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Abstract As Arctic regions warm rapidly, it is unclear whether high-latitude soil carbon (C) will decrease or
increase. Predicting future dynamics of Arctic soil C stocks requires a better understanding of the quantities and
controls of soil C. We explore the relationship between vegetation and surface soil C in an understudied region
of the Arctic: Baffin Island, Nunavut, Canada. We combined soil C data for three vegetation types—polar
desert, mesic tundra, and wet meadow—with a vegetation classification to upscale soil C stocks. Surface soil C
differed significantly across vegetation types, and interactions existed between vegetation type and soil depth.
Polar desert soils were consistently mineral, with relatively thin organic layers, low percent C, and high bulk
density. Mesic soils exhibited an organic-rich epipedon overlying mineral soil. Wet meadows were consistently
organic soil with low bulk density and high percent C. For the top 20 cm, polar desert contained the least soil C
(2.17 £ 0.48 kg m™2); mesic tundra had intermediate C (8.92 + 0.74 kg m™2); wet meadow stored the most C
(13.07 £ 0.69 kg m™2). Extrapolating to the top 30 cm, our results suggest that approximately 44 Tg C is stored
in the study region with a mean landscape soil C stock of 2.75 kg m™? for non-water areas. Combining
vegetation mapping with local soil C stocks considerably narrows the range of estimates from other upscaling
approaches (27-189 Tg) for soil C on South Baffin Island.

Plain Language Summary Warming in the High Arctic may destabilize organic carbon stored in
these high-latitude soils. One challenge to estimating the amount of carbon stored in the Arctic is that data
representing all major regions of the Arctic are limited. We estimate how much carbon is stored in an
understudied region of the Arctic by measuring how vegetation type is related to the development of soil
carbon and combining these soil data with satellite imagery to make regional estimates of soil carbon storage.
On South Baffin Island, Nunavut, Canada, three major vegetation types capture the pattern of soil carbon
storage. The wettest vegetation type dominated by grasses and mosses stored the most carbon, followed by a
shrub-dominated vegetation type with moderate moisture. The driest vegetation type, characterized by a
sparse cover of lichens and shrubs, stored the least soil carbon. Our regional estimate of soil carbon differed
from other databases that predict vegetation and soil carbon. Broadly, our results suggest vegetation and
hydrology are important factors for predicting how soil carbon stocks in the Arctic will change in response to
climate change.

1. Introduction

Understanding the response of Arctic soil carbon (C) stocks to climate change is crucial, as these high-latitude
stocks account for a significant portion of the total soil C pool (Schuur et al., 2015; Tarnocai et al., 2009).
Recent efforts to constrain the Arctic soil C pool suggest that 1,035 + 150 Pg C is stored in the top 3 m of soils in
the permafrost region (Hugelius et al., 2014). The future of these stocks is challenging to predict because soil C
pools may grow if arctic greening increases productivity and exceeds decomposition rates (Arndt et al., 2019;
Gagnon et al., 2019; Juselius et al., 2022; Mekonnen, Riley, Berner, et al., 2021). However, soil C pools may
shrink if deep soil C stocks become vulnerable to decomposition as permafrost thaws (Schuur et al., 2009;
Turetsky et al., 2020). Given the size of these stocks, it is important to quantify arctic soil C pools and better
understand their responses to climate change (Fisher et al., 2018).
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The impact of climate change on high-arctic systems is complex because several factors control the landscape-
level distribution of soil C. Prior research has shown that topographic position (Henkner et al., 2016; Weiss
et al., 2017), vegetation (Bradley-Cook & Virginia, 2018; Henkner et al., 2016), and soil C (Mikola et al., 2018)
are correlated in the Arctic at landscape scales. Climatic variables, including temperature and precipitation, are
also important controls on soil C at local and regional scales; in general, warmer and wetter locales have higher
soil C stocks (Bruhwiler et al., 2021; Mishra et al., 2021).

Topography and hydrology have shown substantial correlations with variations in vegetation composition and
plant productivity in the Arctic (Campbell et al., 2021; Mekonnen, Riley, Grant, et al., 2021; Naito &
Cairns, 2011). In hilly terrain, exposed peaks are often water-stressed, hill slopes are intermediate in moisture, and
valleys create wet soil conditions (Mekonnen, Riley, Berner, et al., 2021). These hydrological conditions in turn
influence plant structure and function, with lower plant biomass occurring on exposed topographic highs
compared to slopes or valleys (Ostendorf & Reynolds, 1998; Chapin et al., 1988; R. Edwards & Treitz, 2017,
Nielson et al., 2018; O’Conner et al., 2020; Mekonnen, Riley, Grant, et al., 2021). High-arctic upland areas with
moderate moisture often have more shrubs and sedges, while the wet lowlands are dominated by sedges, grasses,
and mosses (Campbell et al., 2021).

To the extent that interactions between vegetation and moisture control Arctic soil C stocks, improving under-
standing of their spatial distribution can help constrain estimates of current and future Arctic C stocks and fluxes
(Henkner et al., 2016; Hobbie et al., 2000; Lamarque et al., 2023; Osono et al., 2016). Vegetation factors such as
species composition, density, leaf area index, C:N ratio, and C use efficiency exert control over surface soil C
stocks by altering rates of productivity and soil respiration (Atkinston & Treitz, 2012; Lamarque et al., 2023;
Mekonnen, Riley, Grant, et al., 2021). However, disagreement remains on which vegetation types store more C:
several studies suggest that graminoid and wetland vegetation types store the most soil C in the Arctic (Bradley-
Cook & Virginia, 2018; Horwath Burnham & Sletten, 2010; Palmtag et al., 2015; Petrenko et al., 2016), but other
studies have indicated that shrub tundras store more C (Elberling et al., 2004; Gries et al., 2020). In addition to
vegetation, soil moisture also affects the vertical distribution of arctic soil C stocks (Gries et al., 2020; Mishra &
Riley, 2012; Natali et al., 2015). Highly saturated soils are associated with deeper organic horizons because
microorganisms are less efficient in low-oxygen conditions, thereby slowing decomposition (Broll et al., 1999).
In arctic environments, higher soil moisture may also increase cryoturbation, which buries surface organic C and
increases C storage (Gries et al., 2020; Gundelwein et al., 2007; Harden et al., 2012; Palmtag et al., 2015).

