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A B S T R A C T   

High-latitude soils store a large amount of the global soil organic carbon (SOC). The SOC stocks in mineral soils 
under different permafrost conditions, however, are underrepresented in global carbon databases. We sampled 
mineral forest soils under continuous and discontinuous to sporadic permafrost conditions on the Canadian 
Boreal and Taiga Plain. We determined the SOC stocks in the upper 60 cm of 94 soil pits across eleven sites (5–9 
pits per site) and SOC quality using 13C isotopic signatures, C:N ratios and composition of aliphatic/aromatic and 
cellulose/lignin-like compounds obtained from mid-infrared spectra analyses. Lastly, we evaluated the prediction 
of SOC stocks in these soils using mid-infrared spectra and partial least square regression modelling (PLSR). The 
SOC stocks were on average four times higher in soils under continuous permafrost conditions (93.7–203.8 Mg 
SOC ha− 1 in 0–45 cm) compared to soils under discontinuous to sporadic permafrost conditions (26.7–60.2 Mg 
SOC ha− 1 in 0–60 cm). In addition, the SOC stocks were larger at moist and wet locations compared to dryer 
locations and varied significantly between sites, stressing the importance of small-scale geomorphic differences 
in controlling SOC in boreal mineral forest soils. Continuous permafrost SOC had a lower degree of decompo
sition compared to soils under discontinuous and sporadic permafrost. This indicates a potentially large pro
portion of SOC in boreal mineral soils to be vulnerable to warming associate increases in decomposition. The 
combination of mid-infrared with PLSR was suitable to predict the SOC stocks (R2 > 0.8) with an average un
certainty of 14–23%, which was less than the observed spatial variability of the field replicates (29–41%). Mid- 
infrared spectroscopy can thus offer an alternative to fill SOC data gaps of high latitude mineral forest soils and 
reduce uncertainties originating from the limited number of currently available SOC observations of Canadian 
boreal mineral forest soils.   

1. Introduction 

High latitude soils in the Northern Hemisphere store approximately 
1100–1500 Pg organic carbon in the upper three meters (Jobbágy and 
Jackson, 2000). This corresponds to 30–40% of the global soil organic 
carbon (SOC), despite high latitude regions covering only 15% of the 
Earth’s surface (Köchy et al., 2015; McGuire et al., 2009). The largest 
proportion (63–88%) of the total SOC is potentially located in perma
nently frozen soil depth of organic and mineral permafrost soils. Peat
lands and wetlands are known as a major carbon (C) reservoir of the high 
latitudes (Hugelius et al., 2020). However, it is estimated that nearly 
70% of the total SOC of the Boreal and Tundra biomes is located in 
mineral soils (Jackson et al., 2017), which have received less attention 

so far. 
Northern high latitude regions are experiencing rapid climate 

warming with projected increases of up to 8 ◦C during the next decades 
(Erdozain et al., 2019; IPCC, 2013). The extent of permafrost is already 
decreasing and 40% of the global permafrost is predicted to thaw within 
the next decades even with a limited global mean annual temperature 
increase of 2 ◦C (Biskaborn et al., 2019; Camill, 2005; Chadburn et al., 
2017). Due to altered hydrology and plant productivity, enhanced mi
crobial SOC decomposition and ultimately increased greenhouse gas 
production, permafrost thaw could further accelerate global climate 
change (Chen et al., 2021; Schädel et al., 2016; Schuur et al., 2015; 
Turetsky et al., 2020). In the contexts of high latitude soils, climate 
warming and permafrost thaw, the present and future quantity and 
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quality of SOC in mineral boreal forest soils is uncertain. 
Northern SOC data of mineral soils are poorly represented in global 

databases of soil carbon, particularly from carbon-rich boreal forest soils 
(Batjes et al., 2019; Malhotra et al., 2019). The limited data and un
derstanding of C dynamics in boreal mineral forest soils constrains the 
precision of predictive earth system models and estimation of the C- 
related feedbacks with climate change (Hugelius et al., 2014). In 
particular, SOC content and stock data are scarce for Canadian soils, 
where the boreal forest covers more than 300 million hectares (Brandt 
et al., 2013; Kurz et al., 2013). Most of the available observations are 
located in the more populated southern regions of Canada and therefore, 
the lack of observations is even larger in regions of the more remote 
northern parts. Shaw et al. (2018) recently published a database on 
upland forest soils in Canada, which indicates that of the total available 
3500 observations, only 5% (approx. 180 observations) stem from re
gions above 60◦ north. So far, only a few studies exist that quantify SOC 
stocks in North Canadian boreal mineral soils (e.g.(Hossain et al., 2007; 
Tarnocai and Bockheim, 2011; Tarnocai et al., 2009), study its quality 
(e.g. Laganière et al., 2013; Matamala et al., 2019) or estimate SOC 
stocks indirectly from, for example, soil type data (Shaw et al., 2008). 
This lack of data and understanding of SOC in northern mineral soils 
limits our ability to predict northern soil carbon and permafrost thaw 
feedbacks (Dai et al., 2019; Luo et al., 2016; Poggio et al., 2021). 

Boreal forest mineral soils have high variability in SOC dynamics and 
unique features related to permafrost and cryoturbation. Around two- 
thirds of the boreal forest soils are on continuous permafrost with a 
rough gradient to sporadic and discontinuous permafrost conditions 
towards the south (Gruber, 2012; Helbig et al., 2016). Around 35% of 
the Canadian soils are Cryosols of which approx. 84% are mineral soils 
and 16% are organic Cryosols, the latter can be classified as peat- and 
wetlands (Tarnocai and Bockheim, 2011). Mineral Cyrosols are esti
mated to store 490–610 Mg SOC ha− 1 in the upper meter, which would 
represent around 55 Gt C, while non-cryoturbated soils are estimated to 
store less C with 120–170 Mg SOC ha− 1 in the same depth (Tarnocai and 
Bockheim, 2011). Cryoturbation is an important process of the C cycle in 
boreal soils and results in a translocation and mixing of SOC to greater 
soil depth (Bockheim, 2007; Ping et al., 2015). The extent and depth of 
cryoturbation and SOC translocation depends on factors such as 
drainage, soil texture (e.g. favored by high silt content) and freeze–thaw 
cycles (Ping et al., 2015; Walker et al., 2004). Consequently, cry
oturbation is controlled by small-scale geomorphic differences along the 
landscape, which also influence the composition of vegetation and the 
initial input of organic matter to the soil (Walker et al., 2004). However, 
given the lack of data for these regions, our understanding of how SOC 
stocks and its quality and composition relates to geographical distribu
tion, spatial heterogeneity and permafrost conditions is limited. 

Mid-infrared spectroscopy offers an opportunity for compound- 
specific analyses of SOC and to differentiate, for example, aliphatic 
and aromatic or lignin- and cellulose-like compounds (Cotrufo et al., 
2016; Laub et al., 2020; Ofiti et al., 2021; Soucémarianadin et al., 2019). 
It can be used to determine the quality and chemical characteristics of 
SOC. Recently, mid-infrared analyses in combination with statistical 
spectra analysis are gaining attention because it offers a possibility for a 
time- and cost-efficient determination of soil properties (e.g. pH and 
texture) and SOC contents (Dangal et al., 2019; Ludwig et al., 2016). In 
general, mid-infrared analyses are semi-quantitative but can be used in a 
chemometric approach to predict soil properties and SOC contents in 
combination with, for example, partial least square regression (PLSR) or 
machine learning algorithms. Several studies have shown that SOC 
contents could be well predicted for large datasets across the United 
States (Sanderman et al., 2020) and Europe (Nocita et al., 2014), but 
also the prediction of SOC fractions was possible (Sanderman et al., 
2021; Ramírez et al., 2021). 

