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Abstract

Topography and canopy cover influence ground temperature in warming permafrost
landscapes, yet soil temperature heterogeneity introduced by mesotopographic slope
positions, microtopographic differences in vegetation cover, and the subsequent
impact of contrasting temperature conditions on soil organic carbon (SOC) dynamics
are understudied. Buffering of permafrost-affected soils against warming air temper-
atures in boreal forests can reflect surface soil characteristics (e.g., thickness of
organic material) as well as the degree and type of canopy cover (e.g., open cover
vs. closed cover). Both landscape and soil properties interact to determine meso- and
microscale heterogeneity of ground warming. We sampled a hillslope catena transect
in a discontinuous permafrost zone near Fairbanks, Alaska, to test the small-scale
(1 to 3 m) impacts of slope position and cover type on soil organic matter composi-
tion. Mineral active layer samples were collected from backslope, low backslope, and
footslope positions at depths spanning 19 to 60 cm. We examined soil mineralogical
composition, soil moisture, total carbon and nitrogen content, and organic mat thick-
ness in conjunction with an assessment of SOC composition using Fourier-transform
ion cyclotron resonance mass spectrometry (FT-ICR-MS). Soils in the footslope posi-
tion had a higher relative contribution of lignin-like compounds, whereas backslope
soils had more aliphatic and condensed aromatic compounds as determined using
FT-ICR-MS. The effect of open versus closed tree canopy cover varied with the slope
position. On the backslope, we found higher oxidation of molecules under open
cover than closed cover, indicating an effect of warmer soil temperature on decom-
position. Little to no effect of the canopy was observed in soils at the footslope posi-
tion, which we attributed, in part, to the strong impact of soil moisture content in
SOC dynamics in the water-gathering footslope position. The thin organic mat under
open cover on the backslope position may have contributed to differences in soil
temperature and thus SOC oxidation under open and closed canopies. Here, the thin-
ner organic mat did not appear to buffer the underlying soil against warm season air

temperatures and thus increased SOC decomposition as indicated by the higher
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1 | INTRODUCTION

The stability of permafrost landscapes and the associated persistence
of soil organic carbon (SOC) are disrupted by rapidly warming air tem-
peratures in high latitudes, which contributes to more greenhouse gas
emissions to the atmosphere.! Vegetation canopy plays a key role in
producing summer shade and determines winter snow depths, both of
which influence soil temperature, moisture, and freeze-thaw fre-
guency in boreal forests located within the discontinuous permafrost
zone.2® The effect of tree canopy can decrease at lower slope
positions, with cold and wet conditions favoring smaller trees with
less ability to decrease snow thickness on closed canopy soils than
larger trees and drier upslope positions.” Hillslope processes also con-
tribute to differences in the distribution of SOC and soil properties
(i.e., particle size class, mineralogy, and soil moisture) in upslope versus
downslope landscape positions.® A greater preservation and accumu-
lation of SOC has been reported in lower slope positions (e.g., at the
toeslope) than in upslope positions (i.e., backslope, shoulder, and sum-
mit).871° Variation in particle size distribution and mineralogy across
slope positions may be exacerbated by mass wasting and soil churning
that result from cryogenic processes in permafrost environments
(i.e., solifluction and cryoturbation), with potential impacts on SOC
storage and transformation.’ Predicting SOC mineralization and
release in a warming Arctic requires improving our understanding of
the fine-scale heterogeneity of temperature-driven surface soil pro-
cesses in forested landscapes destabilized by permafrost thaw.

The relationship between permafrost thaw and forest canopy
cover is complex and interconnected beyond regulation by soil mois-
ture and temperature.>*** The manifestation of cryogenic processes
(e.g., cryoturbation and frost heave) in forest soils can be initiated by
climate and fire impacts, which also influences the molecular structure
of SOC in the active layer (seasonally thawed soil depths overlying
permafrost). The molecular impact of cryoturbation, the pedogenic
mixing of soil material through differential freezing and thawing, was
shown in a recent Arctic soil study.*? Cryoturbated soil contained
~17% of all SOC associated with reactive iron minerals compared
with 10% of SOC associated with reactive iron minerals in organic
and mineral horizons that did not undergo cryoturbation.'? Another
study examined the chemical characterization of SOC from cryotur-
bated tundra soils in the Alaskan Arctic and found that SOC from
cryoturbated soil horizons showed molecular similarity to surface

oxidation of SOC molecules and a lower contribution of simple molecules under open
cover than the closed canopy sites. Our findings suggest that the role of canopy
cover in SOC dynamics varies as a function of landscape position and soil properties,
namely, organic mat thickness and soil moisture. Condition-specific heterogeneity of
SOC composition under open and closed canopy cover highlights the protective

effect of canopy cover for soils on backslope positions.

canopy, carbon, forest, hillslope, permafrost, soil, thaw

SOC, likely due to the temperature protection afforded by pedogenic
mixing of surface SOC deeper into the profile.X® In addition, the pres-
ervation of the molecular structure of SOC derived from vegetation
cover was identified in cryoturbated horizons, resulting in greater
bioavailability and thus faster SOC degradation under warming
conditions.*®

Forest canopy cover also has a large influence on ground temper-
atures apart from fire.2*1! Prior work reported a positive feedback
cycle in which canopy loss triggered thaw and the subsequent loss of
vegetation.?** Black spruce canopy has been attributed to permafrost
protection, given the ability of spruce tree canopies to stabilize per-
mafrost by collecting snow and reducing insulation to the underlying
soil during cold months.* More information is needed to determine
the impact of spruce canopy cover on permafrost hillslopes. Localized
differences in ground temperature at the meter level may result in
variation in thaw depth and increased winter freeze-thaw cycles, both
contributing subsequent impacts to SOC chemistry.>>%1> The
canopy-dependent protection against snowpack insulation and warm-
ing is lost when trees die or fail to thrive as observed in occurrences
of tree loss, which can increase the susceptibility of soils to increased
freeze-thaw cycle frequency depending on the timing and amount of
snow precipitation.® Freeze-thaw acts as a mechanism in soil biogeo-
chemical transformation by altering mineral-organic matter interac-
tions and affecting microbial cell death and subsequent activity.*¢~%’
The impact of freeze-thaw and a rise in ground temperatures under
insulating snow cover in the open canopy can alter SOC chemistry
including decomposition and emissions pathways impacted by mois-
ture conditions and nutrient profiles.*4>

Hillslope dynamics also influence soil organic matter (SOM) com-
position in Arctic landscapes through a combination of erosion-
deposition and cryogenic processes or features such as solifluction,
cryoturbation, and permafrost protection of SOC.1%2° An Arctic tun-
dra hillslope experiment investigated molecular scale dissolved organic
matter composition in organic and mineral soils across two landscape
positions (hillslope and riparian); findings included a greater range of
unique SOC-containing molecular formulas in the chemical composi-
tion of SOM molecules within the riparian soils than the upper
hillslope soils.?! Permafrost landscapes display a large degree of
uncertainty specifically in terms of the size and composition of deep
SOC stocks (>3 m) in toeslope positions across the Arctic.*%?? This

uncertainty is the result of insufficient field data and the low
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decomposition rates due to high moisture and low temperatures
unique to permafrost environments.1%2%23-25 Understanding the role
of canopy-driven temperature variation in SOM composition at SOC-
rich lower slope positions can assist in predicting what mechanisms
drive mineralization and decomposition as permafrost continues to
thaw. Consequently, we predict that canopy-driven temperature
dynamics along a hillslope may influence the decomposability and
chemical structure of SOC.

Our study aims to investigate how and at what resolution SOC
content and composition vary across a forested hillslope as a result
of contrasting temperature, moisture, slope, and soil properties. We
examined interactions between canopy and hillslope processes in a
discontinuous permafrost landscape near Fairbanks, Alaska, that has
been prone to rapid thaw. We tested the effect of topographic posi-
tion and tree canopy cover consisting of black spruce (Picea mariana)
and white spruce (Picea glauca) on SOC chemistry in active layer soils
(~20 to 60 cm depths, with permafrost occurring at 60 to 90 cm)
across three hillslope positions (backslope, low backslope, and foot-
slope). The term “SOC chemistry” herein refers to the use of Fourier-
transform ion cyclotron resonance mass spectrometry (FT-ICR-MS)
to examine the composition of the organic matter in the soils. Our
interpretations combined FT-ICR-MS analyses with soil morphologi-
cal observations, soil mineralogy, and total organic carbon and nitro-
gen elemental data. We hypothesized that there would be greater
oxidation of SOC molecules and a lower relative abundance of simple
SOC compounds, such as aliphatics, in active layer soils under open
cover as a result of warmer subsoil temperatures (soil depths > 5 cm)
and increased freeze-thaw cycle frequency compared with soils
under closed cover. Similarly, we expected that subsoils under closed
cover would reflect the effects of thinner winter snowpack (colder
ground temperatures and less frequent freeze-thaw), with less oxi-
dized SOC compounds and a more abundant aliphatic pool. The
effect of the canopy was predicted to be weakest for soils in the
footslope position where snow accumulation would be thicker under
closed cover due to smaller black spruce trees compared with larger
white spruce trees on the upslope positions. This work advances the
knowledge of the small-scale (1-3 m) heterogeneity of temperature-
driven surface processes in forested landscapes containing discontin-

uous permafrost.

