefore used as a helpful hint for changes of decomposition

along different geomorphological features within a TEV.

4.3.3. Statistical Analyses

According to the field observations, all sites were classified to a subgroup of each
corresponding landscape classification (table 2) to allow statistical analyses.

To highlight the significant difference between all groups the means for the whole pit and of
the active layer were tested by using the analysis of variances test (ANOVA). A statistical
significant difference is detected when the p < 0.05. Anyway, the ANOVA requires a
Gaussian distribution of the values within a group. Therefore, the normality of the distribution
was tested by using a Shapiro-Wilk test on the dataset. This statistical pre-test for significance
is useful for a small sample population (n < 30). The Hy gets accepted when p > 0.05 which
means that the values are distributed normally.

Moreover, correlation occurrences (Pearson) between the active layer depth and the TOC, TN
and C/N values within the whole pit and within the active layer part, respectively, were tested.
All statistical analyses were calculated with the use of statistical software packages of R

Studio (Appendix).
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Table 2: Subdivision of sample sites in environmental units.

FC-T1 FC-T2 FC-T3 Upland Slope Bed Herschel Komakuk Guillemot Plover-Jaeger
FC-T1 FC-T2.1 FC-T3.1 FC-T1.1 FC-T2.2 FC-T1.2 FC-T1.1 FC-T2.5 FC-T1.2 FC-T22
FC-T2 FC-T2.2 FC-T3.2 FC-T1.3 FC-T2.4 FC-T23 FC-T13 FC-T3.5 FC-T23 FC-T2 4
FC-T3 FC-T23 FC-T33 FC-T2.1 FC-T33 FC-T3.2 FC-T2.1 FC-T3.2
FC-T24 FC-T34 FC-T2.5 FC-T3.4 FC-T3.1 FC-T33
FC-T25 FC-T3.5 FC-T3.1 FC-T3 4
FC-T3.5

4.3.4. Visualization

For every site one graph containing the storage of TOC and TN and the relating C/N ratio
within the soil profile was plotted using the software Grapher 9.0 (Appendix). Due to missing
data, the elemental soil properties FC-T3.2 could not be plotted.

To display the distribution of TOC, TN and C/N values of the total soil site along different
groups within Fox Creek valley box-whisker plots were used as visualization. As a
comparison of the distribution of these parameters, a set of box-whisker plots also got created
for the active layer and permafrost part of the sites (Appendix).

The boxplots were created with the use of statistical software packages of R Studio

(Appendix).

5. Results

5.1. Distribution of TOC and TN

5.1.1 Within the valley

In Fox Creek, the storage and distribution of TOC and TN differed (table 3). Some locations
showed higher contents in soils than others. Depending on the terrain and position, an
accumulation or loss of TOC and TN occurred.

Along the upper positions of a hillslope, the highest values for TOC and TN were observable
(31.6 £ 6.3 kg/m?; 2.4 £ 0.5 kg/m?). Low values were found on the slopes, terrain that was
moderately disturbed by downhill movements (184 + 6.6 kg/m? 1.6 + 0.4 kg/m?).
Intermediate values occurred within accumulating areas at the foot of the slopes with an
average of 27.0 + 11.9 kg/m? and 2.0 + 0.7 kg/m?, respectively.

Regarding the ecological unit, the distribution of TOC and TN stocks differed as well. The
distribution was similar to the observations made for hillslope positions. Along the ecological
unit in slightly or low disturbed terrains, like Herschel (31.3 £ 6.7 kg/m?; 2.3 £ 0.5 kg/m?) and
Komakuk (32.3 = 5.6 kg/m?; 2.4 £ 0.3 kg/m?), high stocks of OC and nitrogen were detected.
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The highest mean values were reached along the peaty wet terrains of the Guillemot unit (35.3

+ 2.5 kg/m?; 2.5 + 0.3 kg/m?).

