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Abstract Organic layers of living and dead vegetation cover the ground surface in many permafrost
landscapes and play important roles in ecosystem processes. These soil surface organic layers (SSOLs) store
large amounts of carbon and buffer the underlying permafrost and its contained carbon from changes in
aboveground climate. Understanding the dynamics of SSOLs is a prerequisite for predicting how permafrost
and carbon stocks will respond to warming climate. Here we ask three questions about SSOLs in a representative
area of the Arctic Foothills region of northern Alaska: (1) What environmental factors control the thickness of
SSOLs and the carbon they store? (2) How long do SSOLs take to develop on newly stabilized point bars? (3)
How do SSOLs affect temperature in the underlying ground? Results show that SSOL thickness and distribution
correlate with elevation, drainage area, vegetation productivity, and incoming solar radiation. A multiple
regression model based on these correlations can simulate spatial distribution of SSOLs and estimate the
organic carbon stored there. SSOLs develop within a few decades after a new, sandy, geomorphic surface
stabilizes but require 500-700 years to reach steady state thickness. Mature SSOLs lower the growing season
temperature and mean annual temperature of the underlying mineral soil by 8 and 3°C, respectively. We
suggest that the proximate effects of warming climate on permafrost landscapes now covered by SSOLs

will occur indirectly via climate’s effects on the frequency, extent, and severity of disturbances like fires

and landslides that disrupt the SSOLs and interfere with their protection of the underlying permafrost.

1. Introduction

Permafrost landscapes in the Arctic presently contain large amounts of organic carbon [Tarnocai et al., 2009]
and have acted as net sinks for atmospheric carbon through much of postglacial times [McGuire et al., 2012].
Rapid warming of the Arctic could reverse this situation by triggering a permafrost-carbon feedback in which
thawing allows the decomposition of organic matter that is now frozen, releasing more greenhouse gases to
the atmosphere and further accelerating warming [Schaeffer et al., 2011; Hayes et al., 2014].

While it is unclear how quickly the permafrost-carbon feedback operates [Schuur et al., 2015], we do know
that the feedback is more complicated than warmer air temperatures simply causing more permafrost to
thaw. Permafrost exists as an integral part of larger ecosystems whose various components mediate
between aboveground and belowground climate [Shur and Jorgenson, 2007; Schuur et al., 2008; Johnson
et al., 2013]. One of the most important of these mediating components is the mat of living plants and
their decaying litter that covers the ground surface in many arctic regions [Marchenko et al., 2008; Treat
et al., 2013]. In addition to comprising a substantial reservoir of stored carbon in their own right [Tarnocai
et al, 2009], the insulative effects of these soil surface organic layers (SSOLs) buffer the underlying
permafrost and its contained carbon from changes in air temperature [Jorgenson et al., 2010]. Such
ecosystem-protected permafrost underlies large regions of North America and Eurasia [Shur and Jorgenson,
2007; Johnson et al., 2013] and contains much of the permafrost carbon thought to be susceptible to the
permafrost-carbon feedback [Grosse et al, 2011]. A better understanding of arctic SSOLs is needed to
predict how changing climate could affect the carbon stored in SSOLs, as well as the carbon stored in the
permafrost they shield.

Soil surface organic layers are subject to several kinds of natural disturbances. These include centimeter-scale
frost heaving [Michaelson et al., 2008], decimeter-scale mass movements [Jensen et al., 2014], and 100 km
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To account for the inherent patchiness of
arctic SSOLs when quantifying regional
carbon stocks, computer models are
needed that can incorporate the
transient dynamics of SSOLs in a
spatially explicit manner [Mishra et al.,
2013]. Computer models are also
needed for predicting the responses
of arctic carbon stocks to changing
climate because of the large extent and
complexity of soil geography in the
Arctic [Mishra and Riley, 2012], the
dynamic nature of organic carbon in
near-surface layers of the ground there,
and the scarcity of sampling [Grosse
et al, 2011; Anthony et al, 2014].
With the ultimate goal of informing
computer models of arctic carbon
stocks, we ask three basic questions
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Figure 1. Map of study area. Inset depicts location of study area. (a) L&K
Bend chronosequence along the lkpikpuk River is the most northerly

study site and lies on the northern edge of the Arctic Foothills province. about soil surface organic layers in a
(b) Lawrence’s Bend chronosequence also located along the Ikpikpuk River.  representative area of the Arctic Foothills
(c) Smith Mountain massif. See Figure 3 for additional details. (d) Niguand  in northern Alaska, an ancient landscape
Kilik River valleys are the location of multiple retrogressive thaw slumps. underlain by continuous permafrost
and possessing well-developed SSOLs
distributed across complex topography. What environmental factors control its distribution? How long do
SSOLs take to develop to equilibrium thicknesses on newly created geomorphic surfaces? What is the

effect of SSOL cover on belowground temperatures?

2. Study Region

The Arctic Foothills lie between the Brooks Range and the Arctic Coastal Plain on Alaska’s North Slope (Figure 1).
Intense folding and erosion of sedimentary bedrock has produced steep, east-west trending ridges separated
by rolling terrain now largely covered by low-, erect-shrub, and moist acidic tundra [Walker, 2000]. The foothills
closest to the Brooks Range experienced four glacial advances over the last million years, the most recent
ending ~14,000years ago [Briner and Kaufman, 2008]. The foothills north of the Colville River were never
glaciated and consist of rolling hills covered by shrub tundra and moist acidic tundra [Walker et al., 1989;
Walker, 2000]. Sedge- and shrub-dominated water tracks occur on many low-angle slopes, and willow shrubs
form gallery thickets along streams. Soils in moist acidic tundra are Gelisols and include Typic, Rupic, and
Histic Aquaturbels and Typic Mollihaplels, Typic Molliturbels, and Typic Histohaplels [Bockheim et al., 1998].
Soils associated with moist nonacidic tundra include Typic Aquaturbels, Typic Histoturbels, and Typic
Histohaplels [Bockheim et al., 1998; Ping et al., 1998]. While moist acidic tundra and moist nonacidic tundra
are found within the Arctic Foothills region, our study sites are characterized by moist acidic tundra.
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Climate in the Arctic Foothills is cold and relatively dry. Maximum summer temperatures reach 11-15°C and
usually occur in July. Mean winter temperatures are between —29°C and —20°C. Mean annual precipitation is
14-19cm, and total winter snow accumulation is 70-100 cm, with snowpack distribution being highly
modified by wind [Nowacki et al., 2001]. The region is underlain by continuous permafrost, and the active
layer (the upper layer of the ground that thaws and refreezes every year) is generally <1 m in thickness.