2 | MATERIALS AND METHODS

21 | Site description

We established a toposequence, referred to herein as the Y1 transect,
in the central part of the Yukon-Tanana terrane near Fairbanks, Alaska
(latitude: 64.864103°; longitude: —147.843800°) along a northwest-
facing hillslope with an aspect of approximately 330°.2 The slope
ranges from 1° to 7° from footslope to mid-backslope positions.2®
The site has a mean annual temperature of —3°C and a mean annual
precipitation of ~500 mm.?’ The area around the University of Alaska

Fairbanks is composed of (i) permafrost-free bedrock hills and loess

slopes and (ii) permafrost-rich lower hillslope silt and creek-valley
silts.?® We determined that our specific transect occurs in the lower
hillslope silt and creek-valley silt deposits based on the geomorphic
setting (i.e., silt hillslope) and the presence of permafrost at our site
location. The silt and creek-valley silt deposits in the field area are
composed of Late Pleistocene-Holocene wind-blown silty deposits of
Fairbanks loess that are approximately 15 m thick.2’

211 | Soils

Soils in this area are mapped as coarse-silty, mixed, superactive, and
subgelic-typic aquiturbels on hills, toeslopes, and footslopes.>°3! We
did not observe evidence for cryoturbation at any of the slope posi-
tions that we sampled, although some redox concentrations (oxidized
iron) and chromas of two or less were observed in soils under both
open and closed cover at the footslope position (see Figure 2 and
Figure A1).

Soils were derived from Pleistocene eolian silts (~15 m thick in
the Fairbanks area;???). The degree of slope among the hillslope
positions ranged from 5° to 7° at the backslope, 3° at the low back-
slope, and 1° to 2° at the footslope. Soil profile descriptions, including
major horizons with subordinate distinctions, were described and
documented during field sampling.2° Soil particle size distribution was
analyzed by the Soil Health Lab at Oregon State University (OSU)
using the hydrometer method.®2 Soil pH was measured at a 1:2 soil-
to-water ratio on air-dried, sieved, and ground soils using a Hanna
HI5522 benchtop meter (HANNA Instruments, USA) by OSU's Soil
Health Lab.

2.1.2 | Vegetation

White spruce dominates the overstory on the backslope position, with
sparse birch being observed. Black spruce is the dominant overstory
at the low backslope position, with black spruce and larch being most
prominent in the footslope position. Shrubs at all slope positions were

dominated by diamond-leaf willow (Table 1).

22 | Sampling

We selected three slope positions along the toposequence to com-
pare how the effect of cover type on soil temperature and SOM dif-
fered depending on the slope position and associated soil moisture,
texture, and SOM composition. We focused specifically on backslope,
low backslope, and footslope positions to maintain consistency
between open and closed canopy plots; the summit and shoulder
positions contained cryogenic surface features (patterned) that
impacted soil temperature distribution. We examined a total of 18 soil
pits, where 6 soil pits were described and sampled in each of the three
slope positions. Within each slope position, three pits were excavated

beneath the closed canopy and three under the open canopy
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TABLE 1  Geobotanical structure of the catena via field observations and descriptions
Trees Shrubs Understory
Backslope White spruce (Picea glauca) and birch (Betula Diamond-leaf willow (Salix Feather moss (Hypnales), dogwood (Cornus
papyrifera) planiofolia) florida L.), grasses, and sedges
Low Black spruce (Picea mariana) Diamond-leaf willow (S. Sphagnum moss and labrador tea (Rhdodendron
backslope planiofolia) groenlandicum)
Footslope Black spruce (P. mariana) and larch (Larix Diamond-leaf willow (S. Sphagnum moss, labrador tea (R.
laricinia) planiofolia) groenlandicum), cotton grass (Eriophorum
angustofolium), and dwarf birch (Betula nana)
(a) (©)
64.8655°N | e O
64.8650°N site
backsl
64.8645°N )t
. O low backslope
64.8640°N O @ footsiope
@
64.8635°N 1
— 400m
64.8630°N "
147.846°W 147.844°W 147.842°W 147.840°W 147.838°W
(b)
B0°N
55°N
o%
SO°N
] 500 1000km
45°N
180°
FIGURE 1 (A) Site map of the catena in Fairbanks, Alaska, depicting slope positions (footslope, low backslope, and backslope) (citation:

ggmap); (B) site map depicting Fairbanks site location within Alaska (derived from Kibele and Clark, 2018%°); (C) terrain view of the transect (gold
box depicts the transect area) provided by Google Earth (2023, Maxar Technologies)

(Figures 1A and 1B). Closed cover was defined as a site that is in close
proximity (<1 m) to one or more trees, and open cover was defined as
a site located at least 3 m from nearby trees with little to no canopy
coverage (<~10%) above each sampling location. Diameter at breast
height (DBH) was also recorded for three random trees at each slope
position.3** DBH was approximately 1.45m above the ground
surface.

Soil temperatures at the surface (5 cm) and subsurface (75 cm)
were recorded at the backslope position via a borehole from 2020 to
2021. Soil temperature sensors (TMC-HD, Onset Computer Inc., USA)
were placed at 5 and 75 cm, with temperatures recorded every 6 h.

Freeze-thaw cycles were quantified using the method adapted and
modified from Rooney et al. (2022)* using the FTCQuant R Pack-
age.%” The total number of freeze-thaw cycles was calculated for the
period of May 2020 to September 2021 when data sets were com-
plete for both open and closed cover soils at depths of 5 and 75 cm.
Due to the large time increments (6 h), we defined a freeze-thaw
cycle as any temperature fluctuations above and below 0°C across
two timesteps (for 6 h above and 6 h below 0°C). Freeze-thaw counts
provide general information about temperature fluctuations in surface
and deeper soils under open and closed cover at a single location in

the backslope site.
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Soil sampling was focused on the collection of active layer mineral
soil samples to address our experimental objective to investigate how
SOC content and composition varied across a forested hillslope. One
to three active layer mineral soil horizons were sampled between ~20
and 60 cm for each soil profile and pooled within each soil profile for
statistical analysis (for a total of three replicates per each slope posi-
tion and cover type combination). Samples were pooled by soil profile
to address the main research question comparing soil properties and
SOM chemistry across hillslope positions and cover types. Samples
were maintained under frozen conditions (<0°C) and transported to
Oregon State University for analysis and preservation. Samples were
maintained at —20°C in a laboratory freezer.

2.3 | Fourier-transform ion cyclotron resonance
mass spectrometry

Soils were subsampled by the horizon and analyzed for high-
resolution SOC characterization using water extractions at the Pacific
Northwest National Laboratory's Environmental Molecular Sciences
Laboratory (Richland, WA, USA). FT-ICR-MS analysis was performed
on fresh, field-moist soil samples. Samples were prepared as water-
extractable organic carbon (WEQOC) extracts and analyzed via auto-
mated direct infusion on a 21 T FT-ICR mass spectrometer. Briefly,
300 mg of soil was weighed into 2 ml MicroSolv vials, with 1 ml of
MilliQ added. Vials were shaken on a ThermoMixer for 2 h at
2,000 rpm at room temperature and then filtered through 0.45 um
Hydrophilic PTFE filters for WEOC extracts.

An extensive overview of the FT-ICR-MS measurement, analysis,
and data visualization approach is provided in the appended materials
(see Appendix A.1). Samples were randomized for analysis after ioni-
zation through dilution with methanol (MeOH) at a ratio of 1:2 (sam-
ple:MeOH). For each sample, 144 individual scans were averaged to
improve the overall abundance of ions detected. Bruker DataAnalysis
(signal-to-noise ratio of 7) was used for peak selection and calibration.
Formulas were assigned using the in-house Formularity software, with
further data processing performed with the fticrrr R package.®® All
peaks were analyzed on a presence/absence basis, and only peaks
occurring in two-thirds of replicates were considered to be present.
Only carbon-containing formulas between 200 and 900 m/z mass
were included.

Briefly, we compared total peaks across canopy cover types and
hillslope positions and peaks unique to open cover and those unique to
closed cover to identify chemical differences. Ratios of hydrogen-
to-carbon (H/C) and oxygen-to-carbon (O/C) are depicted on van Kre-
velen plots, with different regions being associated with specific com-
pound classes (depicted in Figure 8). We used the nominal oxidation
state of carbon (NOSC) to analyze the thermodynamic favorability of
compounds and potential microbial oxidation. The association
between NOSC and thermodynamics assumes oxic conditions and the
use of oxygen as the dominant terminal electron acceptor, which is
reflected in the established relationship between Gibbs Free Energy
and NOSC.34°

24 | X-ray diffraction

Soils were air-dried, sieved to <2 mm, and ground to <50 um.
Subsamples were analyzed at the Environmental Molecular Sciences
Laboratory (Pacific Northwest National Laboratory). Powder X-ray
diffraction (XRD) patterns were collected using a Rigaku SmartLab SE
diffractometer (Rigaku Corporation, Japan) on powders packed
into zero-background well holders. The diffractometer used
Bragg-Brentano geometry with a Cu X-ray source (A = 1.5418 A), a
variable divergence slit, and a high-speed D/teX Ultra 250 1D detec-
tor. Patterns were collected between 2 and 100°26 at intervals of
0.01°26, scanning at 2°26/min. Details on the quantification method
are available in the appended materials (see Appendix A.2).