Several approaches have been developed to quantify the relationship between landscape characteristics and soil C
and to scale up local soil C storage estimates to regional and pan-arctic scales (Atkinston & Treitz, 2012;
Hugelius, 2012). At local and regional scales, high-resolution remote sensing approaches using both topography
and land cover classification are an increasingly common method for upscaling soil C stock assessments
(Hugelius et al., 2011; Palmtag et al., 2015, 2018; Siewert et al., 2016; Weiss et al., 2017; Wojcik et al., 2019).
Applying a land cover-based upscaling to the pan-arctic scale may be possible with the recently published 1-km
raster version of the Circumpolar Arctic Vegetation Map (CAVM), although the resolution may still be too coarse
to represent highly variable arctic environments (CAVM Team, 2022). At the pan-arctic scale, three different
methods of estimating soil C stocks exist: the Northern Circumpolar Soil Carbon Database (NCSCSD) (Hugelius
et al., 2014), the SoilGrids database (Poggio et al., 2021), and the C-Band SAR approach (Bartsch et al., 2016).
The NCSCD is a thematic upscaling that links 1,778 soil pedons with soil C data to upscale soil C stocks for the
circumpolar permafrost region of the Arctic (Hugelius et al., 2014; Tarnocai et al., 2009). SoilGrids is a global
database that uses soil profiles combined with environmental covariates like vegetation and hydrology to predict
soil C at 250-m resolution (Batjes et al., 2020; Poggio et al., 2021). Finally, C-Band SAR is used to measure and
upscale soil C by remotely sensing surface roughness and vegetation structure as a proxy for soil C content
(Bartsch et al., 2016; Yonghong et al., 2023).

At least three limitations hinder efforts to scale local measurements of soil C to regional and pan-Arctic as-
sessments of soil C stocks. First, the current spatial distribution of high-arctic soil sampling is limited and does not
represent the heterogeneity of arctic regions/landscapes (Lara et al., 2020; Metcalfe et al., 2018; Virkkala
et al., 2019). Several regions, including the Canadian high-arctic archipelago, are underrepresented compared to
other regions, such as Alaska and Western Russia, which have been studied more thoroughly (Hugelius
et al., 2014). Second, additional measurements of soil C are needed to characterize how C stocks change with
major arctic vegetation types and soil depth. This is particularly the case for high-arctic wetland systems, which
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Figure 1. (a) The geographic location of Baffin Island (gray shaded) in Canada, (b) location of the study region on southern
Baffin Island (red box), and (c) location of the 17 sampling sites in this study (blue squares) relative to the location of the city
of Iqaluit, Nunavut.

have been incompletely studied, yet may be the most responsive to vegetation greening and soil C pool growth
(Bakian-Dogaheh et al., 2022; Nabe-Nielson et al., 2017; O’Conner et al., 2020). Third, efforts to scale up local
soil C measurements to regional and pan-arctic-scale stock assessments can benefit from the application of high-
resolution, remote-sensing-based land cover classifications. Limitations exist for each of the methods used to
estimate pan-arctic soil C. The NCSCD, CAVM, and C-Band SAR may be too low resolution to accurately assess
variability in high-arctic soil C stocks, while both SoilGrids and the NCSCD database are limited by the lack of
soil C data from different geographies (Bartsch et al., 2016; Mishra et al., 2013, 2021; Poggio et al., 2021; Weiss
et al., 2017).

We present new soil C measurements and a high-resolution vegetation classification from South Baffin Island,
Nunavut, Canada, and use these to improve estimates of regional soil C stocks in this region. Baffin Island is an
arctic region poised to green significantly because of its combination of moderate warmth but wetter conditions
than other regions in the Canadian Arctic Archipelago (Maxwell, 1981). It is also an understudied region of the
Arctic (Virkkala et al., 2019), with few field studies of soil C (Bockheim, 1979; Broll et al., 1999; Evans &
Cameron, 1979) and no published estimates of soil C stocks. Using a combination of soil cores and high-
resolution imagery, we address the following specific questions: (a) How do organic depth, bulk density,
percent C, total soil C, and soil C:N vary across major high-arctic vegetation types (polar desert, mesic tundra, wet
meadow) and with soil depth? (b) How well does high-resolution satellite imagery classify these major vegetation
types in this region? (c) How do upscaled estimates of soil C stocks in this region using these field measurements
of soil C and high-resolution vegetation mapping compare to previous soil C stock estimates (NCSCD, SoilGrids,
C-Band SAR) or upscaling estimates generated from lower-resolution vegetation mapping (CAVM)?

2. Materials and Methods
2.1. Study Region

The study region is located within a 100-km radius of the capital city of Iqaluit (63.75°N, 68.52°W) on South
Baffin Island, Nunavut, Canada (Figure 1). As the largest island in the Canadian Arctic Archipelago, Baffin Island
is approximately 1,500 km in length and parallels Greenland (Corbett et al., 2016). South Baffin Island is
categorized as Low Arctic, although it is located near the transition between the Low Arctic and the High Arctic
(Prowse et al., 2009). The study region is within bioclimate Subzone D, where rates of greening are correlated
with summer warmth (Jia et al., 2009). For the period 1981-2010, mean annual temperature in Iqaluit was
—9.8°C, and mean annual precipitation was 412 mm (Environment Climate Change Canada, 2023). The region
has experienced a 1.6°C increase in temperature (Ford et al., 2017) and a more than 20% increase in precipitation
(Mekis & Vincent, 2011) over the past 70 years.

South Baffin Island lies north of the tree line, and the vegetation is dominated by herbs, shrubs, and lichens
(Prowse et al., 2009). CAVM estimates that the study region has a high coverage of bedrock (B2), with the
vegetated areas including prostrate dwarf-shrub tundras (P1, P2) and moist sedge and dwarf tundras (G3) (CAVM
Team, 2022). Non-bedrock areas have been estimated to have 80%—100% vegetation cover (Gould et al., 2003).
Aboveground biomass ranges from 500 to 2,000 g m~2, which is slightly higher than other regions of Subzone D
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(100-2,000 g m™~2) (Gould et al., 2003). Previous work has shown that vegetation types on South Baffin Island are
correlated with topography and moisture (R. Edwards & Treitz, 2017).