Our focus is on soil surface organic layers (SSOLs): mats of living and dead plant materials covering the
ground surface. The term “peat” is reserved for SSOLs >30cm thick [Gorham, 1991]. We use the term
“SSOL” to distinguish it from other types of organic horizons commonly occurring in permafrost soils,
including buried O horizons resulting from cryoturbation and mass movement [Bockheim, 2007].

We chose the Arctic Foothills as a place to study SSOLs because its complex topography affords a wide range
of growing conditions with respect to available sunlight and moisture. In addition, meandering rivers in the
Arctic Foothills have created soil chronosequences where vegetation, soil, and permafrost development can
be observed over time in conjunction with SSOL development. Also, recently stabilized landslides provide
sites where belowground temperature regimes can be monitored in SSOL-bare and SSOL-covered settings.

3. Study Sites

Smith Mountain is located 350 km south of Point Barrow in the Arctic Foothills and at latitude similar to Toolik
Lake (Figure 1c). It consists of an unglaciated sandstone syncline of the Fortress Mountain Formation
[Molenaar et al., 1988]. Kingak Mountain is the highest point on the massif at 905 m above sea level, while
the lowest point is 364 m above sea level. Slope angles are gentle (0-5°) in the lowlands but reach 50° at
higher elevations.

The Ikpikpuk River (Figures 1a and 1b) is a low gradient, meandering stream with a predominantly sand and
gravel bed load. Its watershed covers 4400 km?, and its mean annual discharge ranges between 11 and
29m>s~". Peak flow usually occurs once per year as breakup floods in early June that promotes episodic
cutbank erosion and meander scroll formation. Distant from the Brooks Range and lying north of the
Colville River, the lkpikpuk watershed has never been glaciated. Orderly sequences of meander scrolls of
varying ages support successional seres extending from newly deposited sand and gravel to SSOL-covered
tussock tundra and ice wedge polygons.

Geomorphic disturbances including retrogressive thaw slumps and sandy blowouts (Figure 2) are common in
the valleys of the Nigu and Kilik Rivers, which flow northward from the Brooks Range (Figure 1d). The
vegetation here consists of moist acidic tundra underlain by SSOLs 5-40 cm thick. Thaw slumps develop
after some minor disturbance removes the overlying soil and exposes the underlying permafrost to the
atmosphere [French, 2007]. Thaw then accelerates and exposes more permafrost. Slump activity is often
episodic, with several years of quiescence followed by renewed activity. In steep terrain, thaw slumps can
propagate upslope for decades [Lantuit et al., 2012]. The downslope, distal portions of these slides consist
of barren mineral material (Figure 2) on which soil development begins quickly but proceeds slowly. The
accumulation of plant litter can begin within 7 years following slumping, but chemical weathering requires
40+ years [Burn and Friele, 1989]. Permafrost either begins to aggrade as soon as the slump stabilizes or in
some cases continues to degrade for several decades [Niu et al, 2012]. Thaw slumps provide the
opportunity to compare soil temperature regimes under SSOL-free conditions with those under fully
developed SSOLs developed in undisturbed vegetation nearby.

4. Methods

4.1. Environmental Factors Controlling SSOL Distribution and Related Carbon Stocks

We used multiple linear regression (MLR) to investigate the relationships between environmental parameters
and SSOL thickness across the Smith Mountain massif [Gessler et al., 2000]. We chose topographic parameters
for their potential influences on water availability and soil temperatures. Using a 5m resolution,
interferometric synthetic aperture radar-derived digital surface model [Intermap, 2010] and geospatial
information software, we calculated parameter values for every 5m x5 m location within the study area.
Parameters included slope (degrees), aspect (degrees), relative elevation (meters), upslope drainage area
(25 m?), profile curvature (curvature of slope parallel to the direction of the maximum slope—unit less),
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Figure 2. Retrogressive thaw slump in the upper Nigu Valley. Data-logging station in foreground. Active thaw face in
background with intact moist acidic tundra and soil surface organic layer (SSOL) beyond. Temperature logger and radiation
shield is enclosed in a cage of hardware cloth to deter animal disturbance.

plan curvature (curvature of slope perpendicular to the direction of the maximum slope—unit less),
curvature (combination of profile and plan curvature—unit less), accumulated direct solar radiation
(Whm™?), accumulated diffuse solar radiation (Whm™2), relative duration of direct incoming solar
radiation (hours), and a normalized difference vegetation index (NDVI—unitless). All radiation parameters
are based on bihourly estimates of incoming solar radiation for 1 May to 31 September 2011. We
employed a 2800 cell sky size, a 5 day interval, a 2 h interval, and a standard overcast sky setting for diffuse
radiation. NDVI values were calculated from imagery acquired by the GeoEye-1 satellite (http://www.
satimagingcorp.com/satellite-sensors/geoeye-1/) on 8 July 2010 at 21:59:03 UTC (image ID#
201007082159030V05). This image offered the most cloud-free scene during peak growing season. The
original 1.65m resolution image was resampled to 5m resolution and orthorectified to align with the
digital terrain model of the Smith Mountain study area. NDVI was calculated using the near-infrared (NIR)
wavelength (780-920 nm) and red (R) wavelength (655-690 nm) using the standard ratio, (NIR — R)/(NIR + R).