2.5 | Total carbon and nitrogen

Samples were air-dried, sieved, and ground prior to analysis for the
total nitrogen and carbon on a Vario EL Cube Elemental Analyzer
(Elementar Analysensysteme GmbH, Langenselbold, Germany).
Homogenized samples were weighed and sealed into tin boats
(Elemental Microanalysis Ltd., Devon, United Kingdom). Samples were
combusted at 1,150°C in the presence of oxygen. The signals for
nitrogen and carbon were measured using a thermal conductivity
detector. The detector response was calibrated using aspartic acid
and checked using a soil reference material. SOM percentage was also
measured for reference via loss on ignition by Oregon State Univer-
sity's Soil Health Lab (16 h at 385°C on a Thermolyne F-A1730 oven).

2.6 | Statistics

Statistical tests were performed across pits (with individual depth data
grouped within each sampled soil profile) (Tables A1-A3 and A7-A9).
For individual depth data, all SOM datasets are shown across individ-
ual horizons in Tables A4-A6 and A9-A11. FT-ICR-MS data were ana-
lyzed using univariate linear mixed-effects (LME) models and principal
components analysis (PCA) to test the effect of slope position (back-
slope, low backslope, and footslope) and cover type (closed and open)
and their interactions on the relative abundance of compound classes
and the NOSC. XRD mineral abundances were tested using ANOVAs,
with HSD tests being used to determine statistical differences across
the three hillslope positions. Tree diameter (DBH) was tested with
ANOVA and Tukey HSD. The effect of cover type and hillslope posi-
tion on soil properties (pH, SOM%, total carbon [TC], total nitrogen
[TN], gravimetric water content, carbon-to-nitrogen [C:N] ratio, and
organic mat thickness) was tested via ANOVA with Tukey HSD tests
and supplemented with LME (horizonation as a random effect) to
investigate the effects of cover type within each individual slope posi-
tion. Statistical significance for LME, ANOVA, and Tukey HSD was
determined at o = 0.05. Data analysis and visualization were per-
formed using R version 4.0.1 (2020-06-06) with RStudio version
1.4.1106.* Data processing and analysis were conducted using dplyr
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v1.0.1*2 and vegan v2.5-6*° packages. Data visualization was per-
formed with ggplot2 v3.3.2,** and map visualization was conducted
via ggmap.*® The Algorithms for Quantitative Pedology suite of R
packages (agp, soilDB, and sharpshootR) were used to compile and
visualize soil horizons and soil color data. All data and scripts are avail-
able at https://github.com/Erin-Rooney/Y1_fairbanks and archived
and searchable at https://search.emsl.pnnl.gov (Project ID #50267).

3 | RESULTS

3.1 | Soil temperature and tree diameter

Temperatures differed between open and closed canopies where surface
and subsurface soils under open cover were generally warmer than soils
under closed cover. Average surface soil temperatures during the winter
were ~—5°C under open cover compared with ~—12°C under closed
cover. In contrast, summer temperatures were slightly higher under
closed cover in surface soils: ~10.5°C under open cover compared with
~12°C under closed cover (Figure 2). In the subsurface depth (75 cm),
winter temperatures were ~—1°C under open cover and —1.5°C under
closed cover. In summer, subsurface temperatures were —0.1°C under
open cover and —0.2°C under closed cover. Warmer temperatures
under open cover did not result in increased freeze-thaw cycle fre-
qguency in surface soils. Instead, the surface soils under closed cover

experienced a greater frequency of freeze-thaw events both in spring

and in fall (Figure 2). Under closed cover, the surface depth (5 cm) under-
went 47 freeze-thaw cycles, whereas the deeper soil depth (75 cm) did
not undergo any freeze-thaw cycle. By contrast, open cover soils under-
went six freeze-thaw cycles at both 5 and 75 cm during the same time
period (between May 2020 and September 2021). In contrast, warmer
temperatures under open cover did result in slightly higher freeze-thaw
cycle frequency in subsurface soils than under closed cover.

Tree canopy characteristics varied with slope position: the foot-
slope was dominated by black spruce trees, whereas both backslope
and low backslope positions were dominated by white spruce trees.
Tree diameters varied with the slope position, where the low back-
slope position contained trees with the largest average DBH, followed
by backslope, with the smallest DBH at the footslope position
(ANOVA, p < 0.05; Figure 3). Differences in the tree diameter and
overall size of the canopy may have resulted in variations in snow

cover across slope positions under closed cover.

3.2 | Soil morphology and taxonomy
3.2.1 | Variation in soil morphology and organic mat
thickness along the toposequence

Organic surface soils
All slope positions and cover types had soils with peat and mucky peat

O horizons overlying A, Bw, or C horizons, and similar soil
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FIGURE 2 Temperature fluctuations at 5 cm (upper panel) and 75 cm (lower panel). Temperature measured from open cover (tan) and closed
cover (green) at the research area between the backslope and low backslope positions from May 2020 to September 2021. The dashed black line

indicates 0°C
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FIGURE 3 Tree trunk diameters (diameter at ~1.45 m height).
Statistical comparisons are made between slope positions (backslope,
low backslope, and footslope); p < 0.05. All values are in centimeters

morphological properties were observed throughout sites, with some
variation in organic matter content and moisture conditions (Figure 4
and Table 2). Organic mat thickness also varied by slope position, with
soils in the footslope position presenting thicker organic mat depths
of 27.7 to 36 cm compared with 18 to 25.3 cm depth ranges in
upslope soils (ANOVA, F = 14.5, p = 0.0006). The interaction of slope
position with cover type (ANOVA, F = 7.5, p = 0.008) had an effect
on organic mat thickness and no effect on cover type alone (p = 0.5)
(Table 2). Soils under open cover had greater organic mat thicknesses
than under closed canopies on the low backslope and footslope. Soils
under open cover had organic mat thicknesses of 21 to 29 cm on the
low backslope and 33 to 42 cm on the footslope, yet organic mats
were thinner in soils under open cover at the backslope position
(16 to 19 cm) than those under closed cover on the backslope (22 to
28 cm).

Mineral subsurface soils

Subsurface mineral horizons showed higher organic matter percent-
ages in the footslope and low backslope positions, with averages
spanning ~8% to ~3.85%, respectively, in comparison to ~2.5% in
the backslope position (organic matter percentage determined via loss
on ignition). The soil texture for all soils was silt loam, with the excep-

tion of loam soil textures present under closed cover at the backslope

position (Table A1). Soil pH differed by the slope position (p < 0.001)
but not by the cover type. Soil pH was highest on the backslope (7.5),
second highest on the low backslope (6.9), and lowest on the foot-
slope (6.2), as indicated by a Tukey HSD test (Table 2). Soil pH did not
vary significantly by the cover type (Table 2).

TC and TN contents were greater in soils from the footslope
position compared with the backslope position (ANOVA, p < 0.05;
Tables 2 and A4-Aé). Soils on the backslope and low backslope had
the lowest SOM content under open cover (1.5 + 0.2% on the back-
slope and 2.8 + 0.6% on the low backslope) versus 10.9 + 5.4% on
the footslope, with closed cover soils following a similar pattern
(Table 2). C:N ratio varied across slope positions (ANOVA, F = 7.875,
p = 0.0006), with the highest C:N ratio of 21 in soils from the foot-
slope position according to a Tukey HSD test compared with 19 in
soils from both low backslope and backslope positions. There was an
interaction of slope position and cover type with the C:N ratio
(ANOVA, F = 6.609, p = 0.002), although cover type on its own
showed no effect.

Gravimetric water also varied across slope positions (ANOVA,
F = 9.841, p = 0.0004). Soils in the footslope position contained the
highest-moisture contents (37.5% to 42.4%), whereas backslope and
low backslope soils had mean moisture contents of 20.8% to 26.5%.
However, the soil moisture content did not differ between open and
closed cover types (Table 2). Gleyed colors were observed in back-
slope, low backslope, and footslope soils (i.e., 2.5Y 4/1, 10YR 3/1, and
2.5Y 3/2, respectively). Only footslope soils contained oxidized iron
and saturated conditions (Figure A1 and Table 2). The absence of
other redox features at the backslope and low backslope positions
may indicate that the soil color was lithogenic (derived from loess silts)
rather than reduced matrix soil. Only footslope soils had Bg soil hori-
zons (i.e., 2.5Y 3/2) and contained oxidized iron.