The study area lies within the continuous permafrost zone (Prowse et al., 2009) and its soils are predominantly
classified as Gelisols (Aide et al., 2021). Within the Gelisol class, Turbels and Orthels are present in the study
region (Tarnocai et al., 2009). These soils are acidic, with a high proportion of gravel and sand and low clay
content (Evans & Cameron, 1979). In previous research, Baffin soils have been described as highly variable due
to differences in vegetation and microclimate (Bockheim, 1979). Organic matter content is higher in soils
developed from dwarf shrub, sedge, and moss tundras. Polar deserts support lower organic content and are located
on high altitudes and crests with sparse lichen covers (Bockheim, 1979). Moist soils often have higher C content
than dry soils because cryoturbation transports organic C to lower depths, where it is too cold to be decomposed
(Broll et al., 1999).

2.2. Field Sampling

In July 2022, we collected a total of 51 soil cores from 17 sites that spanned a range of major vegetation types,
topographic positions, and hydrological conditions in the region (Figure 1c). The locations of the 17 sites were
chosen to ensure that sampling locations were spatially independent. We adopted the vegetation/land cover
classification system of R. Edwards and Treitz (2017), which was developed in the Apex River Watershed within
the study region and characterized landscapes using four major categories (from decreasing to increasing mois-
ture): (a) barren, (b) polar desert, (c) mesic tundra, (d) wet meadow tundra. These land cover types were chosen
because the three vegetation types—polar desert, mesic tundra, and wet meadow—are correlated with topographic
position and hydrological gradients (Figure 2, Table 1). These correlations with vegetation type were assessed
qualitatively in the field and described by R. Edwards and Treitz (2017). To assist with locating wet meadow tundra
ecosystems, we identified potential study sites using remote sensing to find areas of high NDVI within the sedge,
dwarf-shrub, and moss tundra (G3) polygons from CAVM (CAVM Team, 2003; Walker et al., 2005). Polar desert
and mesic tundra vegetation types were sampled in the surrounding uplands at each site. Areas classified as barren
were not sampled because they often consisted of exposed bedrock with no soil development.

At each of the 17 sites, we collected three soil cores, one from each vegetation type. Because of the nature of the
vegetation and soil structure (Figure 3), we developed different sampling approaches for each vegetation type. For
polar desert soils, we excavated a trench to ~20 cm depth and sampled the 0—10 cm and 10-20 cm intervals along
one of the exposed faces using a 5.27-cm-diameter steel cylinder driven vertically into the soil with a sledge-
hammer (Figure 3a). For the mesic tundra cores, we collected the top (living/organic) portion of the soil separately
from the mineral soil. A trench was excavated to ~20 cm depth, and the depth of the organic-mineral transition
was noted (Figure 3b). A ~5-cm (width) x ~5-cm (length) monolith of the organic portion was excavated from
one of the exposed faces to the depth of the transition between organic and mineral soil (mean depth = 6.9 cm,
n = 17). The soil cylinder was used to collect mineral soil to a depth of 10 cm and, additionally, from 10 to 20 cm.
Because the wet meadow sites were dominated by Sphagnum peatmosses, we used techniques described pre-
viously for sampling peat in permafrost soils (Camill et al., 2017). We first extracted a peat monolith with a bread
knife to the depth of permafrost, when present, or to the depth of rock or mineral soil (Figure 3c). When
permafrost was detected at depths shallower than the depth of peat, a Hoffer corer was used to extract frozen soil
to a depth of rock or mineral soil (Camill et al., 2017; Zoltai, 1978). Soil sampling was limited to the top 20 cm in
the polar desert and mesic tundra vegetation types due to the difficulty of sampling upland soils containing stones
and permafrost. In the wet meadow sites, accumulations of stone-free peat permitted sampling to the depth of
rock/mineral soil (mean depth = 40.1 cm, range = 10-151 cm, n = 17), which will permit an analysis of peat
initiation in a separate study. All samples were shipped to Bowdoin College and stored at 4°C until analysis.

2.3. Analytical Methods

Mineral samples were dried at 50°C for 48 hr, weighed to obtain a total dry mass, and sieved to obtain the mass of
material >2 mm and <2 mm. The volume of the >2-mm fraction was estimated using volumetric displacement
and was subtracted from the soil sampling cylinder volume to determine the volume of <2-mm soil. Fine fraction
bulk density (<2 mm) was calculated to exclude rock content from the mineral soils. The root content of mineral
soils was negligible; excluding the >2-mm root fraction in the estimates of bulk density had no significant effects
on our measurements (data not shown).
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Figure 2. Representative tundra landscapes and ecosystems located in the study region on South Baffin Island: (a) Areal
landscape photo showing varying topography and drainage network, with polar deserts (pink-gray color) on exposed hilltops,
mesic tundra (yellow-green color) common on hillslopes, and wet meadow ecosystems (dark green color) occupying low-
lying topographic positions near streams, ponds, and lakes, (b) polar desert ecosystem, (c) mesic tundra ecosystem,

(d) Sphagnum-dominated wet meadow ecosystem (Photo credits: P. Camill).

The organic portion of the mesic tundra and wet meadow cores were dried at 50°C for 48 hr and then weighed. For
the mesic tundra cores, bulk density of the organic layer was estimated by determining the volume of the monolith
sampled in the field. The wet meadow cores were sampled for bulk density at 1-2-cm intervals for the portion of
the core above the permafrost. Sampling intervals for the permafrost portion were determined by the depth of soil
recovered by the permafrost corer. For each interval, a known volume was sampled using a 5-cc syringe. Each
sample was dried at 50°C for 48 hr and then weighed. For all soils, bulk density is expressed as g-soil cm™.
Percent and total C and N were measured using elemental combustion (Camill et al., 2017). Dried soil samples
were ground in a SPEX SamplePrep 8000D ball mill to analytical fineness. Ground soils were analyzed for % C
and % N using a CHNS elemental analyzer (Costech, Valencia, CA, USA). The molar C:N ratio was determined

for each soil interval. Total C (kg-C m™2) was calculated using the following equation:

Total C = BD X %C/100 x D x 10

where BD = soil bulk density (g-soil cm™), D = sampling depth interval (cm), and 10 is a factor used for unit
conversion (Michaelson et al., 1996). Total N (kg-N m™2) was obtained with the same equation by substituting %
N for % C.