We measured SSOL thicknesses in the field at 409 locations. Of these, 271 locations were dedicated to model
calibration and were systematically located along 15 transects spanning the full range of each environmental
parameter expressed within the study area (Figure 3). An additional 138 predetermined and randomly
scattered locations, termed “test pits,” were opportunistically sampled while traveling between model
calibration locations (Figure 3). These 138 test pits were reserved for model testing. The global positioning
system was used in the field to locate all sample locations with an accuracy of +£3 m. Soil pits approximately
0.1m? in area were excavated using hand tools to the depth of mineral soil. We measured SSOL thickness as
the distance between the bottom of living moss and the top of the uppermost mineral horizon.

Before inclusion in the MLR, parameters were tested for colinearity by calculating variance inflation factors
[Zuur et al.,, 2010]. Parameters with the highest variance inflation factor (VIF) score were removed from the
pool until all VIFs were < 3.0. The uncorrelated parameter data were combined with their associated SSOL
thicknesses and included in the MLR. Forward selection was performed until all parameters were
significant (p value < 0.05).

We used the resultant regression equation to calculate SSOL thickness for every 5 m x 5 m cell within the study
area. We tested the model by comparing observed SSOL thickness with predicted SSOL thickness in the 138
test pits. We calculated root-mean-squared error (RMSE), coefficient of determination (R?), and ratio of
performance to deviation (RPD) to evaluate the overall performance of the SSOL model [Gomez et al., 2008].
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Figure 3. Sample design at Smith Mountain. Red dots indicate locations of model calibration pits (n=271). Clusters of
calibration pits are averaged together and represented by the central location (black points). These are termed model
points (n=98). White dots are the test pits (n=138) used in testing the accuracy of model-estimated SSOL thickness.

4.2, Rates of SSOL Development

We identified two river bends along the lkpikpuk River containing well-organized meander scroll sequences
[Nanson, 1980] (Figure 4). We measured SSOL thicknesses along transects extending from the riverbank
(time =0) inland across progressively older meander scrolls to areas occupied by ice wedge polygons and
moist acidic tundra. At the L&K site (Figure 4a), we dug soil pits in mid-July at every 5m over the first
540 m and then at every 10 m over the next 380 m. At the Lawrence’s Bend (LB) site (Figure 4b), we dug
soil pits every 10 m in mid-July along a 350 m transect (Figure 4b). Additional soil pits were dug at the 628,
1117, and 1270 m marks. In each pit, we measured SSOL thickness to the nearest centimeter. Depth of
thaw was measured to the nearest centimeter using three random probes with a tile probe within a 1m
radius of each soil pit. Shrub canopy height, canopy structure, understory species composition, and the
relative dominance of different plant species were recorded at each sampling site. We dated the
chronosequences using the radiocarbon (**C) ages of the stems of in-growth position willow shrubs
buried under point bar deposits and then reexposed in eroding cutbanks. Today, these buried stems can
be found partially buried on active point bars and therefore are a good measure of when time equals zero.

Every meander scroll sequence develops through time along a different curvilinear trajectory (Figure 4). This
means that the straight line distance from the currently active point bar is not a useful indicator of relative
age. A more meaningful metric is the relative position of each sampling site with respect to the accretion
axis of the scroll sequence [Hicken, 1974]. The primary accretion axis reflects the long-term growth pattern
of the point bar, and it is defined as the point on each meander scroll where the orthogonals to the scroll
crests can be divided approximately bilaterally [Hicken, 1974]. Once the accretion axis was defined, we
projected all sample data onto that axis. To assign ages to specific points along this axis, we traced the
scroll ridges and swales under which the '*C-dated willows originated laterally to where they intercepted
the primary accretion axis. The same was done for a number of reference points along the sampling
transect. CLAM version 2.1 software and the smooth spline model [Blaauw, 2010] was used to infer ages
for successive positions along the accretion axis, while a simple linear interpolation equation was used to
convert all the remaining distances along the transection to distances on the accretion axis.

4.3, Effects of SSOLs on Belowground Temperature

To investigate how the presence of a SSOL affects belowground temperature regimes, we measured air and
mineral soil temperature over the course of a year at sites that were SSOL free, SSOL developing, or SSOL
covered. The eight (n=8) SSOL-free sites consisted of five retrogressive thaw slumps in the Nigu River
valley, one blowout in tundra-covered sand dunes along the Kilik River, and two vegetation-free point bars
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Figure 4. (a) The L&K chronosequence. Brown areas are the actively
depositing portions of point bars. Soil samplin? points lie along the blue
transect lines. Yellow dots show locations of ' *C samples collected along
cutbanks. Location of soil samples and c sample sites are projected onto
the primary accretion axis (dashed line) based on meander scroll patterns.
(b) The Lawrence’s Bend chronosequence. Brown areas are the actively
depositing portions of point bars. Soil sampling points lie along the blue
transect lines. Yellow dots show locations of ' *C samples collected along
cutbanks. Location of soil samples and e sample sites are projected onto
the primary accretion axis (dashed line) based on meander scroll patterns.

along the LB chronosequence on the
lkpikpuk River. The 15 (n=15) SSOL-
covered sites consisted of five locations
of undisturbed, moist acidic tundra
vegetation adjacent to each of the
five thaw slump sites in the Nigu
Valley, one herbaceous tundra location
adjacent to the sand blowout in the
Kilik Valley, five locations along the
vegetated scrollbar surfaces of the LB
chronosequence, and four locations
located on low-angle, moist acidic
tundra on each cardinal flank of
Smith Mountain.