A great advantage would be to predict volumetric SOC contents and 
hence directly estimate SOC stocks (quantity of SOC per area for a given 
depth) from mid-infrared spectra, which reduces the fieldwork efforts to 

estimate accurate bulk densities (Bellon-Maurel and McBratney, 2011). 
This is particularly challenging in high latitude soils due to logistical and 
sampling constraints in frozen soils and remote dense forests. Due to the 
cold environmental conditions, SOC in boreal soils is suggested to be 
little processed (Calderón et al., 2017; Tinti et al., 2015). Therefore, mid- 
infrared analyses based on the abundance of single components and 
functional groups of the SOC are promising for evaluating and predict
ing SOC quality and contents. Matamala et al. (2017) reported a good 
prediction of SOC contents and its decomposition state in organic layers 
and mineral soils of 27 sites in high latitude regions of Alaska, Canada 
and Iceland. To our knowledge, no study has reported a prediction of 
volumetric SOC contents and stocks of high latitude soils using mid- 
infrared analysis. 

Here, we determined SOC stocks and its quality in Canadian boreal 
forest mineral soils using 94 profiles (0–60 cm depth) to address the 
following questions: 1) Does continuous permafrost promote the accu
mulation of SOC in forest soils along the whole profile? 2) Which factors 
control SOC stocks and quality in continuous, discontinuous to sporadic 
permafrost soils and at different landscape positions? 3) Can the SOC 
stocks be predicted sufficiently with mid-infrared spectroscopy to pro
vide a rapid alternative to fill missing data from high latitude mineral 
forest soils? 

We selected forest soils under continuous and discontinuous to 
sporadic permafrost located in the Boreal and Taiga Plain of Alberta and 
the Northwest Territories, Canada. Additionally, we sampled different 
landscape positions (e.g. elevated plateau, slope and flat lowland) to 
identify controlling factors, such as soil and environmental properties, of 
the SOC stocks. Beside the quantification of SOC, we assessed its quality 
using δ13C values and C:N ratios as well as analyzing mid-infrared 
spectra obtained by diffuse reflectance infrared Fourier transformed 
(DRIFT) spectroscopy. Lastly, we used our dataset, composed of nearly 
300 measured SOC contents, bulk densities and spectra, for predictive 
PLSR modelling. 

2. Material and methods 

2.1. Study sites and soils 

We sampled at eleven sites within the Boreal and Taiga Plain, which 
can be divided in soils under continuous permafrost (hereafter northern 
sites) and discontinuous to sporadic permafrost conditions (hereafter 
southern sites) (Fig. 1, Table 1). The site descriptions below are based on 
field observations and reports of the National Ecological Framework of 
Canada (Agriculture and Agri-Food Canada, 2013) and the ecological 
regions of the Northwest Territories – Taiga Plain report (Ecosystem 
Classification Group, 2007). 

Five northern sampling sites were located near the town Inuvik (N1- 
N5) in the northern and permafrost dominated Taiga Plain with a high 
subarctic ecoclimate (mean annual temperature: − 9.5 ◦C and mean 
annual precipitation: 200–300 mm). Four sites (N1-N4) were located in 
the Great Bear Lake Plain. A landscape gradient (N2-N4; approx. 580 m 
in length, 50–90 m a.s.l. and maximum slope of 15◦) was sampled on the 
Campbell Hills facing north towards the Campbell Lake. The Campbell 
Hills are characterized by Pleistocene glacial till and colluvial deposits 
on Devonian limestone and dolomites (Campbell Uplift). The flat regions 
of the Great Bear Lake Plain (N1) are characterized by undulating fine 
textured glacial and outwash deposits on Cretaceous shale and Devonian 
limestone. The last sampling site (N5) was located on a hill (105 m a.s.l., 
Inuvik weather station) in the Mackenzie Delta ecozone. The Great Bear 
Lake Plain and the Mackenzie Delta ecozone are covered by approxi
mately 50% peatland and the forests are dominated by open white (Picea 
glauca) and black spruce (Picea mariana) and tamarack (Larix laricina) 
stands with a ground cover of dwarf birch (Betula nana), dwarf willow 
(Salix herbacea), ericaceous shrubs (Ericaceae), cotton grass (Eriophorum 
vaginatum) and lichen. Alaska paper birch (Betula neoalaskana) occurs in 
moist colluvial sites and in succession zones. All soils in the north were 
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characterized as Cryosols and the active layer varied between 10 and 
>60 cm (Table 1) with polygon structures at N4 and N5. 

All southern sites (S1-S6) were located in regions with discontinuous 
to sporadic permafrost and characterized by sub-humid mid-boreal 
ecoclimate (mean annual temperature: − 2◦C and mean annual precipi
tation 300–400 mm) in the southern Northwest Territories and in 
northern Alberta. We did not observe any frozen soil in the upper 60 cm 
of the soils sampled for this study. Five sample locations (S1-S5) were 
located in the Boral Plain of the Slave River Lowlands with sandy 

undulated alluvial and partly eolian deposits on Paleozoic carbonate 
formations. Approximately 50% of the surface of the ecozone is covered 
with peatlands. Three sites (S1-S3) were located on a landscape gradient 
(approx. 170 m length, 270–290 m a.s.l. and maximum slope of 12◦) 
exposed to the north towards a sinkhole lake, the Pine Lake in the Wood 
Buffalo National Park. The site S4 was located at the edge of a degraded 
peatland and the southernmost site in this study under a succession 
forest. The site S5 was located on a periglacial dune west of the town of 
Fort Smith. The last site in the southern sample region (S6), was located 

Fig. 1. Locations of northern (N1-N5) and southern (S1-S6) sites with permafrost distribution (a) and ecozones of Canada (b). The permafrost distribution is based on 
Gruber (2012) and ecozones on the Ecosystem Classification Group (2007). 

Table 1 
Site and soil characteristics of soils at northern (N1-N5) and southern (S1-S6) locations with coordinates (latitude and longitude), landscape position, elevation, active 
layer as observed in sampling depth, texture, soil type, dominant forest stand species and site moisture class.  

Site Latitude 
Longitude 

Landscape 
position 

Elevation (m 
a.s.l.) 

Active 
layera (cm) 

Textureb (%) Soil typec Dominant forest stand species Moisture classd      

Sand Silt Clay    

N1 68◦02’32.0’’N 
113◦29’17.9’’W 

Lowland 75 20–30 23 50 27 Turbic 
Cryosol 

Picea mariana, Betula 
neoalaskana 

Mesic to 
subhygric (3) 

N2 68◦10’07.5’’N 
133◦26’03.2’’W 

Bottom 50 20–30 19 52 29 Turbic 
Cryosol 

Picea mariana, Betula 
neoalaskana 

Mesic to 
subhygric (3) 

N3 68◦10’11.7’’N 
133◦25’43.4’’W 

Slope 65 15–40 26 47 27 Turbic 
Cryosol 

Picea mariana, Populus 
balsamifera 

Mesic (2) 

N4 68◦10’20.5’’N 
133◦25’26.4’’W 

Top 90 20–60 12 52 36 Cambic 
Cryosol 

Picea mariana, Populus 
balsamifera, Salix herbacea 

Subxeric (1) 