2.4. Vegetation Classification and Upscaling

We developed a vegetation classification based on the three dominant vegetation types—polar desert, mesic
tundra, wet meadow—with two additional land cover types, barren and water. The imagery selected for vege-
tation classification was 10-m resolution Sentinel-2 images for summer months (July—September) for 2019-2023.
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Figure 3. Soil structure for 0-20 cm depth varies considerably across the three major ecosystem types (blue line denotes
thickness of organic layer; red line indicates thickness of mineral soil): (a) the polar desert soil profile was almost exclusively
mineral soil, and the O-horizon was generally <1 cm thick; (b) mesic tundra had an organic epipedon overlying mineral soil;
(c) wet meadow soil was commonly organic peat to depth. Permafrost peat was sampled from the bore hole (outlined by the
dashed white circle) seen at the bottom of the surface core (Photo credits: P. Camill).

Google Earth Engine (Gorelick et al., 2017) was used to obtain 41 images atmospherically corrected (level 2A) to
surface reflectance. To add barren land to the original data set of the 51 core locations, we used high-resolution
imagery in Google Earth to locate equivalent points representing barren land cover across the study region (total
n = 68). The coordinates and associated land cover types were uploaded into Google Earth Engine. Before
beginning the land cover classification, we used the Normalized Difference Water Index (NDWI) to exclude
water (McFeeters, 1996). The masked water layer was re-added to the map after the classification of non-water
areas. For the remaining four land cover types, the average reflectance across 10 spectral bands (1, 2, 3, 4,5, 6, 7,
8, 8A, 12) and 41 images for each vegetation type were used to create a training (80% of samples) and test (20% of
samples) data set in Google Earth Engine. We used the training data set to train a Random Forest classifier
(Breiman, 2001) with five trees, a minimum leaf population of one, and a bag fraction of 0.5. To evaluate the
classification, we conducted an accuracy assessment using a resubstitution error matrix (Stehman, 1997). The
resubstitution error matrix randomly removed a 20% out-of-bag test subsample to assess the overall accuracy of
the classification (Stehman, 1997). Accuracy was expressed as a percent, with 100% accuracy representing a
classifier where all test subsamples were identified correctly.

The land cover classification was used to spatially upscale ecosystem C based on the observed relationship
between vegetation and soil C. To make our results comparable to estimates from the NCSCD, SoilGrids, and C-
Band SAR, we standardized our core depth to the same depth as these databases (30 cm) (Bartsch et al., 2016;
Hugelius et al., 2014; Poggio et al., 2021). For the wet meadow cores, which were collected to an average depth of
40 cm, only the average total C in the top 30 cm was calculated and used in this analysis. For the mesic tundra and
polar desert cores, which were only sampled to a depth of 20 cm, we extrapolated soil C to a depth of 30 cm by
assuming that total C storage in the 20-30 cm depth interval is the same as the 10-20 cm interval. The C storage of
barren and water land cover types was assumed to be 0 kg m~2 due to the lack of soil development in these
systems. Average total C (kg m~2) for the top 30 cm was multiplied by the aerial land cover (km?) for each
vegetation type. The sum of C stored in each vegetation type produced the estimate for ecosystem C storage
(reported in Tg C).

To evaluate CAVM as a potential circumpolar upscaling method, the vegetation map layer was downloaded and
clipped to the study region (CAVM Team, 2022; Hugelius et al., 2013). For the 1-km raster CAVM, the 10
vegetation types present on South Baffin Island were grouped into the three predominant vegetation types (plus
barren land cover) adapted in this study (Table 1). In general, there was a close match between the 10 cover types
in CAVM and the four land cover types we selected (Table S1 in Supporting Information S1). The one exception
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was CAVM polar desert cover class P2—prostrate/hemi-prostrate dwarf-shrub, lichen tundra. This class was
defined broadly to include ecosystems with 40%—100% vegetation cover, which meant that it was functionally
intermediate between polar desert ecosystems (sparsely vegetated) and mesic ecosystems (continuously vege-
tated). To account for the uncertainty associated with the P2 cover class, we generated two versions of the
reclassified CAVM to account for differences in classifying this transitional vegetation type between polar desert
and mesic tundra. In the first version of our analysis (CAVM 1), P2 was classified as polar desert, and in the
second version (CAVM 2), P2 was classified as mesic tundra. Ecosystem soil C stocks based on the two CAVM
versions were generated from the vegetation map and the new soil C data from this research.

Finally, the soil C upscaling approaches—NCSCD, SoilGrids, and C-Band SAR—were prepared for comparison.
All three data layers representing soil C in the top 30 cm were downloaded and clipped to the study region.
Ecosystem C storage for the NCSCD, SoilGrids, and C-Band SAR were estimated by multiplying their soil C
values by the area occupied by each soil C data point in the three respective sources.

2.5. Statistical Methods

Mean differences in soil properties were analyzed using two-way ANOV A with post-hoc multiple comparison of
means implemented in R v.4.3.1 (R Core Team, 2023). Vegetation type and depth were treated as fixed effects,
and data were natural log transformed prior to analysis. Because multiple comparisons of means inflate the rate of
type 1 error, Bonferroni corrections were made, and significance was assessed at the level of & = 0.0033. Because
of the large geographic distances among sites, we assume that the data are spatially independent.

The distribution of each soil property was also examined across vegetation types and depths using parametric and
nonparametric modeling. Sample data were fit with a continuous probability density (normal, Weibull, gamma)
using maximum likelihood estimation with package fitdistrplus (v.1.1-11) in R. Models were scaled to counts
(rather than frequency) in order to plot them together with histograms of the data, and best-fit models were chosen
using AIC statistics. A nonparametric assessment of differences in mean values for each soil property across
vegetation types and depths was conducted using bootstrap resampling (r = 10,000) implemented with package
mosaic (v.1.9.0) in R to generate bootstrap distributions of sample means and 95% confidence intervals.