Each monitoring site was instrumented
with two temperature loggers (onset
HOBO model UA-001-08, Pocasset, MA,
USA) that recorded air and soil
temperature bihourly. These loggers
have a reported accuracy of +0.53°C
from 0 to 50°C and a recommended
operating range of —20 to 70°C.
Temperatures at the thaw slumps, the
sand blowout, and along the LB
chronosequence were recorded for
lyear (June 2011 to August 2012),
while temperatures at the Smith
Mountain sites were recorded during
June-August 2012. At SSOL-covered
sites, air temperature was recorded
8-10cm above the surface of the
moss layer within a radiation shield.
Belowground temperature was measured
at the organic/mineral interface. At
SSOL-free locations, air temperature
was measured 8-10cm above the
exposed mineral soil surface, and soil
temperature was measured 2-4cm
below the exposed mineral soil surface.
Along the LB chronosequence, data
loggers were located at 0, 40, 100, 150,

190, 270, and 1200m inland along the sampling transect. At all sites in all study areas, two sets of
temperature loggers were used for replicate measurements and were placed 10-20 m apart.

5. Results
5.1. Modeling Distribution of SSOLs on Smith Mountain

We found the mean SSOL thickness at all sample locations to be fairly uniform: 8.0+5.6 cm (+1 standard
deviation (SD)). Minimum and maximum observed SSOL thicknesses were 0 and 26 cm, with SSOL-free
areas occurring on steep slopes (>40°), ridge tops, scree fields, and in areas disturbed by animal digging.

For MLR construction, all parameters were found to be approximately normally distributed except upslope
area, which was transformed using a log transformation (log;o(x)). Topographic parameters that we found
to be sufficiently uncorrelated with one another included duration of direct radiation, accumulated direct
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Table 1a. Multiple Linear Regression Output®

Parameters Estimate Standard Error t Value PR(> 1)
(Intercept) —1.105 6.004 —0.184 0.854
Relative elevation —0.026 0.005 —5.052 21e—6
Upslope area 1.694 0.775 2.187 0.031
NDVI 20.45 8.493 2.408 0.018
Direct radiation —0.000008 0.000004 —1.682 0.0959

#0utput depicts correlative relationship between environmental parameters and SSOL thickness (cm).

radiation, profile curvature, plan curvature, upslope drainage area, relative elevation, aspect, and NDVI. To
dampen the small-scale noise in SSOL thicknesses that is common in organic-rich landscapes [Parry et al.,
2012], we resorted to averaging neighboring sample locations together to produce 98 “model points.” This
yielded the following best fitting regression equation (equation (1)):

Y = —0.003(e) + 1.694(a) + 20.45(N) — 0.000008(d) — 1 (1)

SSOL thickness, cm;

relative elevation, m;

upslope drainage area, 25 m?;
NDVI, unitless;

direct radiation received between May and September 2011, Wh m~2,

o Z o o <

Using these parameters yielded an overall, adjusted R? of 0.52 and an overall p value of 3.2x 10~ (Tables 1a
and 1b). Based on p values, relative elevation was the variable most significantly correlated with variation in
SSOL thickness. NDVI is the next most significant parameter, followed by upslope-drainage-area and direct
radiation, respectively. An increase in direct solar radiation or relative elevation accompanies thinner SSOLs,
while an increase in NDVI and upslope-drainage-area is associated with an increase in SSOL thickness.

The regression equation (equation (1)) was then used to estimate SSOL thickness for every 5mx5m cell
within the study area. We found that we could use NDVI values d to mask areas that were vegetation free.
Any cells with an NDVI value less than 0.63 were automatically assigned a 0cm SSOL thickness. All
remaining SSOL estimate values were rounded to the nearest centimeter.

Model testing found minimal agreement between observed and predicted SSOL thicknesses in the 138 test
pits. The mean error of the estimate for all 138 test pits was 1.01 cm of SSOL; however, the RMSE was 70.02 cm.
The coefficient of determination (R?) equaled 0.20. The calculated RPD was 0.04, which suggests the model
has little to no predictive abilities at the scale of 5m [Chang and Laird, 2002].

Our model performs adequately at larger spatial scales but poorly at smaller ones (Figure 5). Specifically,
the model correctly highlights areas of thin or absent SSOLs through the use of the NDVI threshold
thereby accurately modeling the SSOL-free nature of ridgelines, scree fields, and high-elevation areas.
Water tracks (linear, downslope-oriented swales with perennially saturated soils and substantial organic
layers) stand out as locations with thicker SSOLs. The model also yields a realistic estimate of total SSOL
thickness. The observed average
SSOL thickness for the test pits is

Table 1b. Multiple Linear Regression Output® -
uitipie M gressi B similar to modeled average SSOL

Values thickness, 11.3+£6.7cm versus 10.3
Residuals —9.8 +3.0 cm, respectively (+1SD).
1Q —2.2
Median —03 5.2. Carbon Stocks Inferred From
3Q 22 Modeled SSOL Thickness
Max 9.1
Multiple R 0.5414 The SSOL thickness model, while weak,
Adjusted R? 0.5219 can be used to estimate the amount
Ff/t;t:t'c 27’743(’;32:”?594 DF of organic carbon stored at the soil
P i i surface on a regional basis and
Output reports measure of goodness of fit. demonstrates one future application
BAUGHMAN ET AL. MODELING SSOLS IN ARCTIC ALASKA 1156
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These relationships are based on the Arctic
Foothills samples (n=35) from the most
recently cataloged University of Alaska
and U.S. Department of Agriculture-
Natural Resources Conservation Service
Figure 5. At large spatial scales, the model successfully simulates  soil profiles [Michaelson et al, 2013].
the natural pattern§ SSOLs on Smith Mountain. Spe-ciﬁcally, S?OLS are Applying equation (2) to the SSOL thick-
absent or thin on ridge tops, steep slopes, and at high elevations. K
SSOLs >17-18 cm are restricted to water tracks and the thickest SSOLs ness model output results in an overall
occur where water tracks converge to form first-order drainages. estimate of 0.45+0.06 Tg of C occurring
within SSOLs in the entire Smith

Mountain study area. Estimated SSOL-based carbon stocks ranged from 0 to 15 kg Cm~2 with a weighted

average of 9.55 kg Cm ™2 and a standard deviation of 2.46 kg Cm 2.

