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Abstract Spatial analysis in earth sciences is often based on the concept of spatial autocorrelation,
expressed by W. Tobler as the first law of geography: “everything is related to everything else, but near
things are more related than distant things." Here, we show that subsurface soil properties in permafrost
tundra terrain exhibit tremendous spatial variability. We describe the subsurface variability of soil organic
carbon (SOC) and ground ice content from the centimeter to the landscape scale in three typical tundra
terrain types common across the Arctic region. At the soil pedon scale, that is, from centimeters to 1-2 m,
variability is caused by cryoturbation and affected by tussocks, hummocks and nonsorted circles. At the
terrain scale, from meters to tens of meters, variability is caused by different generations of ice-wedges.
Variability at the landscape scale, that is, ranging hundreds of meters, is associated with geomorphic
disturbances and catenary shifts. The co-occurrence and overlap of different processes and landforms
creates a spatial structure unique to permafrost environments. The coefficient of variation of SOC at the
pedon scale (21%-73%) exceeds that found at terrain (17%-66%) and even landscape scale (24%-67%).
Such high values for spatial variation are otherwise found at regional to continental scale. Clearly,
permafrost soils do not conform to Tobler's law, but are among the most variable soils on Earth. This
needs to be accounted for in mapping and predictions of the permafrost carbon feedbacks through various
ecosystem processes. We conclude that scale deserves special attention in permafrost regions.

1. Introduction

Tundra terrain and soils in permafrost affected environments have a high subsurface variability (Ping
et al., 2015). Understanding this variability will help to better predict the role of these landscapes in a
warming climate. This is particularly relevant for soil organic carbon (SOC) storage and ground ice con-
tent, which have become key research topics in the field (Sjoberg et al., 2020). SOC stored in the circum-
polar permafrost region has been estimated to ca. 1,300 + 200 Pg (Hugelius et al., 2014), which represents
approximately half the SOC stored in soils worldwide (Kochy et al., 2015). This SOC is partly frozen and
particularly vulnerable to warming temperatures, which can lead to remobilization as greenhouse gases and
foster further climate warming (Chadburn et al., 2017; Hugelius et al., 2020; Schuur et al., 2015). A recent
study found that abrupt thaw processes causing thermokarst, ground subsidence from melting of ground
ice, may double the radiative forcing of the permafrost feedback (Turetsky et al., 2020). At the same time,
rising Arctic temperatures have led to Arctic greening marked by increasing trends in vegetation biomass
(Epstein et al., 2012; Myneni et al., 1997), and, in this context, it is also important to understand fine-scale
spatial patterns of such vegetation changes (Myers-Smith et al., 2011).

One of the most striking features of tundra environments is the widespread occurrence of patterned ground.
Patterned ground refers to a set of regular or symmetric landforms that take the shape of circles, hummocks,
nets, polygons, steps, and stripes (Washburn, 1956). Vast areas in the Arctic are covered by typical terrain
types associated with repeating patterns of these landforms (cf. Liljedahl et al., 2016; Michaelson et al., 2008;
Zoltai & Tarnocai, 1981). The scale of periglacial landforms can range from a few centimeters in diameter
for small sorted circles to ice-wedge polygons with a spacing of a few decameters (Ballantyne, 2013; Ulrich
et al., 2011). Sorted and nonsorted circles, hummocks and tussocks occur in tundra environments within
and beyond the permafrost regions, while ice-wedge polygons occur in permafrost environments within
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and beyond tundra environments even under boreal forest (e.g., Siewert, 2018; Siewert et al., 2015). The
distribution of these landforms has not yet been mapped at circumpolar scale. Only the distribution of
cryoturbated soils (i.e., Turbels, soils characterized by expressions of frost heave) which are associated with
such landforms, is available at such scale (Figure 1a; Tarnocai et al., 2009).

The formation of these landforms and associated frost heave processes lead to fine-scale subsurface vari-
ability in soil properties (Siewert et al., 2016; Walker et al., 2008; see Ping et al., 2015 for a comprehensive
review). This is closely linked to a particular mode of pedogenesis, called cryogenesis, which plays an im-
portant role in patterned ground formation. Due to differential frost heave, soil material is mixed and organ-
ic-rich material is incorporated into deeper soil layers in a process called cryoturbation (Ping, Michaelson,
Kimble, et al., 2008). Therefore, cryoturbation has been linked to large stocks of SOC in the circumpolar
permafrost region (Ping, Michaelson, Jorgenson, et al., 2008; Tarnocai et al., 2009). Yet, these stocks were
often sampled and quantified using isolated pedons and did not capture the local scale spatial variability in
the landscape.

The traditional understanding and assumption of local scale variability and spatial processes in ecology,
soil sciences, and biogeochemistry often reflect Tobler's first law of geography which assumes spatial au-
tocorrelation and states: “everything is related to everything else, but near things are more related than
distant things” (Tobler, 1970). As such, spatial autocorrelation is the base of many geostatistical digital soil
mapping methods (McBratney et al., 2003). Furthermore, the variability of SOC is expected to increase with
scale (Goidts et al., 2009; Zhang et al., 2011). In the Arctic, spatial variability and autocorrelation of SOC
have only been analyzed at regional to continental scale for Alaska (Mishra & Riley, 2015), and at fine-scale
(<4 m) in the discontinuous permafrost zone (Evgrafova et al., 2018). However, we are still missing an
explicit quantitative description in tundra terrain across scales and in particular at the scale of periglacial
landforms (<30 m ground resolution). This is also important because we observe scale-dependency when
quantifying SOC in permafrost environments which can lead to underestimation when using low-resolu-
tion spatial data (Hugelius, 2012; Siewert, 2018). Similar scale-dependency also affects vegetation produc-
tivity and is particularly relevant in heterogeneous Arctic ecosystems (Siewert & Olofsson, 2020). Recently,
high-resolution remote sensing data has become increasingly available even for remote circumpolar regions
(Pope et al., 2014). This enables us to explore this spatial variability in unprecedented detail. Satellite im-
agery with meter to submeter (2-0.5 m) resolution allows mapping of SOC at the scale of ice-wedges while
maintaining spatial coverage over several square kilometers (Siewert et al., 2015), and unmanned aerial ve-
hicles (UAVs) can resolve tundra terrain at centimeter resolution (Assmann et al., 2018; Fraser et al., 2016;
Siewert & Olofsson, 2020).