Table 3: Mean TOC, TN, C/N values and the mean active layer depth for each subgroup.

mean AL depth
mean TOC [kg/m?*] mean TN [kg/m?*] mean C/N [em]
FC-T1 31.2+5.0 23+04 13.6+0.9 42.0+5.0
FC-T2 30.0+7.7 23+05 13.1+1.4 452+359
FC-T3 20.2+10.7 1.7+ 06 114+1.8 73R+ 1IR9
Upland 3l6+64 24+05 13.4+0.7 482+53
Slope 18.4+6.6 1.6+04 11.2+1.2 68.3+20.5
Bed 27.0+11.9 2007 128+2.5 53.0+£234
Herschel 31.3+6.7 23+05 13.4+0.8 475+ 6.4
Komakuk 32.3+56 24+03 13.4+04 495 +0.5
Guillemot 353+25 25+£03 14.5+0.9 n5+2.5
Plover-Jaeger 16.8 £6.7 1.5+04 108+1.3 71.8+21.1

Averages are given with standard deviation.

With Figure 7 the distribution of TOC and TN storage within the valley got visualized.
Statistical analysis showed that all subgroups had a normal distribution, but for the spread of
TOC and TN no significant differences were detected. This missing statistical validation
could be explained by a small sample population within the subgroups of Komakuk (n = 2)
and Guillemot (n = 2).

The boxplots helped to reconstruct the spatial distribution of carbon and nitrogen stocks in the
valley, even though they could not demonstrate a clear statistical division along the subgroups
of ecological unit, hillslope positions units and transect location was not given.

High OC stocks were found along the uplands and in the valley bed. The variances inside the
classes were relatively high (figure 7). Also along the upstream transect, where smooth slopes
were dominant, the TOC and TN contents were higher. With increasing distance to the source
the values decreased.

According to the ecological unit, the boxplots show that high carbon and nitrogen stocks were
distributed along the Guillemot unit, followed by the Komakuk unit and Herschel unit.
Between these values of TOC and TN storage and the ones of the Plover-Jaeger unit,

representing sloping terrain, the values decreased strongly.

22



(€1-Dd TL-Dd “11-D4) spadsuen [oAd] Ad[ea 10 {(13avf
-1240]d ‘10W2IND Ynypwioy ‘1ydsLaEy) syun [ed130[099 :q {(pag ‘edols ‘puerdn) yun [esrdojoydiowodd e }oosuer) pue jun [ed130[009 ‘uonisod Ad[[eA USIMIAq
pdap (wo 001-0) s[ros Adf[ea urqim (;w/3y) (9-eg) 0038 NI pue (9-e[) DOL Jo uostredwo)) "Ad[[eA o) ulyiim uonnquusip NI pue DOJ 10§ jojdxoq :£ aam3ig

Eia4 254 ThT] wafla A TP PRI =l e ] Pt
i i i i i L i N 1 1 Il
L & Lo - 0
- =k -k
: H l
B i Lz : L 2
- = -
“ - o l N
“Few —i— 1] Tau !
: =T I - &
“ Fed T
37 - a Ly | EZ L+
esury Jad gL seay00s Jad KL wunoad sad ML
K17 £1 34 123 T ] AL iy EAYrAER| =y L] vt
1 1 I L 1 L L | il
1] ] = i
L] ] - . -
4 - - o2 i L o2
|.| I ) R I . : |qn=| . -
T T=0 L] s m “-: -
0 Y m = k : L o
- Fel |flnd|
2l "o q E | Bl -
1asunn Jed 200 wiaeoae Jad 0L

Liaie] pull

fesln] D01

23



5.1.2. Between active layer and permafrost

TOC and TN contents differed also vertically in each site. By examining the soil samples of
every site it was shown that stocks generally changed between the active layer and the
permafrost layer. TOC and TN values were mostly higher in the seasonally thawed layer than
in the permafrost soil (Appendix).

Within the valley, the active layer depth along sites varied and different amounts of TOC and
TN were observed within the active layer (table 3). Statistical analyses showed that TOC and
TN values of an entire pit correlated negatively with the depth of active layer (1> =-0.81; 1> = -
0.74) (table 4). Moreover, there was a low negative correlation between the TOC values of
the active layer and its depth (1> =-0.57).