3.2.2 | Soil taxonomic classifications

All soils were classified as Cryosols according to the World Refer-
ence Base,*® given that cryic horizons (perennially frozen organic or
mineral soil) occurred between ~60 and 90 cm at all slope positions.
All soils contained folic horizons (unsaturated organic layers) in the
upper 20 cm (Figure A2; 4.%¢ The soils were also classified as Geli-
sols with folistic diagnostic epipedons using the US Soil Taxonomy
System. Organic horizons were present at the soil surface but did
not extend to 40 cm, and cryoturbation was not observed. This evi-
dence supports the Great Group taxonomic naming of these soils as
Historthels.*° Although some redoximorphic features were noted on
the footslope, cambic horizons were identified throughout. We
observed weakly developed Bw horizons beneath the organic hori-
zons that displayed the requirements for cambic horizons based on
the expression of organic matter accumulation in the mineral soil
horizons. The soils were classified as Gelisols with folistic diagnostic
epipedons using the US Soil Taxonomy System. This evidence sup-
ports the Great Group taxonomic naming of these soils as
Historthels.*°
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FIGURE 4 Soil profile morphology and measured Munsell colors of each mineral soil horizon within the study. Mineral soils are described
morphologically, sampled, and analyzed. Organic horizons are described morphologically, and horizonation is provided
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TABLE 2 Soil properties including soil moisture, TC, TN, C:N ratio, SOM, organic mat thickness, and pH
Gravimetric water (%) TC (%) TN (%) C:N ratio SOM (%) Organic mat thickness (cm) pH
Backslope
Closed 227 +18 1.01 +0.14 0.05 +£0.01 19 3.5+08 22 to 28 7.35
Open 208+ 1.2 0.44 £ 0.05 0.03 + 0.00 16 1.5+0.2 16 to 19 7.66
Low backslope
Closed 26.5+3.9 143 +0.29 0.08 + 0.02 17 49+28 19 to 26 6.86
Open 234+11 1.82 +£0.32 0.10 £ 0.02 19 28 +0.6 21to 29 6.98
Footslope
Closed 37537 2.54 +0.35 0.13 £ 0.02 19 511 25to 29 6.27
Open 424 +79 443 +0.97 0.21 +0.04 21 109 +54 33to 42 6.04

Note. TC was determined through elemental analysis, whereas SOM was measured by LOI. Soil properties varied by the slope position. The soil in the
footslope position was wetter, presented greater TC and TN percentages, and was more acidic than that in upslope positions (ANOVA, p < 0.05). We
sampled each soil horizon within the mineral active layer. Data were pooled across all depths within each replicate and then averaged across each cover
type and slope position combination. The standard error is reported. Individual horizon data sets are presented in Tables A4-Aé, and significant effects are

shown in Table A2.

Abbreviations: LOI, loss on ignition; SOM, soil organic matter; TC, total carbon; TN, total nitrogen.

3.3 | Soil mineralogical properties

The analyses of soil mineralogical abundance and composition indi-
cated that the mineral composition of the soils was consistent across
the cover type and slope position, with only minor differences being
found in abundance (Table A3 and Figures A3-A6). Overall, the min-
eralogical assemblage for the soils in the field area was predomi-
nately composed of quartz, anorthite, albite, and mica, with more
minor amounts of chlorite, microcline, hornblende, and ankerite. We
note that the XRD diffractogram patterns show a carbonate mineral
with a strong peak at 2.89 A consistent with Ca (Mg, Fe, Mn)COs.
The best match was found for the Fe-containing mineral ankerite
although its low abundance means that identification cannot be
made with certainty compared with related minerals such as dolo-
mite. The footslope position had a higher percentage of muscovite
mica (13% to 14%) and chlorite (6% to 8%) compared with respective
values of 9% to 10% for muscovite and 5% to 6% for chlorite in both
the low backslope position and backslope positions (ANOVA,
p < 0.05; Table A3). Quartz and ankerite values were also lowest for
soils in the footslope position, with respective percentages of 40%
to 41% and 0.29% to 0.34%. Low backslope soils contained 42% to
44% quartz and 0.55% to 0.8% ankerite versus backslope soils con-
taining 43% to 46% quartz and 0.58% to 0.84% ankerite (ANOVA,
p < 0.05).

3.4 | SOC chemistry

FT-ICR-MS-resolved carbon composition varied by hillslope position
and cover type (Figures 5 and 6). A PCA showed an effect of slope
position, with the largest separation occurring between footslope and
backslope positions. SOC composition at the footslope position was
strongly influenced by lignin-like compounds, whereas backslope soils

had more aliphatic and condensed aromatic compounds (Figure 5).

The total number of FT-ICR-MS-resolved peaks varied with slope
position and cover type (Table 3 and Figure 6). Peak richness differed
by slope position. The backslope position had <3,000 peaks under
both open and closed cover, whereas the low backslope and footslope
positions had >6,000 peaks (and up to 10,000 peaks under closed
cover on the footslope) (Table 3 and Figure 6). The overall O/C and
H/C ratios were comparable across all slope positions and cover types
despite differences in peak count (Figure 6 and Table 3).

In addition to the total identified FT-ICR-MS-resolved peaks
within all treatments, we investigated differences in peaks unique to
cover type and slope position. We found that slope position and cover
type affected the degree of oxidation, as represented using NOSC, of
unique peaks both separately and in combination (ANOVA,
p < 0.005). A Tukey HSD test showed that NOSC was lower in FT-
ICR-MS-resolved peaks unique to soils from the footslope position
compared with peaks unique to the backslope and low backslope
positions (Figure 8A).

We detected a higher relative abundance of lignin-like com-
pounds in soils from the footslope than from the backslope position
(~8% higher under closed and 12% higher under open; ANOVA,
p < 0.05) (Figure 7). The relative abundance of aliphatics followed a
similar trend by decreasing from ~35%-39% in backslope soils to
~28%-30% in soils from the footslope (Figure 7 and Table A7;
p < 0.05).

The degree of oxidation and SOC composition varied by topo-
graphic position and between soils under open and closed canopy
cover (Figures 7 and 8). Our analysis of unique peaks revealed that
NOSC was higher under open cover than under closed cover on the
backslope, but the opposite was observed for low backslope soils
where NOSC was higher under closed cover than under open cover
(ANOVA, HSD test, p < 0.05; Figure 8A). There was no difference in
NOSC under open or closed cover in soils from the footslope position.
In the associated van Krevelen diagram, there is a notable separation

between cover types for high O/C ratio (>0.75 O/C) compounds at
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cyclotron resonance mass spectrometry
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TABLE 3 Total FT-ICR-MS-resolved peaks by treatment

Open Closed
Backslope 2,768 2,296
Low backslope 6,238 7,365
Footslope 6,965 10,041

Note. Peaks were calculated across all replicates.
Abbreviation: FT-ICR-MS, Fourier-transform ion cyclotron resonance mass
spectrometry.

the backslope position. The separation in high O/C molecules by
cover type occurs at 1.5 H/C (the delineation between aliphatic and
lignin-like compounds) (Figure 8B). Specifically, the van Krevelen dia-

gram showed lignin-like, aromatic, and condensed aromatic molecules

0.00 025 050 075 1.00 125000 025 050 0.75 1.00 1.2

footslope

FIGURE 6 Van Krevelen plots
showing organic compounds by slope
position and cover type. Molecules are
plotted as functions of their H/C and O/C
ratios

with high O/C (> 0.75 O/C) ratios under open cover but not closed
cover on the backslope. This delineation by cover type is not observed
in high O/C molecules in low backslope and footslope soils. High O/C
ratio aliphatics are shown under closed cover at all hillslope positions.

SOC compounds in backslope soils were more oxidized under
open cover, with aromatics and lignin-like compounds showing
increased oxidization and a higher relative abundance of condensed
aromatics compared with closed cover. SOC was less oxidized under
open cover in the low backslope position, with both aliphatic and
lignin-like compounds showing decreased oxidization and lower rela-
tive abundance of aromatics compared with closed cover. A NOSC
breakdown by class explores this finding further, showing diverging
oxidation states across compound classes in unique peaks associated

with open and closed cover types at all slope positions (Figure A7).
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FIGURE 7 Relative abundances of carbon compound classes with comparisons between slope positions. Differences are determined at
significance 0.05. Statistical comparisons are made between slope positions within cover types. All values are in percentages (%)

FIGURE 8 Backslope soils under
open cover had higher NOSC, with
lignin-like, condensed aromatic, and
aromatic molecules showing greater
oxidation. Low backslope soils under
open cover had lower NOSC. (A) NOSC
of compounds unique to each cover type
by slope position. (B) Van Krevelen plot
showing organic compounds unique to
each cover type by slope position.
Molecules are plotted as functions of
their H/C and O/C ratios. Ellipses
represent 95% confidence intervals
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The more complex molecules (aromatics and lignin-like compounds)
were more oxidized under the open canopy than under the closed
canopy in backslope soils, as indicated by the van Krevelen diagram
(Figure 7) and further supported by the NOSC breakdown by carbon
class (Figure A7). Notably, we made a contrasting observation on the
low backslope where both simple and complex (aliphatic and lignin-
like, respectively) compounds were less oxidized under open cover
than under closed cover. Aromatics were more oxidized under open
cover, whereas aliphatics were less oxidized in soils from the foot-
slope position (Figure A7).