With an increased interest in environmental change in the Arctic and new, highly resolved remote sensing
data available, several research gaps have become apparent. To obtain a better understanding of these land-
scapes, we need to study their subsurface variability. This can improve upscaling studies that aim to scale
soil core, plot scale or landform based findings to the landscape scale, and will assist models that explicitly
incorporate periglacial processes and landforms and their long-term impact on C cycling (Aas et al., 2018;
Beer, 2016). Further, it is relevant to identify the spatial and temporal scales at which periglacial processes
and landforms operate and may react to climate change pressure. Deciphering spatial variability and the
relationship of SOC and ground ice with scale, can thus help to better quantify the permafrost carbon feed-
backs across the Arctic.

The overall aim of this work is to describe subsurface spatial variability in tundra terrain with a focus on
SOC and ground ice. We analyzed three common tundra terrain types representative of vast areas in the
circumpolar permafrost region: (1) hummocky tussock upland tundra (HT-Tundra), (2) nonsorted circles
on upland tundra (NSC-Tundra), and (3) ice-wedge polygon terrain (IWP-Tundra). More specifically, we
examined the validity of Tobler's first law of geography (Tobler, 1970) when applied to permafrost soils. We
asked whether the SOC contents at small spatial scales were more related to each other than at larger scales.
Using 38 soil profiles, semivariograms of SOC point measurements and quantitative exposure description,
we described spatial variability at different spatial scales; from the pedon scale to the terrain scale and to
landscape scale catenary gradients, or centimeter (0.01 m), to decameter (10 m), and to hectometer (100 m)
scale. Based on our results, we developed suggestions for how process studies, spatial sampling, mapping
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Figure 1. a) Circumpolar distribution of Turbel soils (Source: Northern Circumpolar Soil Carbon Database, Hugelius, et al., 2013; Tarnocai et al., 2009) and
the location of the study area. (b) Map of Herschel Island by ecological unit (Source: Obu et al., 2015) (c) location of transects and surveyed retrogressive thaw
slump, (d) ice-wedge polygon tundra (IWP-tundra) transect location showing small scale Late Holocene ice-wedges, (e) IWP-tundra at a reduced resolution

of 10 X 10 m to reflect the improvement and potential of very high-resolution satellite imagery, (f) transect layout for hummocky tussock upland tundra
(HT-tundra; top) and nonsorted circles on upland tundra (NSC-tundra; bottom). Both pictures are from a high-resolution satellite image, (g) construction of
subpedons from 1 m soil pits used to calculate spatial autocorrelation. IWP, ice-wedge polygon.
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and upscaling of permafrost carbon dynamics and its vulnerability can evolve to account for the unique
spatial structures of permafrost and tundra environments.

2. Study Area

In this study, we used the periglacial landscape of Herschel Island (Qikigtaruk; 69°34’N, 138°55’W, Beaufort
Sea, Canada; Figures 1a and 1b) to conceptualize and describe the spatial variability of soils attributable to
distinct, commonly occurring periglacial landforms. Herschel Island was particularly suited to this purpose
because it was formed as a push moraine when the Laurentide Ice sheet reached its maximum northwest-
ern extent during the Wisconsinan glaciation (Fritz et al., 2011; Mackay, 1959). Therefore, all pedological
processes occurred in glacial till deposits and there has been no legacy of soil development or periglacial
development prior to the last glacial maximum (LGM). Previous studies from older Beringian landscapes,
showed how variability caused by Holocene processes have overprinted and interact with Pleistocene land-
scapes dynamics (Siewert et al., 2015, 2016; Weiss et al., 2016). However, on Herschel Island, we were able
to isolate and time the analyses to post LGM dynamics. This allowed separating distinct influences on sub-
surface variability at separate scales.

The island covers an area of 108 km* with the highest elevation at 183 m a.s.l (Lantuit & Pollard, 2008).
The mean annual air temperature is —9°C and the precipitation is 150-200 mm per year (Burn, 2012). The
Holocene soils that have developed in these deformed sediments show an early Holocene thaw uncon-
formity that has been described along the Yukon coast. This paleoactive-layer has an estimated depth of
80-90 cm on Herschel Island (Burn et al., 1986; Kokelj et al., 2002). The development of the active layer
thaw depth has been studied by Burn and Zhang (2009). They found an increase in active-layer thickness of
11 cm from 2005 to 2007, resulting in 6.5 cm of ground subsidence due to the loss of ground ice. A soil and
vegetation survey by Smith et al. (1989) described ecological units on Herschel Island (Figure 1b). These
units took geomorphological disturbance into account and have been mapped using aerial photographs
(Smith et al., 1989) and satellite imagery combined with elevation data (Obu et al., 2015). The volumetric
ground ice content typically ranges between 44% to 77% (Couture & Pollard, 2017). Large scale retrogressive
thaw slumps form natural exposures and allowed detailed stratigraphic investigations of the subsurface
(Lantuit & Pollard, 2005, 2008; Lantuit et al., 2012). They revealed different stratigraphic units mixed by
glacio-tectonic deformation. This included massive ice-bodies with sediment bands, clayic diamicton of
marine origin alternating with ice-lenses, less regular clayic diamicton, and peaty silt. These had further
been deformed by Holocene ice-wedges (Fritz et al, 2011, 2012).

3. Methods
3.1. Investigated Tundra Terrain Types

We designed a soil sampling scheme to analyze spatial variability of soil properties on three of the local eco-
logical units (Figures 1c-1g). These reflect common tundra terrain types found in most circumpolar tundra
environments (cf. Liljedahl et al., 2016; Michaelson et al., 2008; Siewert et al., 2015, 2016; Zoltai & Tarno-
cai, 1981). The tundra terrain types were characterized by their dominating periglacial landform: hum-
mocky tussock (HT)-tundra (Figure 2a, Figure S1), nonsorted circle (NSC)-tundra (Figure 2b, Figure S2)
and ice-wedge polygon (IWP)-tundra (Figures 2c, Figure S1). The soil sampling locations were chosen to
represent homogeneous areas of the tundra terrain types, meaning that the transects avoided catenary tran-
sitions or spatial trends within the sampling grid.

The HT-tundra was characterized by very dense occurrence of cottongrass (Eriophorum vaginatum) tus-
socks forming over moss-rich earth hummocks created by cryoturbation. Locally, this terrain type is called
Herschel unit and occurs on gentle slopes (~4%) (Smith et al., 1989). Soils had a shallow and uneven active
layer mirroring surface hummocks and were either Orthic Turbic Cryosols or Gleysolic Turbic Cryosols
(Canadian soil classification system; Soil Classification Working Group, 1998). These correspond to (Ruptic
or Histic) Haploturbels and Aquiturbels in the U.S.D.A. Soil taxonomy system (Soil Survey Staff, 2014).