N5 68◦19’01.0’’N 
133◦31’57.2’’W 

Elevated 
plateau 

105 10–40 23 54 23 Skeletic 
Cryosol 

Picea mariana, Populus 
balsamifera, Salix herbacea 

Subxeric to 
mesic (2) 

S1 59◦31’31.9’’N 
112◦13’17.7’’W 

Bottom 270 >60 81 15 4 Stagnic 
Regosol 

Picea mariana Mesic (2) 

S2 59◦31’29.5’’N 
112◦13’17.6’’W 

Slope 275 >60 75 19 6 Haplic 
Regosol 

Picea mariana, Pinus banksiana Subxeric to 
mesic (2) 

S3 59◦31’27.5’’N 
112◦13’20.7’’W 

Top 290 >60 78 17 5 Haplic 
Cambisol 

Picea mariana, Pinus 
banksiana, Populus balsamifera 

Subxeric to 
mesic (2) 

S4 59◦26’24.6’’N 
112◦21’12.2’’W 

Flat Plateau 315 >60 71 20 9 Haplic 
Cambisol 

Picea mariana, Populus 
balsamifera 

Subxeric to 
mesic (2) 

S5 60◦01’02.2’’N 
112◦12’18.8’’W 

Dune/ river 
bank 

180 >60 83 12 5 Haplic 
Regosol 

Pinus banksiana, Xeric (1) 

S6 60◦08’38.2’’N 
113◦38’55.5’’W 

Lowland 270 >60 24 66 10 Leptic 
Luvisol 

Pinus banksiana, Xeric (1)  

a observed within the maximum sampling depth of 60 cm in summer 2019 as a range of all pits. 
b as average of all depths with clay (<0.002 mm), silt (0.002–0.05 mm) and sand (0.05–2 mm). See Tab. S1 for all depth. 
c according to World Reference Base (FAO, 2014) 
d classified according to Johnstone et al. (2008) and summarized as (1) dry, (2) moist and (3) wet. 
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in the Hay River Lowlands at the transition from Boreal to Taiga Plain 
and is dominated by clayey lacustrine and glacial till on Cretaceous shale 
with widely shallow soils (e.g. <30 cm). This ecozone has a peatland 
surface cover of 30%. At all southern sites, the forest is dominated by 
closed stands of jack pine (Pinus banksiana), white (Picea glauca) and 
black spruce (Picea mariana), trembling aspen (Populus tremuloides) and 
balsam poplar (Populus balsamifera), and white birches (Betula papy
rifera) in successions and moist areas. The soils in the southern region 
were classified as Gleysols, Regosols and Cambisols (Table 1). 

Based on the reconstruction of the deglaciation and retreat of the 
Laurentide Ice Sheet using radiocarbon-based ice margin chronology, 
Dalton et al. (2020) reported ice-free conditions around 12 ka cal. BP for 
the northern sites and around 10 ka cal. BP for the southern sites of this 
study. However, the southern sites have been covered by the Glacial 
Lake McConnell after the retreat. It is estimated that the lake divided 
into the today present Great Slave Lake and Lake Athabasca between 5.0 
and 8.3 ka cal. BP with the isostatic rebound and elevation of the land 
surface (Smith, 1994). 

Moisture classes of each site, in six levels from xeric to subhygric, 
were determined by considering topographic drainage, permafrost and 
soil texture following the key presented by Johnstone et al. (2008). The 
moisture classes were summarized in: (1) dry: xeric or suxeric. (2) moist: 
subxeric-mesic or mesic and (3) wet: mesic-subhygric to subhygric 
(Table 1). 

2.2. Soil sampling 

All soils were sampled in July and August 2019. At each of the eleven 
sample locations, a sample grid of 30x30 m was implemented and 
sampled in a raster, resulting in nine sample points per location. It was 
only possible to establish eight sample points at S1 and five at S6 due to 
logistical reasons. At each sample point, soil pits were excavated by 
hand using a spade to a depth of 60 cm. From each pit, four depth in
crements of the mineral soil (0–15 cm, 15–30 cm, 30–45 cm and 45–60 
cm) were sampled with stainless-steel soil cores (5 cm diameter and 12 
cm length taken centered of the increment), which were driven in by 
hand. Three soil cores were composited per increment. Undisturbed soil 
cores (100 cm3) were taken in each pit for each depth increment to es
timate bulk densities. 

Organic layers were sampled at the centered location of the sampling 
grid and the total layer contained litter and humified organic matter. At 
all other sample points, the thickness of the organic layers was measured 
and then carefully removed prior to mineral soil sampling. The sampling 
was restricted to less than 60 cm due to shallow soils and too high rock 
contents for some sample points in the south. At site S6 only the upper 
0–15 cm were sampled due to continuous rock in >15 cm depth. 
Continuous permafrost at the northern sites restricted the sampling to an 
average depth of 30 cm. However, deeper sampling was conducted if 
possible. Unless stated otherwise, all data are presented as averages of 
three to nine depth increments of each sample site. The number of 
samples per depth increment and per site are given in Table S1. In total, 
289 samples were taken from 94 pits. A full soil profile characterization 
was conducted at the centered pit of the sampling grids for each sam
pling site. 

2.3. Sample preparation 

The bulk density at each sampled depth from each pit was estimated 
by determining the gravimetric water content of the undisturbed and 
field moist samples, by drying at 105 ◦C until constant weight. After
wards, the samples were sieved to <2 mm to determine the mass of 
coarse rock and root fragments and to obtain the fine soil bulk density. 

The composited samples from the pits were air-dried and sieved to 
<8 mm for homogenization. To reduce the sample mass (1–2 kg per 
sample were taken in the field), an aliquot was dried at 40 ◦C and sieved 
to <2 mm. An aliquot of this was milled for further analysis. 

All samples with a pH > 6 were decarbonized using a HCl fumigation 
approach presented by (Walthert et al., 2010). In brief, 50 µl of 1% HCl 
were added to the samples in silver cups (5 × 9 mm) and exposed for 
eight hours to 37% HCl vapor. Afterwards, the samples were dried for 
four days under vacuum. The shift in δ13C to more negative values was 
examined in order to evaluate an effective carbonate removal. The 
decarbonatization concerned only samples of the sites S1-S4 (see 
Table S1 for all pH values). The remaining southern and all northern 
sites were free of inorganic carbon. All total carbon, inorganic carbon 
and SOC contents are presented in Table S1. 

We observed a shift to highly negative δ13C values (>31‰) for 
samples deeper than 15 cm at the sites S4 and deeper than 30 cm at site 
S1, S2 and S3. In these depths, all sites showed low SOC contents (<1%) 
and thus the fumigation may have influenced the isotopic composition 
of the little available SOC. It is reported that the acid fumigation has no 
effect on the stable isotopic composition of SOC in temperate soils used 
in Walthert et al. (2010). The removal of inorganic carbon by acid 
treatment, however, can alter SOC and change the isotopic composition 
(Bisutti et al., 2004). After several tests and modifications, we still ob
tained δ13C of >31‰ and removed corresponding samples from the 
interpretation of the isotopic SOC composition. 

The organic layers were dried at 40 ◦C and homogenized in a large 
bowl to mix the less degraded litter with the humified organic matter. 
Around 20% of the total weight was randomly sampled and further 
homogenized by hand. Approximately 10% of this mass was milled for 
further analysis, providing a representative measurement of the whole 
organic layer. 