Generally, a decrease of TOC and TN from the upper most part of the active layer down to the
permafrost table was oberservable. The values proceed only by a moderate decline. Some pits
showed a different vertically trend mostly in relation to their hillslope position. Samples
extracted on slopes showed no continuety of TOC and TN contents along the soil profiles.
TOC and TN values were remarkably low in permafrost (< 5 TOCyyo; < 0.5 TNye,). At two
sites (FC-T2.2, FC-T2.4) the profiles displayed a strong decrease of TOC and TN in the active
layer but low and smoothly ranging values in permafrost. Whereas at other sites (FC-T3.3,
FC-T3.4) the decrase of TOC and TN in the active layer was lower and showed even more
shallow values in the permafrost layer.

For a detailed survey on every pit trend profiles are given in a table and as boxplots in the

Appendix.

Table 4: Pearson correlation values between TOC, TN, C/N.

Pearson Total pit Active layer

r? TOC N C/N TOC N C/N
Active layer

depth -0.81 -0.74 -0.89 -0.57 -0.34 -0.75

Correlation between TOC, TN and C/N values of the total pit (and active layer) with active layer depth.
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5.2. Distribution of C/N

5.2.1. Within the valley

The C/N ratio showed spatial differences in decomposition of organic matter in the valley
(figure 8). C/N values of a whole pit had a relative strong correlation with the active layer
depth (r* = - 0.89). The strong correlation also existed between the C/N values of the active
layer and the active layer depth (1> = - 0.75).

A relationship between the spread of high C/N values and the spread of high TOC and TN
contents was recognizable within the valley. A statistically clear defined separation of the
groups (ecological unit, geomorphological units, transects) were missing mostly, though, due
to the sample population (n < 6) Only between two ecological unit, Herschel and Plover-
Jaeger, a statistical significant difference (p = 0.0136) was detected.

The spatial availability according to the ecological units displayed the lowest ratios in
attributed Plover-Jaeger sites belonging to zones on slopes where surface soil was exposited
and subjected to erosion. For the Herschel and Komakuk unit which were situated in
hummocky terrains and along gentle slopes the C/N values were higher, followed closely by
the highest C/N values that were localized in the Guillemot area where water lodging and peat
accumulation were usual (table 3).

Additionally, high values of C/N in Fox Creek were displayed along soils of the upslope
positions. Slightly higher ratios were observable along the valley bed (12.8 £ 2.5).

Within the valley the carbon availability changed according to the level position. Upstream
positions, crossing gentle slopes with slightly eroded surfaces, showed a C/N ratio distribution
that revealed lower decomposition rates. Low C/N ratios and therefore a high decomposition
were found along the lower transect FC-T3 (11.4 + 1.8), which was positioned on the

downstream, closest to the outlet where hillslopes started to become steeper.
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5.2.2. Between active layer and permafrost

C/N ratios vary vertically in the soil sites. Main differences arise between the active layer and
permafrost. In the active layer, higher values were also observable and correlated with its
depth (1> = - 0.75). Near the surface the values were highest and decreased until the
permafrost table. Within the permafrost table the C/N values fell with increasing depth. In
total, the ratio decreased from the uppermost part of the soil profile (active layer) from nearly
40 to a value below 10 (permafrost at 100 cm depth). Only at site FC-T3.1 an increase of C/N
in the permafrost took place. Some leaps of the C/N values were observed within the
permafrost ground. These outlying values normally appeared together with leaps of TOC and
TN content.

It could be observed that the C/N ratio changed at depth when TN values exceeded in
comparison to values of TOC.

For a detailed visualization of the C/N ratio trend for each site see Appendix.

6. Discussion

The main aim of this thesis was to determine the general spatial distribution of TOC, TN and
C/N within an arctic valley, shaped by thermo-erosional processes. The underlying hypothesis
predicted that spatial patterns of SOC and TN stocks buried in soils are driven by
geomorphological processes. The focus of this study was on the analysis of the horizontal and
vertical spatial variability of storage and decomposition characteristics in soils within Fox
Creek valley on Herschel Island.