The NSC-tundra was dominated by nonsorted circles with discontinuous vegetation cover, alternating between
exposed bare soil (15%-20%) and surrounding vegetation communities dominated by willow (Salix sp.) and
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Dryas-Vetch in well-drained sites, and cotton grass and moss in wetter sites. This terrain type is locally called Ko-
makuk unit and forms on smooth to undulating upland areas with a moderate slope of ~7% (Smith et al., 1989).
Soils were moderately to imperfectly well-drained and were generally fine-textured. The dominant soil type was
an Orthic Turbic Cryosol, but Regosolic Turbic Cryosols also occurred (Canadian System; Smith et al., 1989). In
the Soil Taxonomy system, these are (Ruptic or Histic) Haploturbels. Large, relatively inactive mid-Holocene
ice-wedges occurred under HT-tundra and NSC-tundra, but showed no or very little surface expression.

IWP-tundra can be found in areas of active or recent ice-wedge development, mainly in depressions such
as drained lake basins. Ice-wedges crack in polygonal patterns forming occasionally submerged polygon
centers in which sediments and peat accumulate. Depending on the degree of degradation, ice-wedge pol-
ygons, can be differentiated into low and high-centered polygons. The sampling transect was located in a
drained lake basin dominated by low centered ice-wedge polygons, where ice-wedge cracking had started
around 4,000 years BP (Fritz et al., 2016). The environment was wet and associated with channels of stand-
ing water over ice-wedges which resulted in contrasting vegetation communities within a short distance
(mostly Carex sp. and Eriophorum sp.; Wolter et al., 2016). This terrain type is locally called Guillemot unit
(Smith et al., 1989). The soils in polygon centers were typically Fibric Organic Cryosols with more than
40 cm of peat material over the mineral soil (Fibristels and Glacistels in the U.S.D.A. soil taxonomy). With
improved drainage they transitioned into Turbic Cryosols of the Gleysolic and Orthic type (Aquiturbels and
Haploturbels) (Smith et al., 1989).

3.2. Sampling Design

The sampling design aimed to reveal spatial variability at different scale levels from centimeter variability at
soil horizon level, over soil pedons, tundra terrain types to landscape scale variability (hundreds of meters). We
sampled 38 soil pedons following Schoeneberger et al. (2012) and an additional protocol for permafrost affected
soils (Ping et al., 2013; Siewert et al., 2016). The active layer was sampled per soil horizon from 1 m wide open
soil pits. A sketch of the soil horizons was drawn and later used with perspective corrected photographs to dig-
itize the horizons (Kimble et al., 1993; Ping et al., 1997; Siewert et al., 2016). The permafrost section was sam-
pled at the center of the soil pit by hammering a steel pipe in known depth increments into the frozen ground.
We sampled to a depth of 1 m with few exceptions (e.g., when reaching an ice-wedge). Soil organic matter
(SOM) content was estimated for a total of 409 bulk soil samples using the loss on ignition method burning
~15-25 ml at 550°C for 5 h (Heiri et al., 2001). The organic carbon content (OC%) was analyzed for a subset of
266 dried and ground samples using an elemental analyzer (CE Instrument EA 1110 elemental analyzer) cou-
pled to an isotope ratio mass spectrometer (Thermo Fischer Scientific Instruments, Delta V Advantage). OC%
was estimated for the remaining samples using a polynomial transfer function based on our samples for which
we measured both SOM and available OC%. Values for two profiles needed to be gap-filled using soil horizon
and sample depth information from neighboring profiles to reconstruct bulk density and OC%. Each sampling
point was marked using a Differential Global Positioning System (DGPS). We refer to Siewert et al. (2015, 2016)
for more details on soil sampling and the laboratory analyses and methods to calculate SOC storage.

The 38 soil pedons were sampled along transects in each terrain type. A main transect of 145 m length
was set up with the distance of sampling points increasing from the mid-point by 2.5, 5, 15, and 50 m
(Figures 1c-1g). A second shorter transect crossed at an angle of 26° at the center-point, with pedons at
a distance of 2.5 and 5 m. This layout was designed to extract a large number of individual distances be-
tween sample points to investigate spatial autocorrelation, while maintaining a feasible workload given the
restrictions of the remote location. The 1 m wide soil pits were aligned to the transects and subdivided in
10 cm intervals to generate 11 subpedons (Figure 1g). From the digitized soil pit sketches, the thickness of
each horizon was extracted for every subpedon and used to calculate SOC stocks by matching horizons with
corresponding soil samples. The SOC was then aggregated for specific depth intervals (SOC 0-100 cm, SOC

Figure 2. Top: The three typical tundra terrain types analyzed in this study. (a) Hummocky tussock (HT)-tundra (HE-C1-4), (b) Nonsorted circle (NSC)-tundra)
(HE-T2-2) and (c) Ice-wedge polygon (IWP)-tundra (HE-T3-05). Middle: Soil horizon distribution for typical profiles. Bottom: Corresponding soil organic carbon
densities in (kg C™*) per soil horizon below. The HT- and NSC-tundra showed highly disturbed soil profiles, while the IWP-tundra showed homogenous layering
of organic rich peat horizons. For deep soil layers in the permafrost section only information from the core is available. For (c), the uncertainty is lower, as we
can expect underlying layered lake sediments.
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0-30 cm, SOC AL [active layer], SOC PF [permafrost]) and for the visible ice content. For the permafrost
section homogeneous layering was applied. This allowed the creation of 418 soil subpedons for statistical
analysis of the variability.

3.3. Statistical Analysis

We focused on three indicators of variability, the coefficient of variation (CV), the range and the semivari-
ance. The CV is considered a soil spatial variability index (Weindorf & Zhu, 2010) and is defined as the ratio
of the standard deviation (o) to the mean () expressed in %:

cv =<2 %100
)7

The range is defined as the difference between the largest (yimax) and smallest (o) values:

range = Xmax. ~ *min.

Range and CV were calculated for different SOC intervals, the active layer depth and the visible ice content.
This was repeated at pedon scale, terrain scale and landscape scale. For CV we also calculated the 95% con-
fidence interval (95% CI) using bootstrapping with 10,000 repetitions.