2.4. Soil analyses 

The total carbon, total organic carbon and δ13C, relative to the in
ternational Vienna Pee Dee Belemnite (VPDB) standard, of all milled 
samples from soils and organic layers were measured using a dry com
bustion module cavity ring-down spectroscopy system (Picarro, Santa 
Clara, USA). The total nitrogen of soil samples was measured with the 
DUMAS method according to ISO 13878:1998. The total nitrogen of the 
organic layers was measured using an elemental analyzer-isotope ratio 
mass spectrometer (EA-IRMS; Flash 2000-HT Plus, linked by Conflo IV to 
Delta V Plus isotope ratio mass spectrometer, Thermo Fisher Scientific, 
Bremen, Germany). 

For each sample site, one composite for each depth increment was 
generated by weight for the following analyses. The texture was deter
mined by sedimentation and pipette method after removal of organic 
matter by H2O2 according to ISO 11277:2009. The texture classes were 
classified as clay (<0.002 mm), silt (0.002–0.05 mm) and sand (0.05–2 
mm). The effective cation exchange capacity (CECeff) was determined by 
hexamminecobalt trichloride extraction according to ISO 23470:2018. 
The pH was measured in 0.01 M CaCl2 using a 1:2.5 soil-solution ratio 
after shaking and settling for 1 h (Carter and Gregorich, 2008) using a 
glass-electrode (914 pH/Conductometer, Metrohm, Herisau, 
Switzerland). The elemental composition was determined by X-ray 
fluorescence analysis (Xepos, Spector Analytical Instruments, Kleve, 
Germany) using an international soil reference material (NCS DC 
73319). All soil parameters are presented in the supplement (Table S1). 

2.5. Soil organic carbon stock calculation 

Our sampling approach provided a bulk density estimation for each 
field replicate of the SOC content. Accordingly, the SOC stocks were 
calculated as: 

SOCstock = SOCfine*BDfine*d (1)  

where SOCfine is the SOC content [g g− 1] in the fine soil (<2 mm), d is the 
increment depth (15 cm) and BDfine [g cm− 3] is the bulk density of the 
fine soil calculated as: 
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BDfine =
msample − mrock fragments − mplant fragments

Vsample −
mrock fragments
ρrock fragments

−
mplant fragments
ρplant fragments

(2)  

where msample is the total mass of sample [g], mrockfragments and mplantfragments 
are the masses of rock and plant fragments >2 mm [g], respectively, 
Vsample is the sample volume (100 cm− 3) and ρrockfragments and ρplantfragments 

are the assumed densities of rock and plant fragments of 2.65 g cm− 3 and 
1.0 g cm− 3, respectively. All stocks are cumulated for 0–15, 0–30, 0–45 
and 0–60 cm depth for each sample point per sampling site and 
expressed in [Mg ha− 1]. All BDfine are presented with depth in the sup
plement (Fig. S1). To calculate the C stored in the organic layers, the 
thickness at each individual sample point was considered but the C 
content was obtained only from the center pit. The organic layer bulk 
density was estimated as 0.15 g cm− 3, which was obtained from a 
dataset presented by Shaw et al. (2018), including >2500 data points of 
Canadian boreal upland forest soils (average of 0.15 ± 0.04 g cm− 3). 

2.6. Mid-infrared spectroscopy and peak analysis 

The milled soil and organic layer samples were used to determine 
mid-infrared spectra by using DRIFT spectroscopy (TENSOR 27 spec
trophotometer, Bruker, Fällanden, Switzerland) at wavelengths from 
4000 to 400 cm− 1 (average of 64 scans per sample at 4 cm− 1 resolution), 
using KBr for background correction. After baseline correction and 
correction for CO2-interferences, peaks of maximal absorbance were 
identified for qualitative comparison. Peaks corresponding to cellulose- 
(band at 1245 cm− 1; range of 1247–1240 cm− 1) and lignin- (band at 
1508 cm− 1; range of 1512–1504 cm− 1) like compounds as well as 
aliphatic (band at 2930 cm− 1; range of 2990–2915 cm− 1) to aromatic 
(band at 1630 cm− 1; range of 1660–1590 cm− 1) compounds were 
considered (Cotrufo et al., 2016; Laub et al., 2020; Matamala et al., 
2019; Yeasmin et al., 2017). To identify differences in the SOC compo
sition as a result of organic matter input composition or its degree of 
decomposition, cellulose:lignin and aliphatic:aromatic maximal absor
bance ratios were calculated. 

2.7. Partial least squared regression predictive analysis 

The PLSR prediction analysis was computed for the northern and 
southern sites separately. Pre-analysis indicated a clustering of the 
prediction scores related to the large differences in SOC content and 
stocks between northern and southern sites. All spectra of each depth 
were considered, which resulted in 115 and 169 spectra for northern and 
southern sites, respectively. Only one spectrum in the north and four 
spectra in the south were excluded due to high SOC contents (>10% 
SOC). To reach normal distribution, all SOC stocks were log- 
transformed. 

To determine the optimum number of components, Monte Carlo 
resampling was applied with 100 repetitions and using a four-segment 
cross validation as an adapted approach from Kvalheim et al. (2018). 
In order to avoid overparameterization, the maximum number of com
ponents was evaluated by considering the median and standard devia
tion of the root mean squared error of prediction (RMSE) and the Akaike 
criterium (AIC) of the resampled predictions, which was calculated as: 

AIC = Nlog(RMSE) × 2m (3)  

where N is the number of included spectra (samples) and m the number 
of components (Li et al., 2002). 

The minimum RMSE and AIC for the SOC stock prediction was 
identified with six and eight components for the northern and southern 
sites, respectively. Student’s t-tests were used if AIC values were similar 
and the lower number of components was considered when differences 
were not significant (see Fig. S6 and S7). 

The SOC stocks were eventually estimated by using a leave-one-out 
validation, including all spectra and using the previous determined 

optimal number of components. All PLSR predictions were performed 
using the pls package in R Studio (Mevik and Wehrens, 2007). Beside 
comparing the RMSE, we further conducted an absolute and relative 
uncertainty analysis of predicted values in relation to the measured SOC 
contents and stocks (Fig. S10 and S11). 

2.8. Statistics 

Analysis of variances (ANOVA) was used to test significant differ
ences of cumulated SOC stocks in 0–15, 0–30, 0–45 and 0–60 cm soil 
depth between all sites and within sample sites from the northern and 
southern sample locations. The ANOVA was also used to determine 
differences of SOC stocks and DRIFT peak ratios between moisture 
classes. To compute p-values, general linear hypothesis and multiple 
comparison with post-hoc-test (Tukey) on a 95% pairwise confidence 
level and multiplicity Bonferroni adjustment was used by using the 
multcomp package (Hothorn et al., 2021). Prior to the ANOVA, homo
geneity of variances was tested with a Levene’s test. Due to variance 
heterogeneity, the SOC stocks were log-transformed when all sites 
(southern and northern locations) were tested. All analyses were done 
with R Studio (Version 1.3.1073, R Core Team (2021)). All data is shown 
as means of the field replicates and standard errors of the mean (SE) are 
presented. 

3. Results and discussion 

3.1. SOC stocks and contents under continuous and discontinuous 
permafrost conditions 

3.1.1. Mineral soil SOC stocks and contents 
The SOC stocks of soils under continuous permafrost from the 

northern locations were on average 4 ± 2 (up to 10) times higher 
compared to the southern locations (Fig. 2). Our findings are in line with 
previous observations, that mineral soils affected by cryoturbation store 
up to 70% more SOC than soils without cryoturbation (Bockheim, 2007; 
Kaiser et al., 2007; Tarnocai and Bockheim, 2011), while our findings 
indicate much larger differences. Only the lowest SOC northern site (N4) 
was comparable to the highest SOC southern sites (S1, S3, and S4). 