We also found differences in the relative abundance of carbon
classes across total FT-ICR-MS-detected peaks between open and
closed cover at each slope position (Table A8). The relative abundance
of condensed aromatics was twice as high under open cover (~10%)
as under closed cover (~5%) on the backslope position. Conversely,
the relative abundance of aromatics was lower under open cover
(~4%) than under closed cover (~7.2%) on the low backslope position.
The relative abundance of lignin-like compounds was higher under
open cover (~64.3%) than under closed cover (~60.2%) in soils from
the footslope position (Tables A9-A11).

Mineral Soil
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4 | DISCUSSION

41 | Organic mat thickness and soil temperature

We found that the effect of open versus closed cover on carbon
chemistry was either heightened or reduced depending on the slope
position on the sampled northwest-facing hillslope investigated dur-
ing our study (Figures 7-9). Our findings presented strong evidence
for meter-scale differences (~1 to 3 m) in FT-ICR-MS-resolved SOC
chemistry, with an effect of the cover type observed at the back-
slope and low backslope positions, whereas little to no effect was
seen at the footslope position. The diverging observations for the
carbon dynamics are notable, given that the data coincide with
DBH results that found statistically larger tree trunk diameters at
the low backslope position than at the backslope position (Figure 3).
We expected that the larger tree canopy would have resulted in
more pronounced differences in ground temperature at the low
backslope as snow cover would be more effectively held in the
larger canopy. However, contrasting organic mat thicknesses of
16 to 19 cm in soils under open cover on the backslope and 21 to

29 cm in soils under open cover on the low backslope position may

Mineral Soil

Col

4 nsed
Aromatics

SOM overall
more exidized

159 m
ELEVATION

FIGURE 9 Belowground differences in soil organic carbon composition and soil morphology across hillslope positions and cover types. Soils
showed evidence for higher oxidation of molecules, thinner organic mats, and a greater degree of soil development (expression of A and Bw
horizons) on the backslope under open cover than those under closed cover. In contrast, little to no effect of canopy was observed for soils at the
footslope position, where the soil moisture content was highest and may have overshadowed the effects of canopy cover. Copyright 2023 The
Regents of University of California, Davis campus. All Rights Reserved. lllustration by Rob Riedel.
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be contributing to ground temperature dynamics across cover types
at both slope positions.

The effect of organic mat thickness may be enhanced by topo-
graphically induced microclimates. North-facing soils near Caribou
Peak have been shown to be cooler than south-facing soils in similar
black spruce environments to our Fairbanks hillslope catena.” The
cooler, north-facing soils were found to contain thick O horizons
and weakly developed mineral soils.” In our study, the development
of both A and Bw horizons in some profiles under open cover on
the backslope and under closed cover on the low backslope coin-
cided with overall increases in the oxidation of SOC compounds,
whereas soil profiles without A horizons (soils under the open can-
opy on the low backslope and soils under the closed canopy on the
backslope) showed lower SOC oxidation (Figures 4 and 9). Our find-
ings indicate that microclimate conditions dictated by both canopy
and slope position may result in warmer soils and increased freeze-
thaw cycle frequency (Figure 3) as well as increased oxidation of
SOC compounds, soil development, and decreased organic mat
thickness on backslope and low backslope soils across a north-facing
catena (Figure 9).

Previous work identified a buffering effect of the organic mat on
the underlying soil temperature in permafrost environments, with a
higher probability of permafrost in soils underlying thicker organic
mats.**”*8 Canopy cover is known to regulate organic mat thickness
in forested systems underlain with permafrost, with lower canopy
cover percentages in larch forests previously found to result in thinner
organic mats and warmer soil temperatures.*® The larch forest experi-
ment, conducted in northeastern Siberia, reported that understory
mosses also played a role in buffering permafrost, compared with the
thinner lichen mats,*® likely due to insulating characteristics (low bulk
density) of mosses and their ability to decrease soil temperatures via
evapotranspiration.*®*? The larch forest experiment also found thin-
ner organic layers of 6.0 cm and higher ground temperatures (4.1°C to
4.4°C) in August under open canopy cover compared with 12.3 cm
and 2.1°C to 2.9°C under closed cover.*® Our work demonstrated that
soils from the backslope position had lower organic mat thicknesses
under open cover than under closed cover, potentially resulting in a
compounded effect of open cover (reducing summer shade and
increasing snow insulation) and thin organic mats (decreased ability to
buffer against warm summer temperatures). In contrast, we observed
the formation of thicker organic mats under open cover at both the
low backslope and footslope positions. Therefore, the potential
increase in the soil temperature from open canopy cover in down-
slope positions did not coincide with soil warming from thin
organic mats.

We hypothesize that the thinner organic mats may have made
soils under the open cover on the backslope position more vulnerable
to air temperature penetration during warmer summer months,
whereas snow cover insulated against cooler temperatures during the
winter (Figure 9). This hypothesis is supported by (i) well-documented
effect of tree canopy and organic mat thickness on soil tempera-
ture*474® (Figure 2), (i) the higher oxidation state of carbon com-

pounds under the open cover in the backslope soils (Figures 8 and 9),

and (iii) the overall higher temperature values of subsurface soils mea-
sured under the open canopy compared with the closed canopy near
the backslope position (Figure 2). Notably, although the role of
organic mat thickness in mediating the soil temperature has been
established,*4”*® the effect can depend on additional topographic
factors including the steepness of the slope®® and the slope aspect.’?
We would expect overall cooler temperatures and less direct sunlight
to the entire hillslope due to the slope aspect—northwest facing—
decreasing the effect of the canopy on summer soil temperatures.> A
Northwest Territories boreal forest study examining the impact of
spruce and paper birch canopy on active layer thickness in the discon-
tinuous permafrost zone reported a modified effect of organic layer
thickness on thaw depth depending on the degree of slope.*® For
example, more shallow slopes (6.99° and 3.45°) showed a stronger
relationship between active layer depth and organic mat thickness
versus steeper slopes (10.5°).°° The authors suggested that the effect
of organic mat thickness on active layer thickness (and thus soil tem-
perature and permafrost thaw) may be decreased on steeper slopes
due to slope transport processes and soil moisture. This aligns with
our findings for soils on the backslope position, where organic mat
thickness appeared to play a role in temperature-driven carbon chem-
istry differences in slopes of 5-7°. However, the footslope position
(1-2°) did reflect the soil moisture and transport processes (resulting
in carbon-rich soils and SOM composition unique to that slope posi-
tion) that apparently diminished the effect of canopy cover. Future
research should test the effect of organic mat thickness on soil tem-
perature across hillslopes to identify how position-specific character-

istics may modify that effect.

4.2 | Vegetation and soil moisture

The variable role of the canopy on SOM composition indicates that
the impact of meter-scale differences in the cover type in thawing
permafrost systems depends on multiple site factors (i.e., soil mois-
ture, tree -type and associated canopy size, and the degree of
SOM transport and accumulation**%>2). For example, there may be
circumstances that increase the vulnerability of permafrost soil to
temperature-driven disturbance under open and closed cover, such
as with the lower moisture and decreased organic mat thickness as
we saw in the higher NOSC under open cover backslope soils from
our experiment. The backslope-specific interaction of organic mat
thickness and canopy cover is likely driving higher ground tempera-
tures under the open cover, the subsequent impacts to carbon
compound oxidation, and the difference in relative abundances of
lignin-like and aliphatic compounds between open and closed
cover.

We did see canopy-driven differences in the NOSC of specific
compound classes at the lower slope positions, although we did see
canopy-driven differences in the NOSC of the overall SOC at the
backslope and low backslope positions. The lower NOSC of aliphatic
and lignin-like compounds under open cover on the low backslope

(compared with closed) and the higher NOSC in aliphatics and
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aromatics under open cover on the footslope position are not easily
explained by contrasting temperatures. Other factors, such as differ-
ences in vegetation type, could play a similar role in our study as in a
Siberian canopy study that examined small-scale heterogeneity in the
soil temperature and C flux across contrasting types of understory
vegetation.*® The Siberian larch canopy study found no canopy-
driven differences in heterotrophic respiration, a finding that was
attributed to the mediative effect of contrasting productivity in open
(lichen) and closed (shrubs and mosses) vegetation species.*® In our
experiment, meter-scale differences in the distribution and type of
vegetation biomass and productivity could explain the noted varia-
tion in NOSC under open and closed cover at the low backslope and
backslope positions (Figure 1A,B). In addition, even if ground temper-
atures are not directly responsible for differences in SOM composi-
tion, contrasting soil temperatures can promote differences in
biomass production, as observed in a snow manipulation study in an
Arctic tundra experiment that tested the effect of soil warming on
plant production.>®> The experiment found that, in addition to
increased plant biomass reflecting the belowground influences of
increased soil warming, subsurface soil moisture informed the
canopy-driven impacts to ground temperature, as demonstrated by
the role of soil moisture in canopy effect at the footslope position
within our experiment.