3. Results
3.1. Soil Physical and Biogeochemical Properties

Soil organic matter depths were significantly different across vegetation types (Figures 3 and 4a, Figures Sla and
S2a in Supporting Information S1, p < 0.0001). Organic depth in polar desert soils was too thin to measure
accurately (consistently less than 1 cm), often consisting of a surficial lichen crust of variable thickness. In mesic
tundra, mean organic layer depth was 6.91 £+ 0.91 cm. The wet meadow organic layers were the deepest and most
variable (mean = 40.12 £ 8.11 cm, with a range of 10-151 cm).

Bulk density varied across both vegetation type and depth (Figure 4b, Figures S1b and S2b in Supporting In-
formation S1), with a significant interaction existing between vegetation type and depth (p = 0.012). Polar desert
soils dominated by mineral soil across the 0-20-cm soil profile (Figure 3a) showed greater bulk density
(1.18 + 0.06 g-soil cm™>), compared to organic-rich, low-bulk-density wet meadow soils (0.21 + 0.02 g-soil
cm™3). Deeper mesic tundra soils (10-20 cm) were also high bulk density (1.074 = 0.09 g-soil em™) and
were not significantly different than polar desert soils because of the predominance of mineral soil (p = 0.258).
Soils in the surface (0—10 cm) layer of mesic tundra showed an intermediate bulk density (0.492 £ 0.05 g-soil
cm™>) that differed significantly from both the polar desert and wet meadow soils (p < 0.0001).

Percent C was inversely related to soil mineral content and bulk density across the three vegetation types
(Figure 4c, Figure S3 in Supporting Information S1). Similar to bulk density, both vegetation type and soil depth
were explanatory variables, but a significant interaction existed between them (p < 0.0001) (Figures S1c and S2¢
in Supporting Information S1). In the 0-10-cm layer, percent C was significantly different across the vegetation
types (Figure 4c): lowest in the polar desert (1.47% = 0.32), intermediate in mesic tundra (23.19% + 2.73), and
highest in the wet meadow (41.63% =+ 1.18). A similar trend was observed at the 10-20-cm depth: polar desert
(0.66% =+ 0.20) < mesic tundra (5.74% =+ 2.79) < wet meadow (33.24% =+ 2.56). All three vegetation types
showed a decline in percent C from 0-10 cm to 10-20 cm, with the difference only being significant in mesic
tundra soils (p < 0.0001).
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Figure 4. Soil properties measured for each vegetation type: (a) mean organic depth (cm), (b) mean bulk density (g-soil
cm_3), (c) mean percent C (%), (d) mean total C (kg-C m?), (e) mean percent N (%), (f) mean total N (kg-N m?), (g) mean
molar C:N ratio. Stippled and solid gray bars represent data for the 0-10 and 10-20-cm soil layers, respectively. Error bars
represent +1 standard error of the mean. Numbers above the bars denote significance based on post-hoc mean comparisons
with Bonferroni corrections (a = 0.0033). Post-hoc mean comparisons were not performed with the polar desert organic
depth due to the difficulty of measurement.

In the top 20 cm, total C amounted to 2.17 + 0.48 kg-C m™2 in polar desert, 8.92 + 0.74 kg-C m ™2 in mesic tundra,
and 13.07 + 0.69 kg-C m™2 in wet meadow. Similar to both bulk density and percent C, total soil C was affected
by vegetation type and soil depth, although a significant interaction existed between them (p = 0.0005)
(Figure 4d, Figures S1d and S2d in Supporting Information S1). In the top 10 cm, there was no significant
difference between the total C stored in the organic-rich mesic tundra and wet meadow soils (p = 0.758,
Figures 3b and 3c), with mean total C values of 6.54 + 0.66 kg-C m™2 and 6.45 + 0.36 kg-C m™2, respectively.
Mean total soil C at the 0-10 cm depth was significantly lower in the mineral-rich polar desert (1.42 £+ 0.28 kg-
C m™?). However, in the 10-20-cm soil depth, there was a significant difference in total soil C across all three
vegetation types, with wet meadow > mesic tundra > polar desert (Figure 4d, p < 0.0002). Wet meadow soils at
depth (6.62 + 0.35 kg-C m™~2) had a statistically similar mean total C to the top 10 cm (p = 0.702). In contrast,
mesic tundra total C (2.38 =+ 0.44 kg-C m™2) and polar desert total C (0.75 =+ 0.21 kg-C m™~2) declined by over half
compared to the surface 0—10 cm depth, although the difference was significant only in mesic tundra (p < 0.0001).

Total N stocks in the top 20 cm were 0.12 + 0.1 kg-N m™2 in polar desert, 0.45 + 0.5 kg-N m ™2 in mesic tundra,
and 0.44 + 0.05 kg-N m™~2 in wet meadow. Soil N showed trends similar to soil C, but important differences
existed (Figures 4e—4f, Figures Sle and S1f, S2e and S2f in Supporting Information S1). Percent N was related to
both vegetation type and depth (Figure 4e, p < 0.0001), and a significant interaction existed between these factors
(p < 0.0001). In both soil depths, percent N followed the same trend as percent C for the polar desert and mesic
tundra soils. A notable difference occurred with the wet meadow soils, where, unlike percent C, percent N was
lower in the surface soils (0.93% = 0.07) than at depth (1.33% = 0.10) (Figure 4e). Total soil N was significantly
related to vegetation type (p < 0.0001) but not depth (p = 0.051), and an interaction existed between these factors
(Figure 4f, p < 0.0001). Similar to percent N, the trend in total N was similar to total C for polar desert and mesic
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Table 2

tundra soils, but the size of the soil N pool reversed for the wet meadow soils,

. . . C 2
Percent Landscape Cover and Accuracy for Vegetation Classification with surface soils storing significantly lower total N (0.16 £ 0.02 kg-N m™)

Land cover type

than at depth (0.29 + 0.03 kg-N m™2) (p = 0.0009).

Percent of landscape Percent accuracy

Barren

Polar Desert
Mesic Tundra
Wet Meadow
Water

422
28.8
9.8
1.6
17.6

912 Molar C:N ratios differed across both vegetation type (p < 0.0001) and soil
depth (p < 0.0001), and, unlike bulk density, percent/total C, and percent/
total N, the interaction between these factors was not significant (p = 0.587)
(Figure 4g, Figures S1g and S2g in Supporting Information S1). Across the
89.8 entire soil profile, C:N ratio was greater in wet meadow compared to polar
N/A desert and mesic tundra soils, and there was no significant difference between

93.9
88.4

polar desert and mesic tundra soils at either depth (p > 0.1). The C:N ratio
declined with depth in all vegetation types, although the decrease was significant only for mesic tundra
(p = 0.0002) and wet meadow (p < 0.0001) soils.