Previous studies (Hugelius et al. 2012; Pizano et al. 2014; Palmtag et al. 2015; Obu et al.
2015; Siewert et al. 2016; Shelef et al. 2017) assumed that in areas of continuous permafrost,
storage rates differed at the local scale due to topography and geomorphological processes.

In this study, spatial differences in storages and decomposition rates related to their positions
were also detected within Fox Creek valley.

The highest values of TOC and TN were found on the uplands, characterized by plain or
smoothly sloping terrains. At these locations, the soils were usually characterized by a thin
active layer and dense vegetation cover which were regulating factors for the thermal and
hydrological conditions of the soil and protected subjacent permafrost from seasonal thaw
(Siewert 2016: 15, Pizano et al. 2014: 2). The decomposition was slow (high C/N), microbial

activity was limited in the shallow upper soil parts and prohibited in lower soil horizons due

27



to the frozen state (Harms et al. 2014: 300, Hugelius et al. 2014: 6574). The negative
correlation between TOC and TN values and the active layer depth confirmed this
phenomenon: the greater the active layer depth, the less the carbon and nitrogen storage.
Values of TOC and TN in areas along the valley bed were slightly lower even though anoxic
conditions obtain these soils. Along these sites accumulation of colluvial and alluvial deposits
was more likely than erosion and surface disturbances. The mobilized material got
concentrated here, which led to high amounts of TOC and TN storage (Shelef et al. 2017: 2,
Young 1972: 62).

Along the upland and valley bed areas, fresh in situ accumulation of carbon was usual, driven

by vegetation growth during the summer season. Hence, soils are enriched in TOC and TN

(Hobbie et al. 2000: 198).

The ecological units characterizing uplands (Herschel and Komakuk) had higher TOC and TN
contents (table 3) and the decomposition rates averaged all at 13.4 £ 0.4 (-0.8). Komakuk
featured slightly higher values for TOC and TN stocks than Herschel, though. This aspect was
actually contrary to the hypothesis that slope angle was associated with greater degradation
and hence with smaller C/N ratios.

The Komakuk zone is characterized by gently sloping terrain with angles of 4° and is
subjected to gelifluction and a deeper mean active layer (49.5 = 0.5 cm). These factors should
facilitate decomposition rates due to stronger aeration of surface soils since water runs off
more easily (Hobbie et al. 2000: 202). The higher values observed here could be attributed to
local soil characteristics (Hugelius et al. 2014: 6574), vegetation cover and types or microbial
organisms (Hobbie et al. 2004: 340; Siewert 2016: 15, Palmtag 2016: 489). Within the
Komakuk unit, arctic willow (Salix arctica) was the dominant vegetation species that may
influence the higher TOC stocks due to its residues. Woody stems probably slowed down the
decomposition by soil microorganisms (Hobbie et al. 2000: 197; Weintraub & Schimel 2003:
130). But also, incorporation of TOC and TN in deeper horizons by cryoturbation could
likewise led to increased stocks (Siewert et al. 2016: 16). Nonetheless, the values reported
here for Komakuk should be taken with caution, since the unit only comprised two sites.
Siewert (2016: 11), instead, analyzed 12 sites attributed to Komakuk in a neighboring location
and showed that the Komakuk zone was characterized by lower SOC storage than the
Herschel zone. This numbers would confirm the fact that TOC lability is linked to slope

gradient and its enhanced downslope movements.
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The Guillemot unit had high values of TOC (35.3 + 2.5 kg/m®) and C/N (14.5 + 0.9)
contradictorily to those of the valley bed (27.0 + 11.9 kg/m?; 12.8 + 2.5). Guillemot samples
were located close to the stream were the soils were water-saturated. Due to the lack of
oxygen microbial decay processes got decelerated (Davidson & Janssen 2006: 165; Hobbie et
al. 2000: 198). Thus, carbon and nitrogen stocks increased by hindered decomposition and by
deposited material of hillslope processes (Pizano et al. 2014: 9, Shelef et al. 2017: 1). Hence,
the TOC content and C/N ratio rose (Hobbie et al. 2000: 198). However, also Guillemot had a
small sample population (n = 2).