The degree of SOC oxidation in active layer soils has been con-
nected with both cryogenic history (i.e., cryoturbation, sorted circles,
and patterned ground) and soil depth.>* A carbon stock study in the
Lena River Delta, Siberia, found an association between intensive
cryogenesis (increased soil development driven by cryogenic pro-
cesses such as sorting and patterned ground) and more oxidized SOC
molecules. The same study found a notable association with depth;
lower soil layers overlying permafrost in Cryosols presented more
reduced conditions versus more SOC oxidation in surface soils.>* We
postulate that contrasting pedogenic processes, namely, cryogenesis,
may have contributed to soil development in the backslope and low
backslope positions in our study. For instance, we found less devel-
oped soil profiles containing shallow C material under closed cover at
the backslope compared with more developed soil profiles including A
and Bw horizons under closed cover on the low backslope, with more
developed soils being found under thinner organic mats. The contrast-
ing organic mat thickness may have allowed for greater cryogenesis in
the soil profiles on the backslope (under open cover) and low back-
slope (under closed cover) that contained greater soil development
and overall SOC oxidation. Further study of the combined influence
of depth, organic mat thickness, and cryogenesis on SOC oxidation in
hillslope soils may provide more information about carbon bioavail-
ability as soils continue to experience increasing frequencies of

freeze-thaw cycles.

4.3 | Hillslope processes

Soil properties and SOM composition exhibited differences across the

toposequence regardless of the cover type where more acidic and

wetter footslope soils contained greater percentages of carbon and
nitrogen and a higher relative abundance of lignin-like compounds
(Figure 7 and Table 2). Conversely, the drier, weakly developed back-
slope and low backslope soils contained less carbon and nitrogen in
combination with a higher relative abundance of aliphatics. Erosional
deposition and downslope redistribution of water-soluble SOC is
likely one driver of the higher SOC content at the lower slope posi-
tions as the evidence for solifluction and soil creep was not observed
at this site. The process of increased persistence of SOC materials in
deposition landform positions compared with erosion positions is well

known,8>5>¢

with a non-permafrost study finding accumulations of
less transformed SOC at depositional positions as measured by the
degree of decomposition (i.e., alkyl:O-alkyl ratio and aromaticity).2 The
erosion-deposition process of SOC accumulation at downslope posi-
tions is especially pertinent in permafrost environments where soli-
fluction, organic matter accumulation, and cold temperatures provide
ideal conditions for downslope movement and preservation of
SOC.10'57

Soil wetness and elevation were identified as drivers of organic
matter accumulation in permafrost environments in addition to
impacts from climate.2%?2 Soil wetness was identified as both an indi-
cator of water transport and water-holding capacity as well as an
inhibitor of aerobic decomposition in permafrost-affected soils.?? The
accumulation of SOC content that we found in soils from the wetter
footslope position aligns well with the peak richness observed in the
same footslope soils than in soils from the drier backslope (Tables 2
and 3). The SOC molecular richness (referred to as peak richness),
which demonstrates a wider variety of m/z peaks detected using FT-
ICR-MS,*® is supported by findings from an Arctic tundra hillslope
experiment that reported a larger array of SOC molecules in down-
slope riparian soils than in upslope soils.?* Our results confirm that
the accumulation of SOC in the wetter downslope positions at the

base of hillslopes is large, %22

with a wide variety of SOC molecules
across all compound classes (Table 3).

The greater abundance of lignin-like compounds at the footslope
position also aligns well with a prior work that identified accumula-
tions of lignin in anaerobic soils due to the O, requirement of initial
enzymes needed for the depolymerization of lignin molecules.>%%°
The presence of redox features was observed only in subsurface
mineral horizons at the footslope position under both open and
closed cover (Figure Al). The presence of redox features provides
additional morphological evidence for poor drainage and O, limita-
tions that would also coincide with the persistence of lignin mole-
cules.>”C By contrast, the upslope positions were better drained
and did not display the same lignin preservation, demonstrating an
important topographic control on SOM composition. Other studies
have confirmed the lack of O, requirements for the decomposition
of simple carbon compounds such as aliphatics.®® The higher oxida-
tion of lignin-like compounds under open cover unique to the back-
slope position aligns well with our understanding of lignin
degradation.>%:%°
Mineralogy has also been attributed to variations in SOC compo-

sition across hillslope positions via erosion and water transport.® The
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higher mica percentages in our experiment at the footslope position
may have offered more sorption sites to SOC molecules due to the
permanent charge layer offered by phyllosilicates.®?> Greater sorption
in footslope soils may have allowed for mineral protection from
decomposition and oxidation, mitigating the impact of temperature in
open versus closed cover. In contrast, soils at the backslope position
had a higher quartz percentage, indicating the presence of soil min-
erals with fewer reactive sites (due to a lower charge density) for SOC
protection and potentially allowing for soil temperature to play a
larger role in SOC composition under open and closed cover. How-
ever, we recognize that the abundance of mica and quartz in the foot-
slope positions compared with upslope positions may not be
substantial enough to impact SOC composition (Figure A3), with soil
moisture and erosional deposition playing a larger role in determining
differences in carbon compound distribution and variety across the

slope.

5 | CONCLUSIONS

Predictions of carbon decomposition and greenhouse gas emissions in
boreal forests underlain by permafrost require an enhanced under-
standing of how small-scale differences (1-3 m) in canopy, organic
mat thickness, mineralogy, and soil moisture may drive heterogeneity
in soil temperature and carbon response at the meter scale. As local
climate conditions continue to undergo changes in high-latitude envi-
ronments, the upscaled impacts of canopy-driven ground temperature
heterogeneity require additional investigation to more accurately pre-
dict how warming temperatures will impact permafrost thaw in high-
latitude regions. Here, we tested the effect of both canopy cover and
slope position on SOC abundance and composition. We found that
differences in the composition and distribution of SOC under open
and closed cover ranged from major to negligible depending on the
topographic position (backslope and footslope soils, respectively) and
that—overall—topography had a higher impact on SOC composition
compared with open versus closed canopy within each topographic
position. Differences in organic mat thickness, lower availability of
mineral protection, and shifts in vegetation likely introduced meter-
scale heterogeneity that contributed to the effect of the canopy on
SOC composition observed at the backslope position. Notably, the
higher moisture content and anaerobic conditions in soils at the foot-
slope position may have decreased heterogeneity between open and
closed cover positions, especially if anaerobic processes and metabolic
pathways overshadowed the effect of cover type as predicted.
Greater soil moisture contents in soils from the footslope position
explain the similarities observed in SOC between open and closed
cover. However, we observed SOC differences under open and closed
cover at the low backslope position where moisture contents were
comparable to backslope soils.

The increased SOC oxidation under open cover at the backslope
position leads us to infer that moisture conditions and organic mat
thickness influence soil temperature and SOC composition along the

Y1 transect near Fairbanks, Alaska. As warming temperatures

continue to destabilize permafrost landscapes, the role of the canopy
in determining temperature-driven differences in SOC decomposition
depends on the slope position. SOC composition at the carbon-rich
footslope position did not reflect the same canopy-driven differences
in oxidation and the relative abundance of SOC compounds as
observed in upslope soils. We predict that canopy—in combination
with organic mat thickness—on backslope positions may introduce
variability in SOC decomposition dynamics and ultimately carbon loss.
As temperatures continue to rise, accurate predictions for how that
warming will impact forested permafrost landscapes require under-
standing the complex relationship between ground temperature,
topography, and canopy cover.
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APPENDIX A

Topography and canopy cover influence soil organic carbon composi-
tion and distribution across a forested hillslope in the discontinuous
permafrost zone.

Al |
resonance mass spectrometry (measurement, analysis, and data

Extensive overview of the Fourier-transform ion cyclotron
visualization approach

Compound classification was conducted via modified aromaticity
index (Almod) (Equation 1), hydrogen-to-carbon (H/C) and oxygen-
to-carbon (O/C) ratios, and the nominal oxidation state of carbon
(NOSC) (Equation 2).4°

Equation 1. Aromaticity index (Almod)

1+C—(0.5x0)-S—(0.5x (N+P+H)))

Almod = (C_(05x0)-S_N_P

Equation 2. NOSC

—((4%C)+H—(3xN)—(2x0)—(2x95))
c

NOSC:4

in which C = carbon, H = hydrogen, O = oxygen, S = sulfur, N =
nitrogen, and P = phosphorus.

Identified molecules were separated into four compound classes
using the Almod and H/C and O/C ratios. Following Seidel et al.
(2014),6’3 we used formulas, rather than molecular structure, to
delineate biomolecular groupings. The Seidel classification system
(organized by molecular O/C and H/C ratios) defines compound
classes as (i) condensed aromatics (Almod > 0.66), (i) aromatic com-
pounds (0.66 > Almod > 0.50), (iii) highly unsaturated and lignin-like
compounds (Almod < 0.50 and H/C < 1.5), and (iv) aliphatic com-
pounds (> H/C = 1.5) (Seidel et al. 2014%°). Relative abundances were
calculated as the number of unique peaks (formulas) within a specific
compound class compared with the total number of unique peaks

across all compound classes.