3.2. Landscape Classification

The landscape in the study region was dominated by barren, polar desert, and water, with a sparse cover of mesic
tundra and wet meadow (Table 2). The overall classification accuracy was 90.7%. The classification of polar
desert land was most accurate, followed by barren, wet meadow, and mesic tundra. The accuracy of water was not
assessed because it was pre-classified in Google Earth Engine and then re-added to the map. A comparison of
Sentinel-2 imagery and our classification at the site level can be found in the supplemental materials (Figure S4 in
Supporting Information S1).

The map of the study region classified by land cover type shows trends in the distribution of each vegetation type
(Figure 5a). The barren cover was predominantly concentrated in two linear (mountainous terrain) features along
the long edges of the study region. The polar desert cover occupied the majority of the space between the two
barren features. Within the polar desert cover, both the mesic tundra and the wet meadow appeared, at both broad
and fine scales, around water bodies—rivers, lakes, and Frobisher Bay (Figure 5, Figure S4 in Supporting
Information S1).

Our vegetation classification yielded estimates of vegetation cover that differed from the two versions of the 1-km
resolution CAVM classification (Figures 5b and 5¢) (CAVM Team, 2022). Both versions of CAVM produced a
more barren landscape than our classification, although CAVM differed slightly in the locations of barren land
cover (Table 3, Figures 5b and 5c). The percent wet meadow cover was the same in all three classifications despite
a more spatially clustered distribution in CAVM as compared to a patchier distribution in ours (see Figure S4 in
Supporting Information S1). Polar desert and mesic tundra cover in our classification fell in the middle of es-
timates from CAVM 1 and CAVM 2 (Table 3). CAVM 2 appears more similar to our classification
(Figures 5a—-5c).

(a) This study (b) CAVM 1 (¢) CAVM 2
N

0 25 50 100 km

Il Barren Il Polar Desert I Mesic Tundra Wet Meadow Water

Figure 5. Comparison between (a) land cover classification of this study, (b) CAVM 1, (c) CAVM 2 (adapted from CAVM
Team, 2022). In CAVM 1, the original CAVM P2 land cover class (prostrate/hemi-prostrate dwarf-shrub, lichen tundra) was
classified as polar desert, while CAVM 2 classified P2 as mesic tundra.
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Table 3
Comparison of Percent Land Cover From This Study and From CAVM

Land cover type Percent of landscape (this study) Percent of landscape (CAVM 1) Percent of landscape (CAVM 2)
Barren 42.2 48.0 48.0
Polar Desert 28.8 32.6 15.6
Mesic Tundra 9.8 1.1 16.7
Wet Meadow 1.6 1.6 1.6
Water 17.6 16.6 16.6

Note. Original CAVM land cover types were clipped to the study region and re-classified into the four land cover types in this
study.

3.3. Regional C Stocks

Extrapolating total C to a depth of 30 cm yielded results of 2.91 kg-C m~>for polar desert, 11.30kg-C m~> for mesic
tundra, and 20.02 kg-C m™2 for wet meadow ecosystems. Scaling these values to the entire region using the land
cover classification (Figure 6a) indicated that high C storage was located in proximity to water bodies, where the
mesic tundra and wet meadow land cover types were more common (Figures 2, 5a, and 6a). Mean landscape soil C
stock was 2.27 + 0.37 kg-C m ™2 for the whole study region and 2.75 =+ 0.45 kg-C m~2 when excluding water areas.

Comparing upscaled soil C stock estimates in the top 30 cm of soil from this study to previously published efforts
to map vegetation and upscale soil C, we note substantial differences among the approaches. By applying the soil
C storage estimates from this study to two CAVM vegetation maps, we estimated a C inventory of 27.3 Tg C for
CAVM 1 and 52.9 Tg C for CAVM 2 (Figures 6b and 6¢c, Table 4). The soil C inventories from the NCSCD and
SoilGrids assessment were both significantly higher: 189.8 and 127.9 Tg C, respectively (Figures 6d and 6e,
Table 4). The C-Band SAR approach resulted in a lower estimate of 80.9 Tg (Figure 6f) (Table 4). Our upscaling
estimate in this study lies in the lower end of this range: 44.2 + 7.3 Tg C (Figure 6a, Table 4).

4. Discussion

South Baffin Island appears to support significant accumulation of soil C that is spatially variable as a function of
vegetation type and, at the landscape scale, topography and hydrology (Figures 2—4d, and 6a, Figures S1 and S2 in
Supporting Information S1, Table 4). Because vegetation cover can be mapped effectively using remotely sensed
data (Figure 5a), vegetation-based upscaling is an effective method of representing surface soil C. To the extent
that efforts to upscale circumpolar soil C stocks do not account for the significant relationship between vegetation
and soil C at finer spatial scales, these inventories may be under or overestimating high-latitude soil C storage and
could benefit from the inclusion of explicit accounting of vegetation-soil C interactions. While vegetation-based
upscaling may only accurately represent surface soil layers up to 30 cm depth, this methodology is sufficient for
shallow high arctic soils.

Comparisons in soil C estimates across the Arctic are challenged by differences in soil sampling techniques,
depths, and upscaling methods (Horwath Burnham & Sletten, 2010). Despite these challenges, comparisons can
be made between our mean landscape soil C estimate (2.75 + 0.45 kg m~%; depth = 30 cm) and a sample of other
regions. South Baffin Island is moderate in soil C as compared to nearby landscape-level measurements in NE
Greenland (1.9 kg m™%; depth = 30 cm), NW Greenland (9.0 kg m™2; depth = 1 m), Svalbard (2.7 kg m™>;
depth = 30 cm) and northern Sweden (3.9 kg m™>; depth = 30 cm) (Horwath Burnham & Sletten, 2010; Palmtag
et al., 2018; Siewert, 2018; Wojcik et al., 2019). However, South Baffin Island soil C stocks are low in com-
parison to regions like Alaska and Russia. Johnson et al. (2011) estimated a mean landscape soil C storage of
44.0 kg m™2 (440 Mg ha™") for the top 1 m for the entire Arctic Tundra region. Studies in Russia have also
reported a range of higher soil C values from 11 to 30.7 kg m™> to a depth of 1 m (Gundelwein et al., 2007).