Even though, slightly differences appeared along the units of undisturbed surface terrain, the

TOC and TN stocks and the C/N ratio were high.

On slopes, the values for TOC, TN and C/N were the lowest. Hillslopes with a mean gradient
of 5-6° were more disturbed by moderate mass movements, active layer detachments or
gullying processes (map 3). The stocks on slopes were similar to those of the Plover-Jaeger
unit (which covers roughly the same area), thus both subgroups will be discussed together.
Due to surface disturbances the biological and physical processes got altered, which impacted
the availability of OC (Pizano et al. 2014: 2). Enhanced material loss, deeper active layers and
higher water drainage due to slope angle allowed aeration of lower soil horizons and
facilitated remineralization processes (Hobbie et al.: 2000: 202). The availability of OC for
decomposition along these valley positions was higher because previously cryoturbated and
isolated organic matter pockets became available again for microbial activity (Palmtag et al.
2016: 491). This led to a strong decrease in carbon stocks and C/N ratio. These storage and
availability differences between terrains of disturbed and undisturbed surfaces could be once
detected as statistically significant, between Herschel and Plover-Jaeger.

On sloping terrain with unconsolidated sediments in cold climates slow mass wasting can
initiate by a slope gradient of 1° (Washburn 1973: 73-75). Fine, silty sediments are able to
hold more water and were therefore likely to exceed local stability thresholds (Washburn
1973: 175). As a result, movements down the slopes occurred due to volume loss and ground
destabilization by ice melt (Pizano et al. 2014: 2). Melted ice additionally increased thermo-
erosional processes on slopes that enhanced gullying events and triggered material
mobilization towards the hill toes and the stream (Shelef et al. 2017: 2; Lamoureux et al.
2014: 5502, Poesen et al. 2003: 101). Thermo-erosion liberated deeper soil parts to further
thaw, thereby increased the availability of previously buried carbon (Hugelius et al. 2014:
6589; Pizano et al. 2014: 2; Obu et al. 2015: 102). Due to these processes, TOC, TN and C/N
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values decreased on slopes (Shelef et al. 2017: 1; Harms et al. 2014: 308, Hugelius et al.
2014: 6589; Poesen et al. 2003: 99).

Distributive differences of TOC, TN and C/N stocks also occurred along the transect locations
in the valley.

In the upper (FC-T1) and middle parts of the valley (FC-T2), higher values for TOC, TN and
C/N were measured in comparison to the lower part (FC-T3). These could be explained by
generally lower active layer depths in the upper transects (42.0 = 5.0 cm; 45.2 = 5.9 cm) than
in the lower transects (73.8 £ 18.9 cm).

In addition, the morphology of hillslopes and its characterizing dominant erosional processes
should be also taken into account when comparing TOC and TN storage along transects and
their storage rates of TOC and TN. Yoo et al. (2006) started a survey campaign on SOC
distributions and availability within two Californian valleys. They saw that local conditions
(i.e. topography, plant input, decomposition, soil texture, nutrients and moisture) were highly
likely to influence the variation of SOC storage in the valleys. Even though climate
conditions, weathering, soil taxa and ecology are highly different to those in the Arctic, links
to slope forms and erosive processes are possible. Yoo et al. (2006) recognized that SOC
storages varied with slope curvature. They noticed that if convergent slopes increased in
concavity, higher SOC stocks occurred (Yoo et al. 2006: 54). These storage rates in turn could
be linked to the dominating erosional process controls (Yoo et al. 2006: 55).