Spatial autocorrelation was examined by computing an experimental semivariogram for each terrain type
using the 418 subpedon SOC values. The semivariogram displays the semivariance as a function of distance,
also called lag, and is an indicator of spatial dependency (Matheron, 1963). The semivariogram y(h) is cal-
culated as:

y(h)= ﬁfg)[z(%) - 2Z(x + h)]2

where N(h) are a number of sampled data pairs of the measured variable Z at the location x; and at a dis-
tance h from x;. To improve the variogram, we applied log-transformation to the SOC values to normalize
the data and used Cressie's modified and more robust estimator for noisy datasets (Bivand et al., 2013; Hyp-
pinen, 1996). A typical semivariogram shows an initial increase in semivariance followed by stabilization
indicating the distances at which no more spatial autocorrelation occurs (Sarma, 2009). It is recommended
to use at least 50 or more samples for variogram analysis (Webster & Oliver, 1992). All statistical analysis
were performed in R (R Core Team, 2020).

3.4. Geomorphological Transects

To show subsurface variability at meter to decameter (10 m) scale, we mapped the relative distribution of
cryostratigraphic units (i.e., active layer, ice-wedges, and remaining permanently frozen sediment) from a
transect section in the IWP-tundra and from retrogressive thaw slumps evolving in typical HT and NSC-tun-
dra terrain. These retrogressive thaw slumps formed natural exposures as they erode backward along more
or less semicircular to straight lines with little influence of the parent material (see also Lantuit et al., 2012).
This provided an unbiased crosscut of the subsurface variability of exposed soil, sediment and ice. We sur-
veyed the headwall by taking photographs in parallel to it. These were combined to a perspective corrected
panorama picture from which the relative surface area was digitized and quantified for the active layer,
ice-wedges and remaining permanently frozen sediment and ground ice. For IWP-tundra, the surface of the
schematic profile was smoothed from DGPS-points and soil profiles were inserted showing the SOC density
with depth for individual samples (using AQP; Beaudette et al., 2013).

4. Results
4.1. Pedon Scale Variability: Soil Horizons, Profiles, and Cryoturbation

The surface and subsurface properties of typical examples of the three tundra types are shown in Figure 2.
These highlight the variability at pedon scale.
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The surface HT-tundra was characterized by tussocks overgrowing repetitively occurring earth hummocks.
These hummocks had an approximate radius of 40-60 cm (Figure 2a). Cryoturbation led to the occurrence
of spatially variable and well-differentiated soil horizons causing SOC variability at centimeter to decimeter
scale. This created significant SOC variability in the active layer, depending on the relative location of tus-
socks over hummocks, the distribution of surface O-horizons and active layer depth. The typical HT-tundra
profile showed organic-rich horizons (Oijj/Oejj/Oajj) being cryoturbated toward the landform rim, while
dense mineral horizons (Bg/Bwg) were located to the center.

The surface of NSC-tundra was marked by strong expression of nonsorted circles with diameters of ~80-
120 cm, often exposing bare soil at the center surrounded by grasses and shrubs grown at the edge (Fig-
ure 2b). The soil profile of this terrain type showed strongly disturbed soil horizons and significant variabil-
ity of SOC. The NSC-tundra showed similar horizon types as the HT-tundra profile, but mineral horizons
were more common than in HT-tundra. The subsurface variability of the SOC exceeded the visible surface
variability.

For both the HT- and the NSC-tundra, the SOC density (kg C™*) was unevenly distributed in the active layer
section (Figure 2 bottom). Organic rich (O*)-horizons had C% values (~20%-45%) and low dry bulk density
values (~0.05-0.5 g m ™), while mineral horizon had low C% (~3%-5%) values, but higher bulk densities
(~1.0-1.5 g m™?). In the permafrost section, C% values varied around 2%-10%, with lower background val-
ues (Cgf horizons) at times interrupted by cryoturbated horizons with higher C%. Bulk densities ranged
at ~0.5-1.5 g m~. SOC densities declined with depth. The visible ice content varied from 10% to 100% in
HT-tundra, while it averaged around 20% in NSC-tundra. In few profiles ice-wedges were cored at a depth
of ~70-85 cm.

The IWP-tundra was covered by graminoids and smooth in polygon centers, but was strongly warped by
ice-wedges toward the rim. The typical profile showed very homogeneous pure peat deposits (O*~horizons)
within a low centered polygon (Figure 2c). The IWP-tundra showed homogeneously accumulated peat with
higher SOC densities at the top decreasing with depth. The dry bulk densities of this unit ranged from
~0.15-0.3 gcm ™ and C% values were ~30%-40% at the top of profiles and transitioned to ~10%-20% toward
the bottom. Overall, the variability of SOC was organized at a scale that corresponded to the diameter of
the ice-wedge polygon and repeated thereafter along the polygonal pattern. The active layer was shallower
in this terrain type and the visible ice content was higher presumably due to the insulating effect of peat.
Visible ice content averaged per profile around 20%-40% and an ice-wedge was cored once at 40 cm depth.

4.2. Terrain Scale to Landscape Scale Variability: Ice-Wedge Polygons and Exposures

The HT-tundra and NTC-tundra were underlain by a network of older, mid-Holocene, ice-wedges without
significant surface expression (Figures 1f, 3a, and 3b). The variability of soil properties caused by these
ice-wedges and different cryostratigraphic units is shown from a thaw slump headwall (Figure 3b). On a
~55 m stretch, with an average headwall height of ~7.5 m, the area occupied by the active layer was 9.3%.
Ice-wedges occupied 17.5% of the headwall surface area and permanently frozen sediment and deformed
glacial ice the remaining 73.3%. Compared to the thawed lake basin, these ice-wedges were much larger and
were formed under different conditions from the mid-Holocene onward (6,500 BP) (Fritz et al., 2012). They
extended into the sediments below and created a spatial disruption and deformation of the soil to depths
of >7.5m.