The northern SOC stocks ranged between 93.7 and 203.8 Mg SOC 
ha− 1 (based only on the upper 0–45 cm; all sites n ≥ 3 pits; Fig. 2 a). 
Among northern sites, SOC stocks were highest in the lowland and flat 
landscape positions (N1 and N2); lowest at elevated sites (N4 and N5) 
and intermediate at the slope location (N3). When taking the limited 
number of samples below 45 cm into consideration (due to frozen soil in 
>45 cm), the lowland and flat sites had even higher SOC stocks (N2 =
272.2 ± 24.5 Mg SOC ha− 1 and N1 = 247.1 Mg SOC ha− 1 for the whole 
profile; 0–60 cm depth). 

Large proportions of the total SOC were in deeper soil depth at the 
northern permafrost sites. At these sites, the SOC contents ranged be
tween 2.3 and 6.4% in 0–15 cm and decreased only slightly for the sites 
in the lowlands (N1 and N2), but remained >2.0% until 60 cm depth 
(Fig. 3a). For the more elevated sites (N3-N5), the SOC contents 
decreased with depth down to 1.6% at 60 cm. Our ranges compare well 
to literature reported values for two soil pits in the vicinity of our sites. A 
Turbic Cryosol, with 1.1–4.5% SOC similar to our sites N1 and N2, and a 
Static Cryosol (Canadian soil classification) with 1.5–3.0% SOC similar 
to our site N4 and N5 (Shaw et al., 2018). The SOC depth distribution 
indicates that the upper 0–15 cm contributed to 49–57% of the total SOC 
stocks in 0–45 cm at the elevated sites (N4 and N5) and the site at the 
slope (N4). At the two lowland sites (N1 and N2), around 54–70% of the 
whole SOC stocks were located in depth below 15 cm. This indicates that 
SOC translocation through cryoturbation leads to large stocks of 
permafrost mineral soils (Bockheim, 2007; Ping et al., 2015). 

Our two lowland sites (N1 and N2) are located in similar landforms 
with shallow active layer depths, a high silt content >50% (Table 1) and 
high SOC contents throughout the whole soil profiles (>2%, Fig. 3). It is 
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likely that these sites represent a large extent of ice-rich forest soils in the 
Mackenzie Delta region, which store much larger quantities of SOC in 
greater depth, since these ice-rich complexes can be more than 20 m 
thick (Ping et al., 2015; Schirrmeister et al., 2013). Deep ice-rich com
plexes (so called Yedoma) with average carbon contents of around 2.5% 
over depth and typically silty texture, are found in arctic regions of 
Alaska and Eurasia in former periglacial flood plains (Kanevskiy et al., 
2011; Ping et al., 2015). These formations were formed during the late 
Pleistocene and degraded in large parts during the Holocene, which 
resulted in ice-rich complex remnants overlaid with younger colluvial or 
floodplain material (Kanevskiy et al., 2014, 2011). Due to the high SOC 
and ice contents, these soils are highly vulnerable to climate warming 
with a positive climate effect when SOC decomposition is accelerated 
through thaw. It is estimated that 327–466 Gt of C are stored in ice-rich 
complexes (e.g. Yedoma and thermokarst depositions) in Siberia, Alaska 
and Canada combined, which equals around 25% of the estimated total 
C stored in the northern circumpolar permafrost region (Strauss et al., 

2017). However, the global and predominantly regional distribution of 
ice-rich complexes in the North Canadian permafrost region and the 
associated SOC stocks are largely unknown, resulting in large un
certainties of forest mineral soil SOC stocks in earth system models 
(Kanevskiy et al., 2011; Ping et al., 2015; Strauss et al., 2017); an urgent 
data gap given the spatial extent of ice-rich formations (Schuur et al., 
2015). 

For the southern sites under discontinuous and sporadic permafrost 
conditions, the total SOC stocks (0–60 cm) ranged between 26.7 and 
60.2 Mg SOC ha− 1 (Fig. 2 b). The highest total stocks were found at the 
downslope site (S1 = 60.2 ± 6.0 Mg SOC ha− 1), which were significantly 
higher than at the slope (S2 = 41.4 ± 3.6 Mg SOC ha− 1) and the sandy 
dune site (S5 = 26.8 ± 2.5 Mg SOC ha− 1). The landscape gradient 
showed significantly higher SOC stocks at the bottom location (S1) 
compared to the slope (S2), but no difference between bottom and top 
location (S3), indicating stable conditions at top and bottom locations in 
terms of soil mass transport and erosion. The SOC contents indicated a 
clear decrease with depth (Fig. 3 b). In the upper 0–15 cm the SOC 
contents ranged between 0.9 and 2.4% and were always <0.4% in 
30–60 cm depth. Similarly, Shaw et al. (2018) reported SOC contents of 
0.1–1.5 % on the upper 70 cm of two Regosols and two Dystric Cam
bisols. On average, the upper 0–15 cm contained 60 ± 3 % of the total 
SOC for the southern locations. The shallow lowlands soil with a fine 
texture (S6) contained 22.4 ± 3.7 Mg SOC ha− 1 and so, similar amounts 
of SOC than the deep and sand rich Haplic Regosol (S5) in 0–60 cm 
(Fig. 2 b and Table 1). 

3.1.2. Implication for SOC stocks at landscape scale 
Our results suggest that SOC stocks and contents differ largely be

tween soils under continuous and discontinuous to sporadic permafrost 
conditions with generally higher stocks at continuous permafrost- 
affected northern locations. Even within the two main regions of our 
study (northern and southern sites), the SOC stocks varied significantly 
and along two landscape gradients (of 170–580 m and 20–55 m differ
ence in altitude, Table 1) and across landscape position. These differ
ences were much more important in continuous permafrost and 
cryoturbation affected northern soils. The intensity and depth of cry
oturbation depends on small-scale geomorphic changes controlling hy
drological conditions and vegetation (Grosse et al., 2011; Walker et al., 
2004). Hossain et al. (2007) identified in their data synthesis higher SOC 
stocks of mineral soils in the Boreal Plain (on average 251 Mg ha− 1 in 

Fig. 2. Total SOC stocks for northern (a) and southern (b) sites in 0–15, 0–30, 0–45 and 0–60 cm depth. Significant differences (p < 0.05) of each group in each depth 
between the sites is indicated with letters. The asterisk indicates if number of sample points was n < 3 and only one pit was sampled (see Table S1 for number of 
samples per depth). 

Fig. 3. Soil organic carbon content of northern (a) and southern (b) sites. The 
landscape gradients are indicated by grey symbols (bottom: triangle down, 
slope: square and top: triangle up). Additional landscape positions (S4-S6) are 
presented in Table 1. For site N1, N3 and N4 only one pit was sampled to 45–60 
cm (see Table S1 for number of samples per depth). All other values are shown 
as means of all sampled pits (n > 3) with standard error. For an individual 
scaling of the SOC content see Fig. S2. 
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0–100 cm and 154 Mg ha− 1 in 0–50 cm), which is dominated by 
discontinuous and sporadic permafrost conditions, compared to the 
Taiga Plain (on average 195 Mg ha− 1 in 0–100 cm and 125 Mg ha− 1 in 
0–50 cm), which is dominated by continuous permafrost conditions. 
This indicates an opposite trend compared to our findings. However, it 
needs to be taken into account that Hossain et al. (2007) only included 
the northern part of the Boreal Plain (South Slave Lake region) and the 
estimation for the Taiga Shield was based on locations predominately in 
the southern part of the Taiga Shield, which would only be similar to site 
the shallow lowland site (S6) in this study. Ultimately, our study high
lights the large differences in SOC stocks across geomorphologically 
variable regions and challenges the generalization of SOC stocks for 
large ecozones (e.g. Boreal Plain with >600,000 km2). Small-scale 
variations (e.g. landscape position and soil depth) need to be consid
ered, which require more complete SOC datasets for the boreal forest 
soils. It also means that it is unlikely that it will be possible to predict 
SOC stocks from general soil properties, through, for example, pedo
transfer functions and highlights the need for more local SOC 
measurements. 