For Fox Creek, similar observations were made. In valleys that were accentuated by thermo-
erosion, the hillslope concavity decreases from the upstream to the downstream (figure 5)
(Parsons 1988: 90). Through time, hillslope on unconsolidated deposits reduce their gradients
leading to lower slope angles, rounded crests and colluvial foot slopes (Parsons 1988: 90).
Material on concave hillslopes got mobilized and accumulated toward the valley bed by slow
operating creeps and fluvial processes (Parsons 1988:90; Shelef et al. 2017: 7). Erosions along
the upstream transects were low and thus considerable amounts of TOC and TN get stored
(Shelef et al. 2017: 8).

At the lower valley level, the slopes got steeper, concavity decreased and the incision by the
stream was greater. According to Yoo et al. (2006), those slopes had a higher loss of TOC and
TN. This was also detected in Fox Creek. Surface disturbances were common and thermo-
erosional processes occurred more easily that led to a rise in exportation of already
decomposed soil material by fluvial outwash (Lamoureux & Lafreniere 2014: 8). Low values

of TOC and TN stocks probably intensified during snow melt periods when the exportation

30



rate of labile material was stronger since vegetation just started recovery and meltwater run
off in gullies enhanced (Godin et al. 2014: 7; Lamoureux et al. 2014: 5501).

Furthermore, the decomposition rates are higher (low C/N) along the lower transect due to
deeper active layers and surface irregularities. The presence of small depressions along the
lower transect probably permitted snow banks to endure late into summer months. Underneath
the snow cover, microscale thermo-erosion manipulated the heat conductivity conditions, also
during winter, and generated a longer period where surface soil was vulnerable to

decomposition (Harms et al. 2014: 300; Tanski et al. 2017: 443).

7. Conclusion & Outlook

This study was able to point out that not only soil processes differed locally and influenced
the carbon availability but that also local geomorphology and erosion processes had a strong
influence.

The availability of carbon was linked to local hillslope positions, ecological conditions, soil
processes and valley location. Local terrain factors influenced the carbon storage: low stocks
were found along the slopes that were affected by erosional processes. High carbon stocks
were localized on uplands and in the valley bed.

This spatial distribution applied to the variability of C/N ratio within the valley. On the
uplands and in the bed, C/N ratios were high; on slopes the C/N ratio was low.

The main driving factors for carbon storage, decomposition (and therefore its availability)
were active layer depth, hillslope gradient, hillslope processes and biological activity. All
these factors change the hydrological and thermal conditions and increase the bioavailability
of OC. Generally, it can be said that the more eroded a terrain the lower the carbon storage
ability.

In summary, this study provides an overview on the distribution of organic matter in a single
valley underlain by permafrost. In order to reduce the uncertainty of carbon stock variability
and its availability, it would be necessary to investigate this spatial distribution in several
valleys at local and regional scales across the Arctic. Since continuous erosion and permafrost
degradation may further impact high-latitude landscapes, getting an overall picture of the
carbon availability of permafrost soils across the Arctic would be an important goal for

further research.
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Appendix

1. Soil profiles for TOC, TN and C/N of every site
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2. Boxplots for TOC, TN and C/N distribution within the active layer across the

valley
O P geeni [Actho lyer] TOC B Heokclins |Rave layw) TEX o Iranbect (Act ly#i)
w4 - L K|
L4 " o4
E »1 . . . 21
] —— nig :
§ ’ - - ’ ) ———
wA w4 - L H
[E] r 1
T T T T T
) g [ Hesichi Horraied st Provr Jiys FET Kn FCTY
TH par grouni fAciive layer] TH pet wcocias [Active layer] TH pav iraasect {Aciv leper]
4 4 44
2 2 19
é 2 L 4 nid i1 .
l - = . it =
—u ey —
== —— B == — '
[ [ [ K|
T T T T
L Sargm Ft e Korurs Pt Pocw Swrgm [{=]} ({4} FCTY
TN pet oyt |Acker dyer) TH per peochies (Active layer) S par arRed [Active layer)
ud = wd 3 - -
3 = - - =
©1 ] - I =
i . H
You i o
LR | LR |
LE | (L]

g g = ]

T
ol

(=

P Jaogn

En

Kn

KT

Upland (n = 6), Slope (n =4), Bed (n =3); Herschel (n = 4), Komakuk (n = 2), Guillemot (n = 2), Plover-Jaeger (n =5); FC-

Tl (n=3), FC-T2 (n = 5), FC-T3 (n = 5).