Estimated
SSOL (cm)

5.3. Chronology of SSOL Development

The point bar chronosequences (Figure 4) are useful for estimating how long SSOLs take to develop
and reach steady states. The oldest parts of the LB and L&K transects date to 3300 +40 cal years B.P. and
2510+ 130 cal years B.P., respectively (Table 2). Vegetation succession is similar along both chronosequences.
Immediately adjacent to the sandy point bar, vegetation is sparse and sand and/or gravel is widely exposed.
The plants growing here include grasses, forbs, and scattered willow shrubs. Within the first 100 m inland
from the shoreline, willow shrubs form a thicket up to 3 m high. Ground layer vegetation is still patchy and
consists of mosses, Equisetum, and forbs. Moving inland, the ridge and swale topography of the meander
scrolls produces small-scale variations in plant communities. On the meander scroll ridges, dense stands of
low willow and ericaceous shrubs occur. Sedges dominate in the swales. Further inland, 150 to 1770 m from
the active part of the point bar, dwarf shrub tundra becomes widespread. This vegetation persists until ice
wedge polygons develop under moist acidic tundra vegetation near the end of each transect.

In addition to the changes in vegetation just described, marked changes in soil development, SSOL thickness,
and depth of thaw occur along both chronosequences. At the L&K site, organic layer accumulation begins in
isolated patches around 45 m inland at a point with an estimated age of <10 years (calibrated years before
2010 Common Era (C.E.)). These scattered patches of SSOL consist of mosses, herbs, grasses, and/or willow
leaves. A thin SSOL develops in swales
around 85m inland and consists of
thin, alternating bands of buried litter
J and silt deposited during occasional
floods. This location is estimated to be
110+ 10years (£1SD). A continuous
organic soil horizon first appears
® SSOL-based carbon (kgC/m?) around 100m inland, which has an
estimated age of 170+ 10years. Depth
of thaw decreases simultaneously in an
erratic fashion (Figure 7). The trend of
thickening organics and thinning depth

0 50 100 150
SSOL thickness (cm)

Figure 6. Relationship between SSOL thickness and SSOL carbon stocks.

Shown here are results from 35 soil pits within the Arctic Foothills of thaw continues until approximately
(redrawn using data of Michaelson et al. [2013]). 200 m from the active point bar, where
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Table 2. Radiocarbon (14C) Dates From the Ikpikpuk River Valley

13C-Normalized 2 s Calibrated Mean Probable
Field Lab Number Location Latitude (°N), Age (Years Before 1 Standard  Age Range Calibrated
Number  Beta-###### Longitude (°W) Dated Material 8'3¢ (%0) 1950 C.E.) Deviation (cal years B.P.) Age (cal years B.P.)
Lawrence’s Bend
LBEND14 311696 69°26.5', 154°53.0" Willow in-growth —29.0 310 30 301:463 380
position (WGP)
LBEND13 315152 69°26.5', 154°52.9' WGP —-27.0 920 30 766:922 840
LBEND12 315151 69°26.5', 154°52.8' WGP —26.4 1240 30 1077:1264 1170
LBEND11 311695 69°26.5', 154°52.8' WGP —27.5 1580 30 1403:1535 1470
LBENDO3 311694 69°26.4', 154°52.0' WGP —29.1 2930 30 2973:3208 3090
LBENDO1 311693 69°26.4', 154°51.9' WGP —274 3070 30 3215:3362 3290
L&K Bend

LK17 331699 69°41.1", 154°51.3" WGP —29.8 900 30 739:910 820

LK16 331696 69°41.1', 154°51.3" WGP —27.8 1000 30 798:967 1070
LK15a 331698 69°41.2', 154°51.1" WGP. —27.1 1260 30 1088:1281 1180
LK7a 331697 69°41.2', 154°50.7" WGP —289 2490 30 2368:2725 2550
LK7b 331694 69°41.2', 154°50.7" Basal 2 cm of 20 cm thick  —28.7 990 30 797:961 880

peat layer covering LK7a

they both reach steady states. At this point, where surface age is 550 + 50 years, we consider the SSOL to have
reached a steady state. Beyond this point along the L&K chronosequence, both SSOL thickness and depth of
thaw remain relatively constant (Figure 7).

At the LB site, soil organic accumulation follows a similar pattern as at L&K. Surface organics begin to
accumulate 20 m inland of the barren surface of the active point bar. The 20 m mark is estimated to be
20+ 4years old. A pronounced surface organic horizon has developed around 70 m inland at a position
estimated to be 260 + 50 years old. The depth of thaw thins erratically until approximately the 290 m point
where it begins to stabilize. This location is estimated to be 720+ 60years old and represents the point
where SSOL reaches a steady state (Figure 7).