The interplay between percent C and bulk density illustrate how soil properties are inherited from vegetation types
and control the size of the total C stored in each vegetation type. Vegetation composition and biomass can affect
the amount of plant litter produced, and C quality affects the rate of decomposition of the organic matter
(Atkinston & Treitz, 2012; Bradley-Cook & Virginia, 2018; Lamarque et al., 2023; Mekonnen, Riley, Grant,
etal., 2021). This is most pronounced in the study region in comparing the sparsely vegetated polar desert soils to
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Table 4

(a) This study

(b) CAVM 1 (¢) CAVM 2

(
0 25 50 100 km

(d) NCSCD

(¢) SoilGrids

0 kgm

015kgm” ] 5-15kgm? [ 15-30kgm

Figure 6. Map of C stocks in the top 30 cm in the study region upscaled for (a) this study, (b) CAVM 1 (CAVM team, 2023),
(c) CAVM 2 (CAVM team, 2022), (d) NCSCD (Hugelius et al., 2013), (e) SoilGrids (Poggio et al., 2021), and (f) C-Band

SAR (Bartsch et al., 2016).

the ecosystems having continuous vegetation cover, the mesic tundra and wet meadow soils. Throughout the soil
profile, the polar desert vegetation exhibited denser mineral soils (Figures 3a and 4b). However, because of the
sparse vegetation cover, polar desert soils have very low percent C (Figure 4c), and thus do not accumulate
significant soil C pools (Figure 4d). In contrast, the wet meadow soils have the lowest density (Figure 4b), but

store significant amounts of C due to the high percent C inherited from Sphagnum peat (Figures 3c, 4c and 4d,

Loisel et al., 2014). A similar tradeoff between percent C and bulk density (Figure S3 in Supporting Informa-
tion S1) has been observed throughout the arctic (Hossain et al., 2015). Our work indicates that vegetation type is
an important factor in explaining this relationship. Polar desert (high bulk density and low % C) and wet meadow

(low bulk density and high % C) cores represent the end members of this relationship, whereas mesic tundra had

moderate density and moderate percent C (see Figure S3 in Supporting Information S1).

Ecosystem C Stocks Reported for Each Classification Source

Source Upscaled C stock estimate (Tg)
CAVM 1 27.3

CAVM 2 52.9

This Paper 442 +73

NCSCD 189.8

SoilGrids 127.9

C-Band SAR 80.9

Soil depth is another important factor to consider when examining the rela-
tionship between vegetation type, bulk density, percent C, and total soil C
(Figure 4). As noted above, polar desert and wet meadow cores show less
variation in bulk density, percent C and total C in the top 20 cm (Figures 4b—
4d) because the polar desert cores were mainly mineral soil and the wet
meadow cores were mainly organic soil (Figure 3). Because of the organic
epipedon overlying mineral soil in mesic tundra ecosystems (Figure 3b), it
was not surprising to find that mesic tundra soils from 0 to 10 cm exhibited
biogeochemical properties similar to surficial wet meadow soils (Figure 4,
Figures S1 and S2 in Supporting Information S1), whereas soils from 10 to
20 cm were more similar to mineral-dominated polar desert ecosystems
(Figure 4, Figures S1 and S2 in Supporting Information S1).
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The patterns of soil N in this arctic landscape appear to be influenced by vegetation and soil C. For polar desert
and mesic tundra sites, percent and total N followed the trends of soil C closely (Figures 4c—4f). This is not
surprising given that C and N are abundant elements in organic matter (Sterner & Elser, 2002). In the wet meadow
ecosystem, however, soil N trends diverged from soil C (compare Figures 4d—4f). Total soil N was lower in the
surface soil relative to depth, and this trend correlated with significantly higher C:N ratios in the surface soil layer
of wet meadows (Figure 4g). We speculate that lower N in wet meadow surface soils could be caused by a number
a factors: higher fraction of woody tissues, N uptake and storage in aboveground biomass, or possibly higher rates
of denitrification (K. A. Edwards & Jefferies, 2010; Hung et al., 2023; Weintraub & Schimel, 2003). Lower C:N
ratios and lower soil C stocks in polar desert and mesic tundra soils suggest higher-quality litter fosters higher
decomposition rates (Lynch et al., 2018). Meanwhile, the higher C:N ratio of the organic matter in wet meadow
soils may be less decomposable, leading to the development of greater C stocks at depth (Bradley-Cook &
Virginia, 2018).

Hydrology is also an important factor in the development of soil C pools in this region. The exposed, well-drained
soils of polar desert ecosystems likely inhibited plant production and facilitated soil decomposition, which would
prevent the accumulation of large soil C pools. In contrast, the low-lying, wet conditions of the wet meadow
ecosystems supported the growth of sedges and peat mosses, and the wet conditions also likely inhibited
decomposition (Hicks Pries et al., 2013; McGuire et al., 2009), thus leading to larger soil C pools in these
ecosystems. Peat accumulation in the wet meadow sites was often significant; peat depths greater than 20 cm only
occurred in the wet meadow ecosystems.

Results from this study contribute to a growing awareness that the relationship between vegetation type and soil C
appears to vary across regions of the Arctic. Prior work in Greenland suggests agreement with our finding that
soils underlying graminoid-dominated vegetation (our wet meadow sites) store more C than shrub-dominated
vegetation (our mesic tundra and polar desert sites) (Bradley-Cook & Virginia, 2018; Petrenko et al., 2016).
However, other work from Greenland found that arctic ecosystems dominated by tall shrubs or wet shrub areas
fed by snow beds stored more C than graminoid soils (Elberling et al., 2004; Gries et al., 2020). Given limited data
for how vegetation types affect soil C storage in the Arctic, it is clear that more research is required to understand
this relationship.

Despite variations in the relationship between vegetation and soil C across the Arctic, understanding the local
relationship between vegetation and soil C is beneficial for predicting the impacts of climate change on South
Baffin Island. If warming results in the expansion of mesic tundra vegetation into polar desert regions, ecosystem
soil C storage will increase. The future of precipitation may control the fate of wet meadow ecosystems, with
increased precipitation and wetting resulting in the expansion of peat systems. However, if wet meadow areas dry
and are overtaken by mesic tundra vegetation, ecosystem soil C storage will decrease.