VII



3. Boxplots for TOC, TN and C/N distribution within the permafrost across the

valley
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4. Table of soil sample properties
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5. R Skript Statistical analysis

# by different sessions
# correlations test for TOC TN CN total with active layer depth

datal <- read.csv(file.choose (), header=T, sep=";")
cor (datal)

TOC TN C.N. Depth
TOC 1.0000000 0.9777684 0.8386143 -0.8113470
TN 0.9777684 1.0000000 0.7139348 -0.7429226
C.N. 0.8386143 0.7139348 1.0000000 -0.8858842
Depth -0.8113470 -0.7429226 -0.8858842 1.0000000

#correlations test for TOC TN CN of active layer with active layer depth

data?2 <- read.csv(file.choose (), header=T, sep=",")
cor (data?2)

Depth TOC. TN. C.N.

Depth 1.0000000 -0.5659921 -0.3449338 -0.7479924
TOC. =-0.5659921 1.0000000 0.9070102 0.5916828
TN.  -0.3449338 0.9070102 1.0000000 0.2064247
C.N. -0.7479924 0.5916828 0.2064247 1.0000000

#test of normal distribution wit shapiro.test for C/N ratio geounits
#Shapiro-Wilk normality test

shapiro.test (datal$Upland)

W = 0.9095, p-value = 0.433 -> p > 0.05 -> Values underlie normal distribution
shapiro.test (datal$Slope)

data: datal$Slope

W = 0.9419, p-value = 0.6662 -> p > 0.05 -> Values underlie normal distribution
shapiro.test (datal$Bed)

data: datal$Bed

W = 0.9521, p-value = 0.5787 -> p > 0.05 -> Values underlie normal distribution

ftest of normal distribution wit shapiro.test for C/N ratio transects

data2 <- read.csv(file.choose (), header=T. sep=",")

shapiro.test (data2$FC.T1)

data: data2$FC.T1

W = 0.9962, p-value = 0.8816 -> p > 0.05 -> Values underlie normal distribution
shapiro.test (data2$FC.T2)

data: data2$FC.T2

W = 0.9165, p-value = 0.5078 -> p > 0.05 -> Values underlie normal distribution
shapiro.test (data2$FC.T3)

data: data2$FC.T3

W = 0.8824, p-value = 0.3203 -> p > 0.05 -> Values underlie normal distribution

#test of normal distribution wit shapiro.test for C/N ratio ecoclass
data3 <- read.csv(file.choose (), header=T, sep=",")
shapiro.test (data3$Herschel)
data: data3$Herschel
W = 0.8707, p-value = 0.3004 -> p > 0.05 -> Values underlie normal distribution
> shapiro.test (data3$Komakuk)
Error in shapiro.test (data3$Komakuk)
StichprobengroBe muss zwischen 3 und 5000 liegen -> only 2 values
> shapiro.test (data3$Guillemot)
Error in shapiro.test(data3$Guillemot)
StichprobengroBe muss zwischen 3 und 5000 liegen -> only 2 values
> shapiro.test (data3$Plover.Jaeger)
data: data3$Plover.Jaeger
W = 0.9269, p-value = 0.5756 -> p > 0.05 -> Values underlie normal distribution

#significance test ANOVA

XV



CN _geounit <- read.csv(file.choose(), header=F, sep=";"
anova (1lm(CN_geounit$v2 ~ CN geounit$vl))
Analysis of Variance Table

Response: CN_geounits$v2

Df Sum Sqg Mean Sgq F value Pr (>F)
CN geounits$vl 2 12.137 6.0687 2.1889 0.1628
Residuals 10 27.726 2.7726