The variability of SOC caused by late-Holocene ice-wedges in the IWP-tundra terrain is visualized in (Fig-
ure 3c). The schematic cross-profile shows the center of an ice-wedge polygon and includes soil pedon C
density data from the IWP-tundra transect. In the center, the SOC variability was almost homogeneous and
dominated by the continuous accumulation of organic peat in layers. At the rim conditions were drier. The
substrate still consisted of pure peat, but was replaced by ice-wedge ice at depth. Polygon troughs featured
shallow soil profiles or were submerged by water (Figures 1d and 3c). The scale of the subsurface variability
was dictated by the diameter of the polygons with smaller polygons creating more disruption and higher
variability. Diameters varied between 5 to 20 m (Figure 1d). Ice-wedge cracking started in the late-Holocene
around 4000 BP (Fritz et al., 2016).
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Figure 3. a) The headwall of a retrogressive thaw slump cutting into upland tundra terrain representative of HT- and NSC-tundra (person for scale). (b)
Digitized overlay of the active layer (orange), ice-wedges (blue) and the remaining permafrost (white). The ice-wedge to the left was likely a crosscut through a
connection point of several ice-wedges. The ice-wedge in the center had a width of 3 m, the large ice-wedge to right had a width of 7 m. The smaller ice-wedge
in between had a width of 0.5 m. (c) Schematic profile across the center of the IWP-tundra transect (cf. Figure 2c top). Soil profiles show the SOC density with
depth for individual samples The organic material to mineral transition was reached for the central profile at a depth of 130 cm. Note the difference in scale for
the x- and y-axis. IWP, ice-wedge polygon; SOC, soil organic carbon.

The landscape scale variability can further be documented by the diversity in ecological units or land cover
classes (Figure 1b). While large land cover patches occurred, there is an overall strong fragmentation of the
land cover. Topographic position and drainage caused by thermal erosion dictate terrain types in this ice-
rich environment (Obu et al., 2015; Ramage et al., 2019; Smith et al., 1989).

4.3. Variability Across Scales
4.3.1. Coefficient of Variation and Range of SOC and Ice Content

We compared the variability by investigating the CV and range at three scales for these key permafrost eco-
system properties: SOC, active layer depth and visible ice content (Figure 4). The CV reached for individual
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Figure 4. Variability of ecosystem variables across scales aggregated at landscape scale (all subpedons), at terrain scale (all subpedons of the respective terrain
type) and the maximum found at pedon scale (all subpedons of a pedon, then max. value per terrain type). (a) Variability expressed as coefficient of variation.
Error bars indicate the 95% confidence interval. (b) Variability expressed as the range between the minimum and maximum values. There is insufficient data to
assess pedon scale variability in permafrost properties (only one permafrost core per pedon was collected).

variables between 24% and 67% at landscape scale for all subpedons combined. It reached similar levels for
the SOC 0-100 cm and SOC 0-30 cm when subpedons were aggregated at tundra terrain type and similar
maxima when subpedons were aggregated within individual soil pedons and the maximum was extracted
per terrain type. For the SOC AL and SOC PF and the visible ice content, the CV was more variable among
terrain types, while it was lower at terrain and pedon scale than at landscape scale for the active layer depth.
The CV was highest within the permafrost section. Importantly, the CV found within individual pedons
could exceed the CV found at terrain or landscape scale. The 95% CI indicate stable CV values at landscape
and tundra scale, but also a wide range at pedon scale, where CV can vary substantially due to the occur-
rence of ground-ice replacing significant volumes of soil within single soil pedons.

The range decreased for each observed scale, but almost reached landscape scale level for the SOC 0-100,
SOC PF and visible ice content within individual terrain types. The SOC AL had a larger range than the
SOC 0-30 cm. NSC-tundra showed the highest active layer depth range, while IWP-tundra had the highest
ice content range.

4.3.2. SOC Stocks and Ice Content

The SOC stocks and ice content variability aggregated at different scales are presented in Table 1. All values
were aggregated from subpedons, thus have the same total storage. However, the standard deviation was
reduced when first aggregated at pedon scale and then summarized per terrain type. When we differenti-
ated the SOC and active layer depth by subpedon position within landforms, the SOC storage was higher
in the landform rim for HT- and IWP-tundra, but lower for NSC-tundra. When aggregated at terrain scale,
the HT-tundra had the highest SOC 0-100 cm storage (49.2 + 10.7 kg C m™?), followed by the IWP-tun-
dra (47.6 + 12.2 kg C m ™). Both terrain types were not significantly different (Kruskal-Wallis sum test;
p = 0.909). The geomorphologically disturbed NSC-tundra stored the least SOC (39.7 + 6.7 kg C m™2) in the
top meter. The IWP-tundra had the largest variability of SOC values with a standard deviation of 12.2 kg C
m™~? for the SOC 0-100 cm. It also had the pedon with the lowest SOC 0-100 cm value over an ice-wedge.
The pedon with the highest SOC 0-100 cm storage (72.7 kg C m™2) was located in the HT-tundra, showing
the efficiency of nonsorted circles to cryoturbate SOC rich surface organic layers. The NSC-tundra had on
average the deepest and most variable active layer (71.1 + 13.2 cm), while the HT-tundra had the shallowest
(31.0 + 8.1 cm). All three terrain types had similar mean visible ice contents within the top 1 m, but showed
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Table 1

Summary of the Soil Pedons, SOC Content for Several Depth Increments, Active Layer Thickness, and Average Visible Ice Content for the Three Analyzed Tundra

Terrain Types

Visible
Pedons (*) / SocC Range SOC Active layer ice %
Terrain Subpedons (**) 0-100 cm 0-100 cm SOC SOC active SOC thickness Visible (min.—
Scale type m)? (mean + SD) (min.-max.) 0-30 cm layer permafrost (cm) ice % max.)
Pedon scale HT-tundra 143 49.2 £ 10.6 13.2 13.6 £2.6 13.2x3.6.0 36.0%x10.3 31.0x 5.6 36.2 +36.2 15.3-70.3
(13? x 11)
Pedon scale NSC-tundra 132 39.7+5.7 24.7 152 £ 2.6 32.6 £ 6.0 71 +4.7 71.1 +13.6 31.6 +£31.6 4.7-62.3
(12° x 11)
Pedon scale IWP-tundra 143 47.6 £12.6 12.5 19.2 £ 44 21.7+4.0 259x124 355+7.1 35.0+35.0 7.7-100.0
(137 x 11)
Landform HT-tundra 66°P 48.3 £10.2 46.9 (24.3- 129 £ 3.6 14.8 £ 59 33.5x11.1 342+74 36.7=x36.7 15.3-70.3
center 71.2)
Landform HT-tundra 77°° 49.9 £ 11.0 48.3 (24.4- 142+ 34 11.8 £ 6.3 38.1+10.7 28378 357357 15.3-70.3
rim 72.7)
Landform NSC-tundra 88°%P 40.6 £ 6.2 34.6 (28.7- 151 £ 34 33.6 £ 6.6 7+44 71.1 £ 134 30.6 £30.6 4.7-62.3
center 63.4)
Landform NSC-tundra 44 379+ 73 28.1(27.5- 152 £ 3.7 30.5+7.6 7.4 +55 71.2+13.1 33.5+33.5 4.7-62.3
rim 55.6)
Landform IWP-tundra 77°P 51.8 £ 104 33.5(33.2— 19.0 £ 2.2 242 + 3.6 27.7 £10.8 38.8 £4.1 27.7£27.7 8.3-67.8
center 66.7)
Landform IWP-tundra 66°P 42.6 £ 12.5 43.2 (14.3- 19.5+6.3 18.8 £4.7 23.8+133 31.7+8.0 43.5x435 7.7-100
rim 57.4)
Tundra HT-tundra 143 49.2 +£10.7 48.4 (24.3- 13.6 £ 3.5 13.2 £ 6.3 36 £11.1 31.0 £ 8.1 36.2 +36.2 15.3-70.3
terrain 72.7)
scale
Tundra NSC-tundra 132°% 39.7 £ 6.7 35.9 (27.5- 152 £ 3.5 326+ 7.1 7.1+4.7 71.1 132 31.6 £31.6 4.7-62.3
terrain 63.4)
scale
Tundra IWP-tundra 143°P 47.6 £12.2 52.5(14.3- 19.2 £ 4.5 21.7 4.9 259 +12.2 355+7.1 35.0+35.0 7.7-100.0
terrain 66.7)
scale
Landscape ALL 418°°(38P) 45.6 = 11.0 58.4 (14.3- 16.0 = 4.6 22.2+222 234+234 4521202 343x343 4.7-100
scale 72.7)