5.4. Effects of SSOLs on Ground Temperatures

The six SSOL-covered sites in the Nigu and Kilik Valleys had a mean SSOL thickness of 13 +2 cm (+1 SD). At the
temperature monitoring sites on Smith Mountain, the mean SSOL thickness was 17.4+1.7cm. A z test

a Distance from beach along Lawrence's Bend sampling transect (m)
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
0 | o=~ - - - - - - - - ; : : |
2 /\/\{‘._\,‘,\N\' ems==S=SESS=SS=S=S==SS===S=ZSSd==z2ma.,
LE’_ -40 / \,,'V' /
£ ’l ——depth of thaw (Transect 1)
3 B /\, depth of thaw (Transect 2)
a -80 _— .
/\ SSOL development SSOL thickness (Transect 1)
-100 SSOL thickness (Transect 2)
4120 |

Distance from beach along L&K Bend sampling transect (m)
0 100 200 300 400 500 600 700 800 900 1000

(o

steady state

Depth (cm)
P

SSOL development .
-120 ——Depth of Thaw ——S550L thickness

Figure 7. (a) Relationship between SSOL thickness and distance from active point bar in the Ikpikpuk Valley. SSOL formation
initiates quickly, stabilizes around 300 m, and then maintains a steady state. Arrows represent radio carbon dates. (left to right)
20 + 4 years B.P., 260 + 50 years B.P., 720 + 60 years B.P., and 3300 + 40 years B.P. (b) Relationship between SSOL thickness and
distance from active point bar in the Ikpikpuk Valley. SSOL formation initiates quickly, stabilizes after 200 m, and then maintains
a steady state. Arrows represent radio carbon dates. (left to right) <10years B.P., 110 + 10 years B.P,, 170+ 10 years B.P,,

550 + 50 years B. P, 2510 + 130 years B.P.
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Table 3. Summary of Bihourly 2011-2012 Temperature Data®

Max Growing Season

Peak Growing Season

Bare Tundra Bare Tundra
Mean air temperature 49+0.6 4.7+0.1 10.9+0.7 11.0+£0.3
# of days air temperature >0°C 126+ 10 127 £17 92+0 92+0
Air growing degree days > 0°C 1154 +111 1225+ 66 1000 +62 1013 £28
Mean ground temperature °C 54+13 08+0.5 109+1.2 25+09
# of days ground temperature >0°C 131+4 131+4 92+0 84+5
Ground growing degree days > 0C 1168 + 169 263 £85 1005 + 107 230+80
Mean thermal advantage (degree days) —31+202 962 + 107 —13+124 78385

?Bare: location of exposed mineral soil within retrogressive thaw slumps (n = 5). Tundra: location covered in 13+ 1 cm
of SSOL adjacent to thaw slumps (n = 6). Max growing season = May, June, July, August, September, and October. Peak
growing season =June, July, and August. Growing degree day: (air or ground degree days >0°C). Thermal advantage:

average difference between air and ground growing degree days.

comparing mean air temperatures inside and outside of the five retrogressive thaw slump sites in the Nigu
Valley from June through August found no significant difference (¢=0.01, p value=0.32). Hence, we
assume that differences seen in mineral soil temperatures inside and outside retrogressive thaw slumps

were caused by the presence of SSOLs.
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Figure 8. (a) Influence of SSOL thickness on mean June-July-August
mineral soil temperature. A threshold exists in the relationship between
SSOL thickness and the temperature of the underlying mineral soil
when SSOLs reach about 7 cm in thickness. (b) SSOL thickness and the
thermal advantage. Thermal advantage is the difference in accumulated
growing degree days between the air and soil environment.

The presence of SSOLs was associated with
lower monthly mean soil temperature at
the organic/mineral interface (Table 3).
June, July, and August mean soil
temperatures (MSTs) were reduced by
10.3+£1.1°C, 9.1+£0.8°C, and 5.7+0.6°C,
respectively (+=standard error of mean).
This resulted in under SSOL MSTs for June,
July, and August of 1.2+0.5°C, 3.3+0.4°C,
and 2.9+0.2°C, respectively. The presence
of SSOLs lowered mean soil temperature
for June, July, and August by 8.3+0.7°C
and resulted in a mean, growing season
temperature  (May-October) that was
4.4 +0.6°C lower. Temperature measurements
from all study sites show that an increase
in SSOL thickness strongly correlates
with a decline in growing season soil
temperature (Table 3).

The presence of a SSOL also strongly
affected growing degree days (GDDs) at
the mineral soil surface. Under climax-
state SSOLs (i.e., intact, mature tundra
vegetation), total summer growing
season GDDs (accumulated daily mean
temperature > 0°C) at the organic/mineral
soil interface totaled 263 +85°C compared
to 1168+ 169°C at a 2cm depth in bare
mineral soil (Table 3). This equates to a
reduction of available heat energy by 77%.

The effect of an SSOL cover on belowground
growing conditions is a nonlinear function
of SSOL thickness. The difference in GDDs
above and belowground increases as SSOLs
accumulate, up to a thickness of about
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7 cm. After 7 cm is reached, the rate of change in the difference declines (Figure 8). This implies that 7 cm of SSOL
has nearly the same biologically relevant cooling effect as 15 or 30 cm of SSOL.

6. Discussion
6.1. Predicting SSOL Distribution and Thickness

The middling correlation between SSOL formation and topographic parameters (R* =0.52) is comparable to
the results of other models that predict soil characteristics based on terrain parameters. For example, Gessler
et al. [1995] predicted solum and A horizon depths in Australia using a regression model with R* values
between 0.63 and 0.68. In Taiwan, Tsai et al. [2001] predicted B horizon thicknesses based on slope angle
in a model with R® values as low as 0.05. In Labrador, Graniero and Price [1999] predicted vegetation
distribution in a bog using a regression model with an R? of 0.22. Parry et al. [2012] predicted peat volume
and carbon stores on the Dartmoor using R values ranging from 0.27 to 0.54. Despite these moderate to
low R? values, each of these authors found their model capable of practical application. R* values alone are
not a sole indicator of a predictive model’s accuracy [Zuur et al., 2010], and the direct comparison of model
predictions with reserved sets of validation data offers an alternative assessment of model capability.