85U80|7 SUOWIWOD aA11e8.D 3(qedljdde au Aq pausenob aJe Sajoife VO ‘8sN JO SN 10} AReud18UlUQ AB|IA UO (SUORIPUOD-PUe-SWLBIWOD A3 1M ARe.d [l [U0//SdNL) SUORIPUOD Pue SWie | 8u 88S *[£202/20/22] uo AfeiqiTaulluo 811 ‘002z ddd/z00T 0T/I0p/wioo" A8 1m Akeiq1jeut|uoy/sdny woij pepeojumod ‘€ ‘€202 ‘0EST660T


info:doi/10.1088/1748-9326/8/3/035028
info:doi/10.1371/journal.pone.0194014
info:x-wiley/rrid/10.1002/1099-1530(200007/09)11:3%3C219::AID-PPP352%3E3.0.CO;2-7
info:x-wiley/rrid/10.1002/1099-1530(200007/09)11:3%3C219::AID-PPP352%3E3.0.CO;2-7
info:doi/10.1111/gcb.13248
info:doi/10.1111/gcb.13248
info:doi/10.1016/j.jaridenv.2015.06.004
info:doi/10.1002/eco.2132
info:doi/10.1002/eco.2132
info:doi/10.1111/j.1365-2745.2011.01925.x
info:doi/10.1111/j.1365-2745.2011.01925.x
info:doi/10.21638/11701/spbu03.2017.202
info:doi/10.1641/B570408
info:doi/10.1029/98GB00741
info:doi/10.1016/j.catena.2019.02.029
info:doi/10.1038/s41467-017-01320-x
info:doi/10.1038/s41467-017-01320-x
info:doi/10.1038/35051650
info:doi/10.1111/gcb.15100
info:doi/10.1146/annurev.mi.41.100187.002341
info:doi/10.1146/annurev.mi.41.100187.002341
info:doi/10.1002/jpln.200700048
info:doi/10.1016/j.gca.2014.05.038
info:doi/10.1002/ppp.2200

“ | WILEY

ROONEY ET AL.

A.2 | Extensive overview of the X-ray diffraction measurement
and analysis

Minerals were quantified by the Rietveld method using TOPAS
(v6, Bruker AXS). The Rietveld method combines calculated X-ray dif-
fraction patterns from the substituent minerals to provide the best fit
with the observed pattern. For each mineral, the scale factor, cell param-

eters (constrained within ~0.5% of the expected values), and crystallite

TABLE A1 Particle size class as determined by hydrometer method

Backslope Clay

Silt

Sand

Textural class
Low backslope Clay

Silt

Sand

Textural class
Footslope Clay

Silt

Sand

Textural class

size (constrained between 50 and 500 nm) were refined. A preferred
orientation correction was refined for minerals consisting of platy mor-
phologies. The scale factors from the Rietveld refinement were used to
determine the relative quantities of the minerals, which are scaled to a
total of 100%. Allowing for the minimization of structural factors includ-
ing lattice parameters, intensity, coherent scattering domain size, and
preferred orientation bias, final model results were achieved with typical

weighted profile residual (Ry,,) ranging from 5.43% to 12 %.

Closed cover (%) Open cover (%)

172 171
45+ 3 56+6
38+3 27 +7
Loam Silt loam
21+2 19+1
51+4 60+3
28+5 21+3
Silt loam Silt loam
201 18+1
72+2 72+ 4
8+2 11+4
Silt loam Silt loam

Note. All values are reported in percentages with standard error. Sand is defined as 50 um to 2 mm, silt is defined as 2 to 50 um, and clay is defined as

<2 um.

TABLE A2 Significant effects of slope position, cover type, and
their interaction on soil properties

Slope position  Cover type Interaction
Gravimetric water (%) 0.0004 - -
TC (%) <0.0001 = =
TN (%) <0.0001 - -
C:N ratio 0.0006 = 0.002
SOM (%) - - -
Organic mat thickness  0.0006 - 0.008
pH <0.0001 - -

Note. p values are presented (ANOVAs only).
Abbreviations: SOM, soil organic matter; TC, total nitrogen; TN, total
nitrogen.
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TABLE A3 Mineralogy abundances

as determined by X-ray diffraction Mineral Backslope (%) Low backslope (%) Footslope (%)

Closed Albite 15.1+0.8 16 +0.7 134 +0.3
Ankerite 0.8+0.3 08+0.1 03+0.1
Anorthite 148 £ 0.4 167+1 144 +0.3
Chlorite 59+0.8 53+04 7.6+0.3
Hornblende 41+01 43+04 39+0.1
Mica 9.7+0.7 9.3+0.7 14.6 £ 0.8
Microcline 3.5+09 4+0.8 58+04
Quartz 46 + 1.8 43.5+0.9 40 £ 0.6

Open Albite 15.3+0.6 147 £ 0.3 14 £0.5
Ankerite 0.6+0.1 05+0.1 03+0.1
Anorthite 16.7 +1.1 16.6 £ 0.7 151+ 0.6
Chlorite 5.6 +0.5 6.2+0.3 6.7 £0.6
Hornblende 4.6 0.6 47 0.2 3704
Mica 9.7 +0.6 10.1 £ 0.3 14+1
Microcline 48+14 49 +0.9 49 +0.8
Quartz 427 +18 42.1+0.7 413+14

Note. All values are in percentages with standard error.

TABLE A4 TCand TN by horizon for

the backslope position Backslope Replicate Horizon Depth (cm) TC (%) TN (%)
Closed C-A Bgl 26-49 0.49 +0.02 0.03+0
C-B Bgl 28-50 1.43 £0.01 0.08+0
Cc-C Bgl 22-44 1.1 +0.01 0.05+0
Grand mean 1.01 +0.14 0.05 +0.01
Open O-A Bgl 19-46 0.78 0 0.05+0
O-B Bg2 36-48 0.28+0 0.02+0
O-B Bg3 48-53 041+0 0.03+0
O-B Bg4 53-57 048 +0 0.03+0
O-C Bg2 19-42 0.24 +0.01 0.01+0
Grand mean 0.44 +0.05 0.03+0

Note. All values are in percentages with standard error for instrument/analytical replicates. No statistical
differences are found between open and closed cover.
Abbreviations: TC, total carbon; TN, total nitrogen.
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Low backslope Replicate
Closed C-A

C-A

C-A

C-B

Cc-C

Open O-A
O-A
O-A
O-B
O-B
O-B
0O-C
O-C

Horizon
A

Bgl
Bg2

Bg

Bg2

Bgl
Bg2
Bg3
Bgl
Bg2
Bg3
Bgl
Bg2

Depth (cm)
26-35
35-40
40-45
19-44
38-41
Grand mean
23-35
35-39
39-42
29-40
40-44
44-48
30-43
43-48

Grand mean

TC (%)
3.96 £ 0.01
057+0
0410
1.17 £0.01
1.25+0.01
1.43 £0.29
1.31+0
0.57+0
046 +0
563+0
148 +0
1.31+0
2.26 £0.01
152+0
1.82 +£0.32

TN (%)
0250
0.03x0
0.03+0
0.06 £0
0.07+0
0.08 + 0.02
0.09+0
0.03+0
0030
0280
0.09+0
0070
0120
0.07+0
0.1 +£0.02

Note. No statistical differences are found between open and closed cover. All values are in percentages.

Abbreviations: TC, total carbon; TN, total nitrogen.

Footslope Replicate
Closed C-A

C-A

C-B

C-B

C-B

c-C

c-C

c-C

Open O-A
O-A
O-B
O-B
O-B
O-C
O-C
O-C

Horizon
Bg2
Bg3
Bgl
Bg2
Bg3
Bgl
Bg2
Bg3

Bgl
Bg2
Bgl
Bg2
Oe

Bgl
Bg2
Bg3

Depth (cm)
38-43
43-48
25-39
39-43
43-48
29-35
35-40
40-45
Grand mean
42-48
49-54
33-35
35-39
39-44
33-45
45-50
50-54

Grand mean

TC (%)
1.28 £ 0.08
1750
155+0
1320
142+0
4.05 +0.01
6.69 £0.01
3490
2.54 £ 0.35
1.61+£0.01
1490
6.25+0.01
541+0.01
15.7 £0.02
1.19 £ 0.01
2280
1.5+0.01
443 £0.97

TN (%)
0.08+0
0110
0.09+0
0.08+0
0.08+0
021+0
0310
0.16+0
0.13 £ 0.02
0090
0.09+0
0.28 £ 0.01
03=+0
0.68+0
0.07+0
01+0
0.08+0
0.21 + 0.04

Note. No statistical differences are found between open and closed cover. All values are in percentages.

Abbreviations: TC, total carbon; TN, total nitrogen.