3.1.3. Importance of organic layer carbon stocks 
The thickness of the organic layers varied from only 2 cm to a 

maximum of 35 cm, which resulted in large differences in stored C 
(Table 2). The C stored in the organic layers contributed to additional 
12–152 Mg C ha− 1 at northern and 11–229 Mg C ha− 1 at southern sites, 
hence a large amount compared to the SOC in mineral soils (Table 2). At 
the northern sites, the C:N ratios ranged between 36.3 and 41.3. The C:N 
ratios of the southern organic layers were largest for the sand dune site 
(S5 = 57.5) and smallest but similar at all other sites (S1 to S4 with 
29.7–31.5). The values are relatively narrow in terms of N dynamics, 
and are the consequence of a N-limited forest ecosystem (Högberg et al., 
2017). Considering the differences in the quality of the litter and the 
vegetation between the sites (Table 1), the thickness of the organic layer 
can be assumed to be a good integrator of C stocks for a given site, and a 
good predictor for the composition of the total soil C stocks. 

At the northern locations, similar amounts of C were located in the 
organic layers of the lowland sites N1 (42–152 Mg C ha− 1) and N2 
(48–107 Mg C ha− 1), which had the thickest organic layers of all 
northern locations. The thinner organic layers at the elevated sites (N4 
and N5) resulted in lower and very similar amounts of C with 12–59 Mg 
C ha− 1 and 12–49 Mg C ha− 1, respectively. At the southern sites, the 
organic layer was thickest at the downslope site (S1) and contained the 

largest amount of C with 131–229 Mg C ha− 1, resulting in up to four 
times more C located in the organic layer than in the sampled soils of 60 
cm depth. For the slope and sand dune site (S2 to S5), the additional C 
ranged between 11 and 66 Mg C ha− 1 and was lowest for the shallow soil 
at shallow lowland site (S6) with 12–17 Mg C ha− 1. Thus, even thin 
organic layers can contain a similar or higher amount of C than the total 
SOC in 0–60 cm of the mineral soils at the southern locations. Conse
quently, organic layers are important for the C storage of boreal forest 
systems and need to be considered in C inventories given its high 
vulnerability to disturbances like wildfires (Walker et al., 2018). 

3.2. SOC quality varies with permafrost and landscape position 

3.2.1. Isotopic composition and C:N ratios of SOC 
The SOC in soils from the northern locations was less processed and 

decomposed compared to the southern locations as identified with the 
isotopic composition (δ13C values) and C:N ratios. Compared to the 
mineral soil, the δ13C of organic layers ranged similar to the C:N ratios 
only slightly between the northern and southern sites (− 29.4‰ and 
− 27.7‰; Table 2). In the soils from the northern location, the δ13C of the 
SOC in the upper 0–15 cm ranged between − 29.9‰ to − 28.3‰ and 
remained relatively constant over depth (Fig. 4 a). The δ13C values were 
lowest for the elevated site (N4), but varied only by 0.7‰ (− 30.1 to 
− 29.4‰) with depth. Therefore, the δ13C values were similar to the 
isotopic composition of the organic layer over the whole profile 
(Table 2), especially for the lowland sites (N1 and N2). The isotopic 
signature of permafrost soils and ice-rich complexes has been found to 
be similar to the vegetation but depleted in 14C, corresponding to a 
higher radiocarbon age (Zimov, 2006). This points to the preservation of 
SOC without a high degree of decomposition, which would increase the 
δ13C values due to microbial processing (Dungait et al., 2012; Rumpel 
and Kögel-Knabner, 2011). We further used C:N ratios to determine 
plant- vs microbial-contributions to organic matter; wherein values > 14 
indicate former while values < 12 indicate the latter (Kögel-Knabner, 
2002). The C:N ratios were highest at the sites N1 and N5 with 27.0 ±
2.0 and 28.0 ± 1.4 in 0–15 cm, respectively (Fig. 4 c). The remaining 
sites showed lower and very similar values in 0–15 cm (on average 18.5 
± 0.2). In general, the C:N ratios were lower in 15–30 cm depth but 
remained relatively consistent in with depth for N1, N2, N3 and N5. The 
C:N ratios were lowest at the elevated site (N4) with increasing soil 
depth (7.8 ± 0.5 in 30–45 cm). In 45–60 cm depth, the C:N ratios of N1, 
N2 and N5 were similar with on average 16.0 ± 0.3. These high C:N 
ratios (>14) indicate a major contribution of plant-derived organic 
matter in the northern soils. 

For the southern sites, the δ13C values ranged between − 30.2‰ and 
− 29.0‰ in the upper 0–15 cm (Fig. 4 b). The δ13C remained constant in 
15–30 cm for S1 and S3, but increased at S2 to − 27.3‰. The sites S1 to 
S4 contained inorganic carbon (pH > 6) and due to low SOC contents in 
greater depth (Fig. 3), the δ13C could only be determined for S1, S2 and 
S3. The site S5, free of inorganic carbon, indicated a clear increase in 
δ13C values with depth to − 27.3 ± 0.3‰ in 45–60 cm depth. These 
values indicate a higher degree of SOC decomposition due to an 
enrichment of 13C as a result of microbial processing. The C:N ratios in 
soils from the southern locations ranged between 14.4 and 24.1 in the 
upper 0–15 cm and decreased with depth for most of the sites (Fig. 4 d). 
The site S5 showed the highest C:N ratio in 0–15 cm (24.1 ± 2.6) and the 
lowest in 45–60 cm (3.6 ± 0.3), while the other sites showed values of 
9.1–12.0 and thus in the range of processed SOC. 

3.2.2. Mid-infrared analysis of SOC quality 
The qualitative analysis of the mid-infrared spectra partially con

firms the previous analyses on SOC quality using δ13C values and C:N 
ratios. The maximum absorbance analysis of the DRIFT spectra indi
cated ratios of 0.7 ± 0.1 for cellulose:lignin and 1.1 ± 0.1 for aliphatic: 
aromatic for the organic layers of the northern locations (Fig. 5 a and b). 
Compared to the organic layers, the ratios in the upper 0–15 cm of the 

Table 2 
Properties of organic layers of northern (N1-N5) and southern (S1-S6) sites with 
the average thickness (min–max) of all sample pits (n = 9, except S6 where n =
5); the organic carbon (OC), δ13C and C:N are obtained from the organic layer at 
the centered sampling pit (which was not determined (n.d.) for S6). The OC 
stocks are calculated with the average (min–max) thickness of the organic 
layers.  