“First value indicates aggregation level.

Parentheses indicate complete pedons that contributed to the subset.

Note. Pstands for pedon; ** stands for subpedon

Abbreviation: soil organic carbon.

considerable variability in minimum and maximum values. Ice contents did not significantly correlate with
active layer thickness (Spearman’s rank correlation: p = 0.241).

4.3.3. Spatial Autocorrelation

The empirical variograms aimed at revealing subsurface spatial autocorrelation (Figure 5). They show very
high variability over short and long distances. At close range, the semivariance of SOC was slightly increas-
ing up to 1 m, most likely reflecting soil pedon scale variability caused by soil horizons. At distances ~>1 m,
the variability started to increase and became periodic. These peaks were likely caused by differences in
SOC storage due to patterned ground landforms and ice-wedges. For HT- and NSC-tundra, the variability re-
mained high between peaks due to cryoturbation. In IWP-tundra, space between peaks was even, indicating
spatial autocorrelation within peaty polygon centers with diameters of 2-5 m. The semivariance increased
over long distances in all plots. For the combined plot for HT and NSC-tundra, the transition between tundra
types at a distance >100 m becomes apparent. It is noteworthy that the semivariance repeatedly returned
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Figure 5. Semivariograms for the three different tundra types. Top to
bottom: HT-tundra, NSC-tundra, IWP-tundra, HT-NSC-tundra combined
(See Figure S4. For the same graph using width factor of 10 m and linear
x-axis). IWP, ice-wedge polygon.

near to zero. This indicates that some pedons further apart showed more
similar SOC values compared to locations near to each other. Different
settings for the semivariogram parameters were tested, notably the pa-
rameter bandwidth (gstat:width), which influenced the number of points
shown along the x-axis (See Figure S4.). However, all parameter settings
revealed similar, uneven plots for SOC and would have led to the same
overall conclusions. Modeling of a semivariogram curve failed.

5. Discussion

5.1. Variability of SOC at Different Scales

The centimeter to decimeter variability of SOC densities at the soil pe-
don scale was mainly caused by cryoturbation in terrain with patterned
ground typical of upland tundra landscapes (i.e., earth hummocks and
nonsorted circles; Figures 2 and 5). HT-tundra showed a more regular
expression of this variability than the NSC-tundra (Figures 2a and 2b).
In the IWP-tundra, centimeter to decimeter variability was absent in the
center of ice-wedges, but was strong close to the ice-wedge rims. The
permafrost exposures showed strong, binary variability (i.e., ice/no ice)
of the subsoil at terrain scale (Figures 1 and 3). There were two distinct
formations of ice-wedges: smaller late-Holocene ice-wedges with a spac-
ing of approximately ~5-15 m formed in a drained lake basin and larger
mid-Holocene ice-wedges in upland tundra (spacing of approximately
~15-30 m, Figure 3). The ice-wedges of the thaw lake basin were well ex-
pressed at the surface, but there was little surface expression of the older
and thicker ice-wedges that were located in upland tundra terrain (Fig-
ures 1d and 1f). The terrain types also showed distinct mean SOC storage
values (Table 1). Landscape scale variability was caused by transitions
between tundra terrain types governed by topography, catenary gradients
and differences in geomorphic disturbance regimes such as valley forma-
tion (Figures 1b and 5; Obu et al., 2015; Ramage et al., 2019).

Different periglacial processes and landforms and in particular their
co-occurrence created a unique spatial structure compared to other nat-
ural environments. This formed a nested or hierarchical structure caused
by an overlap of processes, both in time and space, affecting the soil prop-
erties at any given discrete point. Figure 6 provides a conceptual frame-
work for the spatial extent of the landforms and the processes and their
approximate time scales. Other relevant periglacial landforms that were
shown to affect SOC variability in other Arctic environments are peat
plateaus and palsas (Hugelius et al., 2011; Siewert, 2018) and major geo-
morphological units such as thermokarst lake basins that determine SOC
storage in Yedoma terrain at hecto- to kilometer scale (Fuchs et al., 2018;
Siewert et al, 2015, 2016).