TABLE A5 TCand TN by horizon for
the low backslope position

TABLE A6 TCand TN by horizon for
the footslope position
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TABLE A7 Relative abundances of
carbon compound classes with
comparisons between slope positions

TABLE A8

Class
Aliphatic
Lignin-like
Aromatic

Condensed aromatic

Closed

Open

Class

Aliphatic
Unsaturated/lignin
Aromatic
Condensed aromatic
Aliphatic
Unsaturated/lignin
Aromatic

Condensed aromatic

Backslope
3879 +256a
52.85+232a
344 +148a
492+128a
35.08 +3.05a
52.62+1.69b
22+083a
10.1+0.75a

Low backslope
31.07 + 1.64 ab
5717 +205a
717 £045a
46+025a
3458+4.1a
57.56 + 3.44 ab
4.03+0.69a
384 +0.14b

WILEY_| *t

Footslope
29.64+0.95b
60.15 £ 0.64 a
6.92+0.58 a
329+024a
27.95+195a
64.31+0.78 a
441+138a
3.33+£0.24b

Note. Differences were determined at significance 0.05 via ANOVA and Tukey HSD tests. Statistical
comparisons are made between slope positions within cover types. Letters denote differences between

slope positions within each compound class and cover type as determined by Tukey HSD tests (P < 0.05).

All values are in

percentages (%).

Relative abundances of carbon compound classes with comparisons between cover types at each slope position

Backslope Low backslope Footslope

Closed Open Closed Open Closed Open

38.79 £ 2.56 35.08 +3.05 31.07 + 1.64 3458 +4.1 29.64 +0.95 27.95+1.95

52.85 + 2.32 52.62 + 1.69 57.17 £ 2.05 57.56 + 3.44 60.15 + 0.64 64.31 + 0.78*
344 +£148 2.2+0.83 7.17 £0.45 4.03 £ 0.69* 6.92 +£0.58 441 +1.38
492 +1.28 10.1 £ 0.75* 4.6 +0.25 3.84+0.14 3.29+024 333024

Note. Differences were determined at significance 0.05 via ANOVA test. Statistical comparisons are made between cover types within each slope position
with statistical significance noted by asterisks. All values are in percentages (%).

TABLE A9
Backslope
Closed C-A
C-B
Cc-C
Open O-A
O-B
O-B
O-B
O-C

Replicate

Horizon
Bgl
Bgl
Bgl

Bgl
Bg2
Bg3
Bg4
Oi

Depth (cm)
26-49
28-50
22-44
Grand mean
19-46
36-48
48-53
53-57

0-8

Grand mean

Aliphatic Unsaturated/lignin
43.81 48.27

35.44 55.83

37.11 54.44

38.79 +2.56 52.85+2.32
29.2 55.41

42.76 49.82

33.73 53.37

35.98 54.18

37.89 50

35.08 + 3.05 52.62 + 1.69

Relative abundances of carbon compound classes by horizon for all plots at the backslope position

Aromatic
1.73

6.38

222

3.44 +1.48
3.85

1.06

1.79

1.46

1.55
2.2+0.83

Note. Statistical comparisons are made between grand means of open versus closed cover soils. All values are in percentages (%).

Condensed aromatic
6.19

2.36

6.22

492 +1.28
11.54

6.36

11.11

8.37

10.57

10.1 £ 0.75

85U80|7 SUOWIWOD aA11e8.D 3(qedljdde au Aq pausenob aJe Sajoife VO ‘8sN JO SN 10} AReud18UlUQ AB|IA UO (SUORIPUOD-PUe-SWLBIWOD A3 1M ARe.d [l [U0//SdNL) SUORIPUOD Pue SWie | 8u 88S *[£202/20/22] uo AfeiqiTaulluo 811 ‘002z ddd/z00T 0T/I0p/wioo" A8 1m Akeiq1jeut|uoy/sdny woij pepeojumod ‘€ ‘€202 ‘0EST660T



352 | Wl LEY ROONEY ET AL
TABLE A10 Relative abundances of carbon compound classes by horizon for all plots at the low backslope position
Low backslope Replicate Horizon Depth (cm) Aliphatic Unsaturated/lignin Aromatic Condensed aromatic
Closed C-A A 26-35 24.87 60.51 9.32 5.3
C-A Bgl 35-40 34.36 56.78 3.76 51
C-A Bg2 40-45 34.27 57.76 4.06 3.92
C-B Bg 19-44 34.27 53.1 7.82 4.82
c-C Bgl 21-38 32.84 56.63 7.65 2.88
c-C Bg2 38-41 26.48 61.01 7.66 4.85
Cc-C Bg3 41-45 26.07 62.36 6.63 4.94
Grand mean 31.07 + 1.64 57.17 + 2.05 7.17 £ 0.45 4.6 +0.25
Open O-A Bgl 23-35 42.31 52.94 2.09 2.66
O-A Bg2 35-39 41.67 51.11 347 3.75
O-A Bg3 39-42 44.55 48 2.36 5.09
O-B Bgl 29-40 30.12 60.34 6.09 3.46
O-B Bg2 40-44 28.81 63.69 4.08 3.42
O-B Bg3 44-48 30.58 60.5 5.01 3.92
o-C Bgl 30-43 32.77 59.11 3.93 4.19
O-C Bg2 43-48 29.78 61.67 4.56 4
Grand mean 34.58 +4.1 57.56 + 3.44 4.03 £ 0.69 3.84+0.14

Note. All values are in percentages (%).

TABLE A11 Relative abundances of carbon compound classes by horizon for all plots at the footslope position

Footslope Replicate Horizon Depth, cm Aliphatic Unsaturated/lignin Aromatic Condensed aromatic
Closed C-A Bgl 29-38 33.87 56.96 6.88 2.29

C-A Bg2 38-43 29.61 62.11 5.14 3.14

C-A Bg3 43-48 30.09 61.27 5.06 3.57

C-B Bgl 25-39 259 64.13 6.89 3.08

C-B Bg2 39-43 31.59 56.16 8.14 411

C-B Bg3 43-48 29.51 58.51 8.04 3.93

c-C Bgl 29-35 30.46 59.91 7.07 2.56

Cc-C Bg2 35-40 27.54 62.55 6.78 3.13

c-C Bg3 40-45 26.58 61.87 7.75 3.8

Grand mean 29.64 + 0.95 60.15 + 0.64 6.92 +0.58 3.29 +0.24

Open O-A Bgl 42-48 29.07 64.84 3.25 2.85

O-A Bg2 49-54 31.85 61.17 2.54 4.44

O-B Oe/Bg 33-35 2444 64.89 7.17 35

O-B Bgl 35-39 23.47 66.64 6.92 2.97

O-B Bg2 39-44 24.55 64.55 7.39 3.51

o-C Bgl 33-45 26.14 65.91 4.26 3.69

o-C Bg2 45-50 31.51 64.11 23 2.08

o-C Bg3 50-54 289 64.57 3.38 3.15

Grand mean 27.95+1.95 64.31 £ 0.78 4.41+1.38 3.33+0.24

Note. All values are in percentages (%).

85U80|7 SUOWIWOD aA11e8.D 3(qedljdde au Aq pausenob aJe Sajoife VO ‘8sN JO SN 10} AReud18UlUQ AB|IA UO (SUORIPUOD-PUe-SWLBIWOD A3 1M ARe.d [l [U0//SdNL) SUORIPUOD Pue SWie | 8u 88S *[£202/20/22] uo AfeiqiTaulluo 811 ‘002z ddd/z00T 0T/I0p/wioo" A8 1m Akeiq1jeut|uoy/sdny woij pepeojumod ‘€ ‘€202 ‘0EST660T



ROONEY ET AL Wl LEY 353

FIGURE A1 Photograph of a soil sample from the closed
footslope position containing Oi, Oa, and Bg horizons. The white
arrows are pointing to oxidized iron concentrations observed within
the Bg horizon. Oxidized iron concentrations are observed in the
footslope soils under both open and closed cover

Backslope Low Backslope Footslope
Open Canopy Open Canopy Open Canopy

v

Elevation

FIGURE A2 General site, vegetation, and soil profile photographs from backslope, low backslope, and footslope positions under both open
and closed cover across the hillslope gradient. Three pits per slope position x cover type combination are sampled. We present one photo from
each slope position x cover type in this figure as a demonstrative example. The supporting soil morphological data for each profile are provided in
Figure 4
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FIGURE A3 Mineral composition and abundances with comparisons between hillslope positions and cover types as identified using X-ray
diffraction. Statistical comparisons are made within cover types between slope positions (backslope, low backslope, and footslope) and are
summarized in Table A1 and Figures A2-A4. All values are in percentages (%)
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FIGURE A4 Diffractogram patterns from the
X-ray diffraction analysis of the mineral soils at
the backslope position under (A) closed and

(B) open cover
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FIGURE A5 Diffractogram patterns from the
X-ray diffraction analysis of the mineral soils at
the low backslope position under (A) closed and
(B) open cover
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ROONEY ET AL

FIGURE A6 Diffractogram patterns from the
X-ray diffraction analysis of the mineral soils at
the footslope position under (A) closed and

(B) open cover
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aliphatic aromatic condensed aromatic unsaturated/lignin
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FIGURE A7 Nominal oxidation state of unique compounds (NOSC) under open and closed cover by slope position and compound class.
Statistical significance was determined at a = 0.05. NOSC was higher in aromatic and lignin-like compounds under open cover on the backslope
(compared with closed), whereas it was lower in aliphatic and lignin-like compounds under open cover on the low backslope (compared with
closed). NOSC was lower in aliphatics and higher in aromatics under open cover on the footslope position
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