Site Thickness 
(cm) 

OC (g 
kg− 1) 

δ13C 
(‰) 

C:N 
(–) 

OC stocka (Mg 
ha− 1) 

N1 13 (7–25) 414.7 − 28.3  40.5 78 (42–152) 
N2 14 (8–18) 406.7 − 27.9  39.3 82 (48–107) 
N3 11 (5–19) 376.2 − 28.9  41.1 61 (28–105) 
N4 5 (2–10) 406.1 − 28.4  41.3 29 (12–59) 
N5 5 (2–8) 416.2 − 28.2  36.3 28 (12–49) 
S1 24 (20–35) 448.3 − 28.2  30.0 156 (131–229) 
S2 5 (3–10) 377.2 − 28.3  29.7 28 (17–55) 
S3 5 (2–10) 382.5 − 28.1  31.5 29 (11–56) 
S4 7 (3–12) 375.6 − 27.7  30.8 41 (16–66) 
S5 3 (2–5) 396.8 − 29.4  57.5 18 (12–29) 
S6 3 (2–3) n.d. 15 (12–17)b  

a Estimated with an average bulk density of 0.15 g cm− 3 obtained from a 
database of Canadian upland forest soils including > 2500 soil profiles presented 
by Shaw et al. (2018). 

b Estimated with the average OC content of organic layers of all southern sites. 
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mineral soil decreased by 30 ± 6% and 26 ± 18% for the cellulose:lignin 
and aliphatic:aromatic ratios, respectively. The cellulose:lignin ratios 
were 12 to 24% higher in the upper 0–15 cm compared to the organic 
layer at the elevated sites N4 and N5, while they were 40 to 65% lower 
in the soils of the lowland and at the slope (N1-N3). The sites N4 and N5 
indicated high proportions of cellulose in depths below 15 cm with ra
tios of 2.2–7.1. This semi-quantitative but SOC compound-specific 
analysis suggested that northern sites have SOC with a large propor
tion of minimally processed organic matter remaining in a similar state 
and relative composition as the organic layer. 

For the southern sites, the organic layers showed cellulose:lignin 
ratios of 0.8 ± 0.1 and aliphatic:aromatic ratios of 0.6 ± 0.1 (Fig. 5 c and 
d). In the upper 0–15 cm of mineral soil, these ratios decreased by on 
average 55 ± 4% and 82 ± 2% for cellulose:lignin and aliphatic:aro
matic, respectively. Most of the soils indicated further decreases in the 
ratios and thus an increasing proportion of lignin- and aromatic-derived 
compounds. This supports the previous findings (narrowing C:N ratios 
and increased δ13C values) of a higher proportion of processed SOC in 
the southern soils under discontinuous and sporadic permafrost condi
tions, relative to the northern sites. The degradation resulted in an 
enrichment of aromatic and lignin-like compounds as compared to the 
organic layer, which is more enriched in aliphatic- and cellulose-like 
compounds (Rumpel and Kögel-Knabner, 2011) and indicated higher 

ratios (Fig. 5 b and d). 
The northern soil DRIFT spectra indicated higher contents of 

aliphatic compounds with 50% higher aliphatic:aromatic ratios 
compared to the southern soils over the whole mineral soil profiles. This 
difference is smaller for the organic layers (17% higher ratios at 
northern sites). Similarly, the cellulose:lignin ratios were 91% higher 
(73% when excluding N4 and N5) over all soil depths, which was also a 
larger difference than between the organic layers (24% higher ratios at 
northern sites). These findings can be influenced by differences in the 
vegetation (spruce or pine dominated stands, Table 1) and thus a 
different composition of the initial organic matter entering the soil 
system. However, due the direct comparison of δ13C values, C:N ratios 
and DRIFT spectra to the composition of the organic layers, it is most 
likely that large parts of the SOC in cryoturbated soils from the northern 
locations are not processed and thus vulnerable for decomposition with 
warming and environmental change (Ping et al., 2015; Tarnocai et al., 
2009). Warming-related permafrost thaw is expected to increase mi
crobial activity in mineral permafrost soils and subsequently increase 
the C emissions (Chen et al., 2021; Schädel et al., 2016), especially in 
soils with a large proportion of minimally processed or labile SOC with a 
potential of fast cycling may cause rapid positive feedback due to aer
obic and anaerobic decomposition (Knoblauch et al., 2013; Schuur et al., 
2015). 

Fig. 4. δ13C values and C:N ratios of SOC of northern (a and c) and southern (b and d) sites with depth. The landscape gradients are indicated by grey symbols 
(bottom: triangle down, slope: square and top: triangle up). Additional landscape positions (S4-S6) are presented in Table 1. For site N1, N3 and N4 only one pit was 
sampled to 45–60 cm (see Table S1 for number of samples per depth). All other values are shown as means of all sampled pits (n: 3–9) with standard error. 
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Fig. 5. Ratio of maximum absorption of cellulose 
(band 1245 cm− 1) to lignin (band 1508 cm− 1) 
and aliphatic (band 2930 cm− 1) to aromatic 
(band 1630 cm− 1) compounds obtained with 
DRIFT analysis for the organic layers and all 
sampled soil depths for northern (a and b) and 
southern (c and d) sites. The landscape gradients 
are indicated by grey symbols (bottom: triangle 
down, slope: square and top: triangle up). Addi
tional landscape positions (S4-S6) are presented 
in Table 1. All values are shown as means of all 
sampled pits (n: 3–9) with standard error (in most 
cases the error is smaller than the symbol). Note 
the change in the x-axes for cellulose:lignin ratios 
(b and d) and see Fig. S3 for details.   

Fig. 6. SOC stocks, ratio of aliphatic:aromatic and cellulose:lignin with moisture classes of northern (a, c and e) and southern (b, d and f) sites. The data was 
aggregated over all depth for each moisture class. The mean value is shown as a diamond and letters indicate significant differences between moisture classes (p <
0.05). Note the differences in y-axes scaling for the cellulose:lignin ratios (e and f). 
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3.3. Site moisture as controlling factor of SOC stocks and quality 

Site moisture was the dominant factor controlling SOC stocks at both 
northern and southern sites with significantly higher stocks with 
increasing moisture (Fig. 6 a and b). The higher SOC stocks at moist and 
wet sites can be explained with a general higher input of organic matter 
due to a higher net primary production of the vegetation, resulting also 
in a faster accumulation of organic matter and thicker organic layers 
(Table 2). In general, it is assumed that moist conditions promote the 
conservation of SOC in boreal soils and well-drained soil conditions 
favor the decomposition, which holds true for organic soils (Fenner and 
Freeman, 2011). The heterotrophic soil respiration and thus the mi
crobial activity is highly dependent on soil moisture, especially for 
mineral soils, with a reduced respiration under dry conditions (Moyano 
et al., 2012). 

The SOC quality, determined through the cellulose:lignin and 
aliphatic:aromatic ratios, also varied with site moisture. At the northern 
sites, the aliphatic:aromatic and cellulose:lignin ratios were similar at 
moist and wet sites, but significantly lower (p < 0.05) than dry sites 
(Fig. 6 c and e). This indicates a higher proportion of aromatic- and 
lignin-like compounds with increasing site moisture and thus a poten
tially higher degree of SOC decomposition than at dryer sites. This dif
ference in SOC quality may have two origins. On the one hand, the 
vegetation differs, and so the SOC quality, since the ratios of cellulose: 
lignin and aliphatic:aromatic vary also between the organic layers with 
higher ratios (more input of cellulose and aliphatic like compounds) at 
the dry sites compared to the moist and wet sites (Fig. 5 and Table 1). On 
the other hand, the dry conditions, especially of the elevated northern 
sites (N4 and N5) with high exposure to wind and snow, may have 
reduced the decomposition rate of SOC, while the cycling is faster in the 
lowland and more moist soils (N1 and N2). For the southern sites, a 
significant higher proportion of lignin, as indicated by smaller cellulose: 
lignin ratios, was observed with increasing site moisture (p < 0.05, Fig. 6 
f). However, the aliphatic:aromatic ratios indicated no significant trend 
(Fig. 6 d). This indicates that the SOC of the southern soils may be more 
controlled by the vegetation and the initial composition of the input 
organic matter controlling the composition of already microbial pro
cessed SOC, compared to the northern soils. 