5.2. Representativeness Across the Arctic

The assemblage of periglacial processes and landforms that cause subsurface variability are common across
the Arctic and permafrost regions. There is abundant literature evidence of the occurrence of patterned
ground landforms related to frost heave and thermal contraction cracking across the Arctic, subArctic
and even boreal and alpine environments, with landforms and terrain types analogous to the described
HT-, NSC- and IWP-tundra (Ballantyne, 2018; French, 2017; Warburton, 2013). This is not surprising, as
these landforms are a product of thermal processes related to ground freezing ubiquitous in these regions.
However, the processes also depend on other factors than temperature dynamics, such as topographic po-
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Figure 6. Conceptual diagram of spatial and temporal extent of processes
and landforms causing subsurface variability in the study area. Many

of these processes occur across the Arctic region. The time scale reflects
an assumed minimum formation age and approximate stability under
Holocene climate conditions. Reaction timing for catenary changes and
terrain type variability reflects the high ground ice content facilitating
potential thermokarst.

sition, soil moisture and parent material. With sufficient soil moisture
available, such landforms may form in most loose soil parent material
(Ballantyne, 2018; French, 2017; Warburton, 2013). Most tundra environ-
ments will likely feature at least one of these landforms and processes
affecting subsurface spatial heterogeneity, and often two or more land-
form types will co-occur and potentially interact. Clear surface expres-
sions of periglacial landforms are more common in tundra than in boreal
forest. Many forest-tundra or boreal regions will likely feature some of
this variability, but less expressed than on Herschel Island. For instance,
Zoltai and Tarnocai (1981) map the occurrence of patterned ground in
boreal forest (surveyed areas North of 60° in the Canadian Arctic) that
seems analogous to nonsorted circles observed on Herschel Island. Maps
of the Siberian region show the occurrence of frost heave and cracking
for significant parts of the continuous permafrost region, including the
boreal forest (Fedorov et al., 2018; Tumel and Zotova, 2019). The extent of
ITWP-tundra is more limited, but it is reasonable to assume that it occurs
in most Arctic lowland environments of the continuous permafrost zone
with high-ground ice contents (e.g., Liljedahl et al., 2016). We suggest
that the current best proxy relatable to high soil variability and indirect
evidence for the distribution of these landforms assemblages at circum-
polar scale is likely the coverage of cryoturbated soils (i.e., Turbels) in
soil maps (Figure 1a; Tarnocai et al., 2009). This may include the occur-
rence of hummocks, nonsorted circles that mostly occur on upland soils,
while ice-wedges often dominate lowland soils. Soil conditions may differ
and patterns in SOC bulk density and ice content may be site specific,
but the strong variability in these soils and the lack of autocorrelation
as described here is likely a common feature in moisture rich soils of the

permafrost region.

5.3. A Unique Spatial Structure in Periglacial Terrain

In our study of permafrost tundra, we found variability in terms of CV of ~25%-70% even at very fine scales.
For SOC 0-100 cm and SOC 0-30 cm, CV values were around 25 % while CV reached 45%-60% for the SOC
AL, PF active layer depth and ground ice content. The variability was greatest in the permafrost section
due to high ice content or absence thereof marked by a large range of values (4.7%-100%). In contrast, a
metaanalysis of 41 studies in ecosystems worldwide comparing CV of topsoil (0-20 cm) SOC concentrations
found generally low CV values < 35% and a log-linear relationship of CV with sampling area. CV values
ranged from ~20 for local scale studies (<1 ha) to ~70 at regional to continental scale (Zhang et al., 2011).
We found that such variability was not only achieved at the landscape scale, but also within typical tundra
terrain types and within individual 1 m wide soil pedons (Figure 4 and Table 1). This indicates that tundra
terrain exhibits some of Earth's most variable soils.

The semivariograms showed no spatial auto-correlation for centimeter to decameter scale, they further
showed strong periodicity, caused by the strong repetitive patterns from consecutive periglacial landforms
(Figure 5 and Figure S4). This periodicity is typical of spatially repeating processes, such as the repeated oc-
currence of an ice-wedge in a cross section, and requires appropriate geostatistical handling (Meerschman
et al., 2013; Webster & Oliver, 2007). Therefore, we conclude that Tobler's first law of geography does not
apply to the three analyzed tundra terrain types, as they showed no spatial decay function, but large varia-
bility expressed by CV and range values. This is in contrast to the understanding of many ecosystems world-
wide (see for example Bjorholm et al., 2008; Goodchild, 2001). In particular in the upland tundra, small
movement was enough to encounter the entire range of variability. This is characteristic of space without
spatial dependency (Goodchild, 2001). These landscapes clearly differ from other landscapes where cate-
nary shifts are not overprinted by patterned ground and ground properties are not disrupted by ice-wedges.
Previous investigations in Alaska found a range of spatial auto-correlation of ~1,000 km when working at
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a spatial resolution of 50 m (Mishra & Riley, 2015). Very local scale SOC variability within 4 X 4 m plots
was analyzed in a forested, discontinuous permafrost area by Evgrafova et al. (2018). They found larger
spatial variability for permafrost affected plots compared to nonpermafrost affected plots and a decrease in
spatial heterogeneity or homogenization of SOC with a deeper active layer and very short ranges of spatial
autocorrelation, mostly defined by vegetation distribution. Pedon databases also showed great variability of
SOC within certain land cover classes and with depth, and high diversity of soil types (pedodiversity; Ibafiez
et al., 1995) within small geographic regions (Hugelius, 2012; Siewert et al., 2016). This supports our results
and underlines the role of permafrost to promote freeze and thaw dynamics, leading to high SOC storage
and variability at scales from centi- to decameters. Further, this questions the notion of a low pedodiversity
in Arctic regions as indicated by Minasny et al. (2010).

5.4. The Relevance of Soil Variability and Permafrost Landforms for Carbon Dynamics and
Ecosystem Processes in Tundra

The high variability of soil properties and the nested nature of the landform assemblage has important
implications for our understanding of permafrost carbon feedbacks and Arctic greening. The distribution
of SOC and ground ice are a first-order control of permafrost carbon feedbacks (Turetsky et al., 2020), and
periglacial landforms and soils are important factors for the spatial organization of plant communities
(Walker et al., 2008) and for aboveground ecological processes through interactions with plant roots (Ivers-
en et al., 2015). Permafrost thaw dynamics dominate the distribution of surface water across vast land ar-
eas through the formation of thermokarst lakes, periglacial landforms and ground ice distribution (Grosse
et al., 2013). Further, we have to assume that different geomorphological processes and landforms operate
at different scales, independent of each other (Phillips, 1988) or interact in complex ways. Therefore, the
different environmental controls of these landforms and relevant time scales need to be quantified to reduce
uncertainty in projecting land surface parameters.