In addition to better understanding the relationship between vegetation and soil C, efforts to upscale local soil C
measurements to regional C inventories require accurately described vegetation classes. Due to differences in
vegetation classifications, ecosystem C estimates from CAVM versions differ sharply from each other. CAVM 2
estimate (52.9 Tg C) represents an almost 100% increase compared to CAVM 1 (27.3 Tg C). This discrepancy
highlights the importance of correctly classifying transitional vegetation types, such as the CAVM class P2,
which may be intermediate between two major vegetation types (polar desert and mesic tundra) that differ
significantly in soil C storage (Figure 4¢). Although the CAVM land cover P2 is classified as polar desert (Table
S1 in Supporting Information S1), it is more spatially coherent with our results when classified as mesic tundra
(CAVM 2) rather than polar desert (CAVM 1) (compare Figures 5a—5c). Because of strong links between
vegetation type and soil C (Figure 4e), differences in the percent cover of vegetation types results in large dif-
ferences in ecosystem C storage.

Additional attention to spatial scale of land cover classifications also can improve efforts to assess and upscale
arctic soil C stocks. Regardless of which vegetation classification was used, both versions of CAVM generated
ecosystem C estimates that vary from the results of this study, either underestimating by 17 Tg C (CAVM 1) or
overestimating by 8 Tg C (CAVM 2) relative to our results (Table 4). Higher-resolution imagery is beneficial for
two important reasons in the Arctic: (a) It permits the identification of local streams and ponds (and associated C-
rich mesic and wet meadow ecosystems), and (b) it may better represent ecosystems that respond strongly to
landscape variation. Although the overall percent cover of wet meadow is the same between our classification and
CAVM, the distribution of this ecosystem type across the landscape in association with streams, ponds, and lakes
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is less well described at the 1-km CAVM resolution (Figure 5) and is often poorly described at the site scale
(Figure S4 in Supporting Information S1). Both CAVM classifications may misrepresent the land cover of mesic
tundra and polar desert because of the difficulty to assessing how these ecosystems respond to topographic
variability at scales finer than 1-km resolution (Figure S4 in Supporting Information S1). Our classification may
better assess this variability as well as transitions between these two vegetation types, resulting in estimates of
polar desert, mesic tundra, and soil C that fall between the two CAVM classifications for the study region. Our
results indicate that the spatial distribution of land cover types and regional soil C stocks can be improved with the
use of 10-m resolution imagery. To the extent that C-rich ecosystems, such as wet meadow and mesic tundra, are
distributed throughout the landscape in response to finer-scale topographical and hydrological changes, this could
have implications for the rate of high-Arctic response to climate warming/wetting if small, patchy, distributed
ecosystems respond more rapidly than large, clustered ecosystems. While other research suggests that even 1-m
or cm-level resolution is required to represent variable arctic environments, improving the resolution of upscaling
approaches may be more limited by the lack of sufficient soil carbon data than the availability remote sensing
products (Résénen et al., 2019; Siewert, 2018; Yang et al., 2021).

Higher-resolution soil C measurements directly linked to dominant vegetation types also provide an opportunity to
improve circumpolar upscaling efforts. Approaches to capture soil C like the NCSCD, SoilGrids, C-Band SAR are
meant to be highly generalized, which may explain some variation in local level soil C estimates. Even so, our
analysis generated a regional soil C stock estimate (44.2 Tg C) that was only 23% of the value reported for the
NCSCD (189.4 Tg C) (Hugelius et al., 2014) (Table 4). When examined at the local scale, the soil pedons fail to
capture the heterogeneity of the landscape, and the soil C stocks attributed to each soil pedon are too high
(Figure 6d). This may be caused by uneven distribution of soil profiles in the NCSCD: A disproportionate amount
of soil C data come from C-rich regions like Alaska and Siberia (Hugelius et al., 2014). The SoilGrids estimate for
the study region was only slightly lower than the NCSCD (127.9 Tg C) (Table 4). While SoilGrids has the highest
resolution of the three databases, there is little variation in soil C stocks captured in each 250-m X 250-m pixel, and
the soil C values are high (Figure 6¢). Similar to the NCSCD, the lack of variability and high stocks may arise from
insufficient soil data and the limited sample points representing higher-C environments than Baffin Island (Poggio
etal.,2021). Finally, the C-Band SAR approach yielded an ecosystem soil C estimate (80.9 Tg) closest to our own
and identified a similar spatial distribution of soil C throughout the study region (Table 4; Figures 6a and 6f). While
the C-Band SAR methodology could improve with higher-resolution imagery, the approach benefits from direct
measurements of surface characteristics and assigning the correlated C value to each raster pixel, and thus is more
spatially consistent than other methodologies (Bartsch et al., 2016). Nevertheless, their soil C estimates are still
higher than reported in this study. One explanation may be that the correlations between SAR values and soil C
stocks were generated from high-resolution data from five sites in the Arctic, four of which had higher mean
landscape soil C stocks than this study (Hugelius et al., 2010; Palmtag et al., 2015, 2016; Siewert et al., 2015).

5. Conclusion

Arctic vegetation types have a significant impact on the size of surface soil C stocks on South Baffin Island. Soil
properties like organic layer depth, bulk density, and percent C mediate the link between vegetation type and soil
C. Vegetation, in turn, is controlled by landscape-level features, including topography and moisture. Determining
the relationship between vegetation and soil C is an asset for mapping and upscaling soil C in the Arctic because it
permits the use of remotely sensed data to predict subsurface soil C based on representative vegetation mapping
and soil C stocks. High-resolution vegetation mapping of the study region reveals a greener landscape than
estimated by prior coarse-scale vegetation maps. Future shrubification and peat expansion may continue to occur
on a patchy scale because the Arctic is spatially heterogeneous. Thus, analyses at finer scales are recommended in
order for vegetation mapping to account for surficial variability. Additionally, circumpolar soil C databases are
limited by the distribution of soil data, and increasing research in understudied regions will improve our estimates
of pan-arctic soil C stocks.
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