- significance codes: Signif. codes: Q0 '"***' (0.001 '**
1

CN transect <- read.csv(file.choose (), header=F, sep=";
anova (1lm (CN_transect$V2 ~ CN transects$Vvl))
Response: CN_transect$v2

Df Sum Sg Mean Sqgq F wvalue Pr (>F)
CN_transect$Vl 2 11.948 5.9739 2.14 0.1684
Residuals 10 27.915 2.7915

CN_ecoclass <- read.csv(file.choose (), header=F, sep=";
anova (1m (CN_ecoclass$V2 ~CN_ecoclass$Vl))
Response: CN_ecoclass$V2

Df Sum Sg Mean Sqg F value Pr (>F)

CN_ecoclass$Vl 3 26.955 8.9850 6.2648 0.01387 * signiciance!

Residuals 9 12.908 1.4342

Signif. codes: O '***' (0.001 '**' 0.01 '*' 0.05 '.'

)

H)

ll)

0.1

Tk

'l

-> no significance!

0.05 '.

-> no significance!

' 0.

1

#ANOVA shows a significant differences between the mean values of the 4 groups of

ecoclasses! Herschel u. Plover-Jaeger p < 0.05

t.test (data3$Herschel,data3$Plover.Jaeger)
Welch Two Sample t-test

data: data3$Herschel and data3$Plover.Jaeger
t = 3.2977, df = 6.841, p-value = 0.0136

alternative hypothesis: true difference in means is not equal to 0

0.05 -> fail to reject HO -> dataset statistically significant!

95 percent confidence interval:
0.734558 4.520854

sample estimates:
mean of x mean of y

13.44896 10.82125

# R Script boxplot

data?2 <- read.csv(file.choose (), header=T)

boxplot (data2, main="TOC per geounit", ylab="TOC [kg/m2]",

col = c("palegreend","palegreend", "palegreend"))

data3 <- read.csv(file.choose (), header=T)
boxplot (data3)

boxplot (data3, main="TN per geounit", ylab="TN [kg/m?]",

c("palegreend", "palegreend", "palegreend"))
datad4 <- read.csv(file.choose(),header=T)

boxplot (data4, main="C/N per geounit", ylab="C/N", ylim=c (0,

c("palegreend", "palegreend", "palegreend"))

boxplot (data4, main="C/N per geounit", ylab="C/N", ylim=c (5,

c("palegreend", "palegreend", "palegreend"))

boxplot (data4, main="C/N per geounit", ylab="C/N", ylim=c (5,

c("palegreend", "palegreend", "palegreend"))

data5 <- read.csv(file.choose (), header=T)

ylim=c (0,

ylim=c (0,

16),

15),

16),

-> p value <

4), las=1,

las=1,

las=1,

las=1,

50),

las=1,

col

col

col

col =
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boxplot (data5, main="TOC per transect", ylab="TOC [kg/m?]", ylim=c(0, 50), las=1,
col = c("lightblue3","lightblue3","lightblue3"))

data6 <- read.csv(file.choose (), header=T)
boxplot (data6, main="TN per transect", ylab="TN [kg/m?]", ylim=c(0, 4), las=1, col
= c("lightblue3","lightblue3","lightblue3"))

data7 <- read.csv(file.choose (), header=T)
boxplot (data7, main="C/N per transect", ylab="C/N", ylim=c(5, 16), las=1, col =
c("lightblue3","lightblue3","lightblue3"))

data8 <- read.csv(file.choose (), header=T)
boxplot (data8, main="TOC per ecoclass", ylab="TOC [kg/m?]", ylim=c(0, 50), las=1,
col = c("yellowd","yellowd","yellowd"))

data9 <- read.csv(file.choose (), header=T)
boxplot (data9, main="TN per ecoclass", ylab="TN [kg/m?]", ylim=c(0, 4), las=1, col
= c("yellowd","yellowd","yellowd"))

datal0 <- read.csv(file.choose (), header=T)

boxplot (datalO, main="C/N per ecoclass", ylab="C/N", ylim=c(5, 16), las=1, col =
c("yellowd","yellowd","yellowd"))
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