In this case, comparison of the predicted and validation data sets indicates poor predictive capabilities at
small spatial scales within the study area (coefficient of determination (R%) =0.2; ratio of performance to
deviation (RPD)=0.04). In contrast, our model is more successful at predicting SSOL thicknesses at larger
spatial scales and can usefully depict the distribution of SSOL thickness in relation to topography and
elevation on real landscapes. Specifically, the model finds that sites on Smith Mountain that are free of
vegetation lack SSOLs and that water tracks possess the thickest SSOLs (Figure 5). It also yielded a realistic
estimate of total SSOL thicknesses in the Smith Mountain study area. Additional sampling efforts would be
required to validate model accuracy at the larger scale and an approach similar to Pastick et al. [2014]
would be required for the assessment of the entire Arctic Foothills region.

What causes our model’s inaccuracy at small spatial scales? The underlying reason probably relates to the
geomorphic stochasticity inherent to many periglacial landscapes. The slopes of Smith Mountain are a
mosaic of small-scale disturbances including solifluction lobes, mud boils, and ice wedge polygons.
Together these disturbances have created a microtopographic mosaic whose pieces vary in time since last
disturbance. This in turn creates a mosaic of plant communities under which SSOLs accumulate at varying
rates. Because there is only a limited range in SSOL thicknesses in the Smith Mountain study area and
because these SSOL thicknesses are relatively noisy, the resultant model fails at small spatial scales even
while it succeeds at larger ones. In hindsight, a more extensive survey that included more sites supporting
thicker SSOLs may have improved the signal-to-noise ratio and allowed better model building. At present,
small-scale heterogeneity caused by the spatial mosaic of periglacial disturbances probably dooms any
attempts to model SSOL thicknesses as a continuous variable at spatial scales < 50 m. Pastick et al. [2014]
successfully estimates binary organic layer thickness at the 30 m scale using an exceptionally large number
of observations within the Yukon River Bain. Mishra and Riley [2012] also successfully model categorical soil
carbon stocks at the 60 m scale. In time, it is likely that high-resolution data sets concerning soil-forming
factors will be paired with the ever-growing database of soil observation making accurate high-resolution
(<50 m) predictive models possible.

6.2. How Realistic Are These Soil Carbon Estimates?

Direct comparisons with previous estimates of soil carbon stocks in other permafrost areas are difficult
because our focus here is on SSOL carbon within a single landscape. Previous work has often partitioned
the soil carbon pool into generalized layers (e.g., active layer versus permafrost) and stratified the entire
Arctic into generalized landscape units (e.g., uplands, mires, and tundra). Our topographic- and NDVI-
based model estimates that 0.45+0.06 teragrams (Tg) of carbon exists in SSOLs within the 47 km? Smith
Mountain study area (+=95% confidence interval (Cl)). This equates to 9.49 + 1.18 kg Cm~2, which is in the
range of previous estimates for similar arctic regions (Table 4).

6.3. Development of Steady State SSOLs

On floodplains in the Arctic Foothills, organic matter begins to accumulate on the ground surface within
several decades following point bar stabilization, the point when the point bar becomes largely isolated
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Table 4. Previous Carbon Stock Estimates for Similar High-Latitude Regions

Author Landscape/Region kg C/m?
Kurz et al. [1992] Arctic soils 17.1
Kurz et al. [1992] Subarctic soils 338
Shaver et al. [1992] North America tundra 22
Gilmanov and Oechel [1995] North American tundra uplands 20.95
Tarnocai [1998] Average North American Arctic, mineral soil 12
Tarnocai [1998] Average North American Arctic, organic soil 43
Ping et al. [2008] Upland O-enriched surface horizons 75116
Tarnocai et al. [2009] Circum-Arctic Gelisols to 1 m depth 22.6-66.6
Johnson et al. [2011] Arctic Alaska upland tundra, surficial organic layers 5.9-8.8
Johnson et al. [2011] Arctic Alaska lowland tundra, surficial organic layers 3.7-4.0
Johnson et al. [2011] Arctic Alaska upland tundra to 1 m depth 424-729
Johnson et al. [2011] Arctic Alaska lowland tundra to 1 m depth 34.3-35.3
Michaelson et al. [2013] Arctic Alaska entisols 1312
Michaelson et al. [2013] Arctic Alaska gelisols 1.01%
This study Smith Mountain, Arctic Foothills 9.49+1.18

®Average density per centimeter SSOL thickness.

from annual floodings. The developing SSOLs eventually reach a steady state thickness after 500-700 years.
Organic accumulation occurs rapidly at first and then slows. Microtopography created by the underlying
meander scroll topography and by ice wedge polygons affects SSOL development. Namely, SSOLs develop
soonest and thicken fastest in the swales, while on scroll crests SSOLs are slower to form and remain
relatively thin. Microtopography is an important factor in controlling SSOL development on the floodplain
just as it is on the slopes of Smith Mountain.

A steady state in SSOL thickness is reached when the addition of new plant litter is matched by the combined
actions of decomposition, cryoturbation, and lateral transfer by wind or burning. As a result, a SSOL's basal '*C
age can be significantly younger than the age of the underlying geomorphic surface. At one location along
the L&K chronosequence, a willow buried in river sand beneath the SSOL dated to 2550 years, while the basal
age of the 20 cm thick SSOL on the ground surface above it dated to only 880 years (Table 2), suggesting that
the first 1700years of accumulated C was lost to decomposition, cryoturbation, or lateral transfer. The
maintenance of a mass balance between gains and losses of organic matter is consistent with the
fluctuating, steady state in SSOL thicknesses observed along the two floodplain chronosequences
(Figure 7). Our chronosequence study sites are typical of the immediate region, but additional replicate
studies from adjacent river systems would be valuable for substantiating and improving our estimates.