A wide set of environmental controls over these processes and landforms may be affected by climate change.
Vegetation, such as graminoid tussocks, may respond to warming temperatures or herbivory on short and
long time scales (Olofsson & Post, 2018), while nonsorted, sorted circles activity and SOC allocation by cry-
oturbation may be influenced by temperature amplitudes, precipitation, lithology or vegetation stabilization
(D'Amico et al., 2015; Klaus et al., 2013; Palmtag & Kuhry, 2018; Walker et al., 2004). Ice-wedge formation
has been to linked winter temperature variations (Matsuoka et al., 2018), but increased degradation is ob-
served in response to climate warming even in continuous permafrost (Liljedahl et al., 2016). Landscape de-
velopment and future SOC and ground ice distribution can only be quantified if the sensitivity of each these
processes to a changing climate is understood. The binary response of freezing and melting/thawing points
is particularly relevant. For instance, the degradation of ice-wedges can increase the micro-topographic
relief with differential ground-subsidence of several decimeters (Liljedahl et al., 2016). Such micro-topog-
raphy differences affect microbial communities, metabolic pathways and associated greenhouse gas fluxes
(Tas et al., 2018), and has led to shrub expansion along polygonal patterns (Wolter et al., 2016). Small scale
surface variability caused by cryoturbation landforms, such as nonsorted circles, was also reflected in car-
bon flux rates (Becher et al., 2015). This is even relevant at landscape scale, as reduced tundra vegetation
productivity was linked to meter to decameter heterogeneity caused by landforms (Lara et al., 2018). Thus,
the initial subsurface variability of SOC and ground ice can influence longterm greenhouse gas release
in the Arctic (Faucherre et al., 2018). Several efforts have been undertaken to delineate ice-wedges and
to estimate the ground ice-content (Lousada et al., 2018; Ulrich et al., 2014) and modeling efforts start to
implement ice-wedges and palsas as individual entities (Aas et al., 2018; Cresto Aleina et al., 2013), but for
improved understanding of Arctic greenhouse gas emissions, mapping of the circumpolar distribution of
different landforms and full model integration is necessary.

5.5. Upscaling Soil Properties and Model Integration

The large variability has implications for the mapping of SOC storage and other soil properties in perma-
frost environments. Maps of SOC provide an important baseline to calculate SOC storage and fluxes of
greenhouses gases. Present maps of SOC in the circumpolar permafrost region often use land cover and soil
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maps for upscaling (e.g., Hugelius et al., 2014; Tarnocai et al., 2009). We conclude that maps generalizing
and averaging over large scales, misrepresent local scale SOC variability significantly and are marked by
greater uncertainty than assumed before. To make more progress, higher resolution maps predicting SOC
content at the pixel level using digital soil mapping methods are necessary (Mishra et al., 2013). These
methods can loosely be differentiated in three major groups: (1) geostatistical and other spatial interpo-
lation methods mostly based on spatial autocorrelation and the distance relationship between individual
points (Oliver & Webster, 2015), (2) mapping based on environmental correlations developing prediction via
regression, such as many modern pixel-based machine-learning methods (Hastie et al., 2009), and (3) meth-
ods that combine both approaches (Hengl, 2009; Li & Heap, 2014; Li et al., 2011; McBratney et al., 2003).

We found that at the local scale the spatial variability of SOC content can exceed even landscape variability
and no spatial autocorrelation can be detected. Therefore, upscaling methods based on spatial autocor-
relation have limited ability to provide high confidence results at centimeter to decameter scale. Instead,
mapping should focus on environmental correlations between soil properties and environmental variables.
Multivariate ordination and other statistics indicate solid relationships in this respect (Hugelius, 2012;
Hugelius & Kuhry, 2009; Hugelius et al., 2010; Siewert et al., 2015, 2016). Several variables are well corre-
lated with SOC content and have been used for predictive mapping of SOC at different scales in permafrost
environments, for example, land cover, NDVI, elevation, topographic wetness index, and various climate
data (Mishra & Riley, 2015; Pastick et al., 2014; Siewert, 2018). Digital soil mapping using machine learning
methods has shown good results in permafrost environments and provides the necessary alternative to
spatial autocorrelation based methods (Ding et al., 2016; Siewert, 2018). A particular advantage of many
machine learning methods is the possibility to handle nonlinear relationships (McBratney et al., 2003),
making them perfectly suited to predict SOC in the described nested and hierarchical setting (Figure 6).
Siewert (2018) compared four commonly used methods to predict SOC and found that random forests al-
gorithm (Breiman, 2001) provided the best prediction model, confirming a general robustness to provide
superior results in many environments (e.g., Forkuor et al., 2017; Li et al., 2011).

Furthermore, while subsurface variability can be significant, soil horizons and landforms can be used as an
entity to upscale fluxes, microbial or substrate related processes. This can be done using a close-up approach
as presented in Figures 2 and 3. Due to the observed variability, large replication is necessary to provide
a full picture of the soil variability (Hugelius, 2012). Combined with soil properties such as SOC, N and
soil texture, scaling findings from soil cores or pedons to landscape scale is possible and may also address
interactions between soil horizons (e.g., Gentsch et al., 2015). In this respect, it should be easier to predict
IWP-tundra properties when stratigraphically intact layers of peat can be assumed compared to HT- and
NSC-tundra heavily affected by cryoturbation. Finally, there is a limited understanding of scale-linkages,
that is, how large-scale processes affect small scale processes and vice versa. This work aims to provide a
path toward such research.

6. Conclusions

We present evidence that permafrost causes a unique local scale spatial variability in Arctic soils. Clearly,
for pedon scale to terrain scale analyses, Tobler's first law of geography does not apply to permafrost land-
scapes, as they do not feature a spatial decay function, that is spatial autocorrelation, as is the implicit un-
derstanding of many ecosystem and geographic analysis. We conclude that in tundra, small movement can
be enough to encounter the entire range of SOC and ground ice content typical for that terrain type. This is
due to the co-occurrence and nesting of several periglacial landforms and processes. Such conditions make
permafrost environments unique compared to other regions and ecosystems where gradual landscape tran-
sitions (such as catenary shifts) are not overprinted by patterned ground. In fact, we find that tundra terrain
features soils with higher variability than most other environments on Earth.

The described variability indicates that scaling of environmental properties needs to be treated carefully
in these environments. Our study highlights the limitation of investigations of SOC and related dynamics
that are based on single soil pedons, as well as the application of concepts and methods that are based on
spatial autocorrelation. Instead, we suggest to use soil horizons and landforms as natural upscaling entities
for fine-scale studies. For local-scale mapping, we suggest to focus on methods leveraging environmental
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correlations such as machine-learning based methods. There is also a need to account for the nested land-
form assemblage and to decipher potential interactions between landforms which could result in complex
trajectories for carbon dynamics. This applies to investigations in diverse fields including biogeochemical,
biological, and hydrological studies. The here described variability of SOC and ground ice distribution
caused by periglacial landforms underlines the urgent need to include periglacial landforms and processes
in circum-Arctic investigations including earth system models.
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