6.4. Soil Surface Organic Layers and Ecosystem-Protected Permafrost

Soil surface organic layers play several important ecological and geomorphic roles in the Arctic Foothills. First,
they store a large amount of carbon (1.0-1.7 kg Cm2cm™ (Table 4)), which accounts for 35 +21% of the
total carbon contained in the top meter of soil profiles in the Arctic Foothills [Michaelson et al., 2013].
Second and perhaps more importantly, SSOLs help maintain ecosystem-protected permafrost in the
ground below [Shur and Jorgenson, 2007]. At our study sites, the presence of a SSOL >7 cm thick reduced
mean June-July-August soil temperatures at the top of the mineral soil by 8°C (Figure 8). This cooling
maintains thinner active layers and colder permafrost.

The presence of a SSOL relies on the existence of a “thermal advantage” between the ground surface where
plants are fixing carbon and below the surface where these carbon compounds are being decomposed
[Swanson et al., 2000]. Soil temperatures below 0°C retard belowground decomposition, and cooling below
—6°C reduces it to very low rates [Price and Sowers, 2004; Panikov et al., 2006]. Following the stabilization of
new geomorphic surfaces after a disturbance like a fire or a landslide that restarts primary succession, the
ground surface can either possess a slight thermal advantage (it is warmer) or a slight disadvantage (it is
colder) than the underlying mineral soil. Our results show that within our study area and under the present
climate of the Arctic Foothills, the accumulation of even a thin layer of plant litter endows the ground
surface with a thermal advantage over the mineral soil, which then triggers a positive feedback encouraging
the accumulation of more organic material. This process accounts for the ubiquitous nature of SSOLs within
our study area.
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Our measurements show that within our study sites, the thermal advantage of the ground surface increases
steadily as SSOLs accumulate up to a thickness of about 7 cm (Figure 8). After this thickness is reached, the rate
of increase in thermal advantage per increase in SSOL thickness declines. This suggests that the accumulation
of SSOL in excess of 7cm may be largely irrelevant to biological activity in the underlying mineral soil.

6.5. SSOLs and Warming Climate

SSOLs in the Arctic Foothills exist at the front line of climate change for several reasons. Small shifts in
aboveground climate can alter the balance between plant productivity and microbial decomposition that
determines the mass balance of organic carbon in SSOLs. Furthermore, because SSOLs are at the ground
surface, they are vulnerable to ecological disturbances like wildfires [Mack et al., 2011; Higuera et al., 2011;
Jones et al.,, 2013], which in turn are strongly influenced by summer climate [Hu et al., 2010]. There are
indications that tundra fires are becoming more frequent in the Arctic Foothills [Hu et al., 2010; Chipman
et al.,, 2015]. Although the frequencies of tundra fires are still poorly resolved in Arctic Alaska, they appear
to range between several decades to >500 years depending on topography and vegetation type [Higuera
et al., 2011; Jones et al., 2013; Chipman et al., 2015].

The dynamics of SSOLs could prove crucial to permafrost stability and carbon storage if fires become more
frequent. This follows from the observations along the lkpikpuk chronosequences that 250-300 years are
required for SSOLs to reach the critical 7cm thickness and 500-700years to reach steady states. If fire
return intervals shorten to 200-300years, SSOLs will have difficulty accumulating, and widespread
thermokarsting and release of permafrost carbon could result.

7. Conclusions

1. Spatial variation in thickness of soil surface organic layers (SSOLs). Topography and vegetation productivity
can be used to predict SSOL thickness and distribution in Arctic Alaska at spatial scales greater than
~1km. The most important topography-related factors are relative elevation, upslope drainage area,
and direct radiation. Together with NDVI, these factors explain 52% of the variation in SSOL thickness
and provide a way to remotely model SSOL-carbon distribution in regions of complex topography with
climates similar to the Arctic Foothills.

2. Belowground Carbon Stocks. Our model estimates that the 47 km? Smith Mountain study area contains
approximately 0.45 +0.06 Tg or 9.49 +1.18 kg Cm ™2 in its SSOLs (& =95% Cl).

3. Rates of SSOL Formation. On river floodplains in the Arctic Foothills, SSOLs begin to accumulate 5-20 years
after a new geomorphic surface stabilizes and require 500-700years to reach steady state thicknesses.
These rates are for SSOL formation on sandy, low-angle, lowland surfaces. Rates of SSOL development are
probably slower on steep slopes underlain by coarser parent material and faster on silty, moist substrates.

4. SSOL Feedbacks on Soil Temperature. The presence of a SSOL significantly cools the underlying mineral soil
and, by doing so, buffers the underlying permafrost from warming air temperatures. The presence of a
mature SSOL reduces mean annual soil temperature at the SSOL/mineral interface by 3°C. Its presence
also reduces growing degree days (degree days > 0°C) within the mineral soil by nearly 80%. In the
Arctic Foothills today, SSOL formation is primed to begin as soon as the ground surface stabilizes after
a disturbance like a deeply burning fire or a landslide. The accumulation of any insulating, organic material
on the ground surface quickly shifts the thermal advantage to aboveground productivity and triggers a
positive feedback loop favoring SSOL accumulation.

5. Vulnerability of SSOLs to changing climate. Because they protect permafrost from warm air temperatures,
disruption of SSOLs may be the proximate link between warming climate and widespread permafrost
thaw in the Arctic Foothills. The permafrost-buffering effects of SSOLs in the Arctic Foothills are probably
particularly sensitive to fires, whose frequency is predicted to increase as summer climate warms. Fire
return intervals less than 200-300 years may represent a crucial threshold leading to significant increases
in the release of carbon now stored in permafrost.
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