Soil properties showed a weak relationship with SOC contents of soils 
from the northern and southern sites. In soils from the north, only the 
CECeff (linear regression R2 = 0.52; p < 0.05) indicated a weak positive 
relationship with the SOC contents, but not for other soil properties 
(pHCaCl2, clay and silt content, total Fe and Al; Fig. S4). For the southern 
sites, the SOC contents showed a weak but positive relationship with the 
CECeff (linear regression R2 = 0.52; p < 0.05) and silt content (linear 
regression R2 = 0.26; p < 0.05) and no relationship with the other soil 
properties (Fig. S5). The CECeff can directly be controlled by the SOC 
(Solly et al., 2020), which may explain the observed relationship in the 
SOC-rich soils from the northern sites, while in contrast, the texture and 
elemental composition may be of little importance in mineral soils under 
continuous permafrost conditions. The relationship of SOC with silt and 
CECeff in the southern soils indicates that a relatively fine soil texture (in 
these soils potentially controlled by silt due to low weathering, which 
results in low clay contents; Table 1 and S1) may promote higher SOC 
contents and thus the soil texture maybe more important in soils under 
discontinuous permafrost conditions with a higher degree of SOC 
decomposition. 

All observed relationships with soil properties were weak and less 
pronounced compared to the relationship with site moisture, which 
suggests that the site-specific moisture conditions, landscape position 
and associated vegetation are more important for SOC dynamics in 
permafrost-affected soils, which is in agreement with Grosse et al. 
(2011). It needs to be noticed that the northern and southern sites differ 
not only largely in SOC dynamics and soil properties (Table. 1), but also 
in the landscape history with around 2 ka difference in deglaciation and 
soil forming parent materials (section 2.1). While we aimed to studying 

SOC dynamics in forest mineral soils under two main permafrost con
ditions (continuous and discontinuous to sporadic), complete gradients 
covering a variety of parent material and along latitudes would be 
needed to identify the effect of soil parameters and also pedogenesis on 
SOC dynamics and quality. 

The moisture classification used in this study is based on the topo
graphic drainage, permafrost status and soil texture (Johnstone et al., 
2008). Therefore, similar to SOC stocks, SOC quality of mineral soils in 
high latitude areas is driven by small-scale geomorphic differences 
controlling drainage and permafrost conditions. These small-scale dif
ferences are important to consider when evaluating the response of 
boreal forest soils to global change and warming (Schuur et al., 2015; 
Turetsky et al., 2020). 

3.4. SOC stock prediction with mid-infrared spectra 

The chemometric prediction of SOC using DRIFT spectra and PLSR 
showed good agreement with the measured SOC contents at both the 
northern and southern sites. The prediction was better for the continu
ously permafrost-affected northern soils (R2 = 0.94 and RMSE of 0.41% 
SOC) compared to the southern soils (R2: 0.83 and RMSE of 0.29% SOC; 
Fig. S8). It was also possible to predict a similar depth distribution and 
thus similar dynamics compared to the measured SOC contents in the 
soil profiles of all sites (Fig. S9). Matamala et al. (2019) incubated 
tundra soils at different temperatures (1–16 ◦C) in order to predict total 
and decomposable SOC. The authors reported a very high precision of 
SOC content prediction using PLSR and DRIFT spectra for the 
permafrost-affected soils in their study using four sites and three depths 
(R2 = 0.99 and RMSE = 0.01% SOC). Using > 50,000 spectra from the 
National Cooperative Soil Survey Soil Characterization Data, Sander
man et al. (2020) predicted SOC contents and several soil parameters 
with high precision (R2 > 0.80) of soils across the United States. The 
authors reported a good prediction of SOC with soil depth along the 
profiles (R2 = 0.99) and a RMSE of 0.64% SOC. Helfenstein et al. (2021) 
predicted SOC contents of temperate peatland soils in Switzerland with 
up to 52% of total C with and RMSEs of 2–3% SOC (R2 > 0.9) and 
consistently lower RMSE (<1%) for soils with a maximum of 10% SOC in 
combination of local datasets and the Swiss soil spatial libraries (SSL). 
Nocita et al. (2014) used > 19,000 DRIFT spectra from soils (0–20 cm) of 
the European Land Use/Cover Area frame Statistical Survey (LUCAS) 
and predicted SOC contents with high precision in crop- and grassland 
(RMSE of 0.36–0.72% SOC), but with less precision for forest (RMSE of 
1.19% SOC) and organic soils (RMSE of 5.11% SOC). Thus, our pre
diction of SOC contents in boreal forest soils is in the same magnitude 
range of SOC prediction performance in soils across different climatic 
zones with a broad range of low and high SOC contents. 

Given the sufficient prediction of SOC contents, the SOC stocks were 
also well predicted for the northern (R2 = 0.85 and RMSE = 0.10 log(Mg 
ha− 1)) and southern sites (R2 = 0.82 and RMSE = 0.15 log(Mg ha− 1); 
Fig. 7 a and b). While, RMSE and R2 are good statistical parameters to 
evaluate the general model performance, but they may not be useful to 
evaluate the actual uncertainty of prediction (Dangal et al., 2019). We 
evaluated the uncertainty of the predicted SOC stocks in our soils as a 
function of the measured SOC stocks. The absolute deviation of 
measured and predicted SOC stocks increased with increasing SOC 
stocks (Fig. S10 and S11). However, the relative deviation of measured 
and predicted SOC stocks, including over- and underpredictions, was on 
average 14% for the soils from northern sites and 23% for the soils form 
the southern sites. The uncertainty ranged from a maximal underesti
mation of 42% and 60% and a maximal overestimation of 54% and 
129% for northern and southern sites, respectively. However, 75% 
(northern sites) and 64% (southern sites) of all predicted values were 
within a 20% difference from measured SOC stocks (Fig. S10 and S11). 
In comparison, the average coefficient of variation of the measured SOC 
stocks (CV) over all sampling depths, as an indicator for the spatial 
variation within the 30x30 m sampling plots, represented 29 ± 12% for 
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soils from the northern and 41 ± 16% for the soils form the southern 
sites. Compared to these values, the prediction of SOC stocks using 
DRIFT in combination with PLSR was in a similar or lower range as the 
spatial heterogeneity of SOC stocks obtained from field measurements in 
this study. 

The SOC stock prediction highlights the differences in SOC compo
sition between the northern and southern sites. The importance of the 
different mid-infrared wavelengths considered for the prediction is 
indicated as the loading values of the PLSR (Fig. 7 c and d). The loadings 
of the SOC content prediction were similar to the SOC stocks predictions 
(Fig. S8). To predict the SOC stocks in the northern soils, the absorption 
of bands assigned to aliphatic (regions a and b in Fig. 7) and aromatic 
compounds (regions c and d in Fig. 7) were most important to predict the 
main variability (65% with the first component). For the southern sites, 
these wavelengths contributed negatively to the prediction; but nearly 
half of the variance was explained with bands at 1450–1600 cm− 1 (re
gions c and d in Fig. 7). This negative contribution to the prediction, 
assigned to aromatic compounds, could mean that low aromatic func
tions correspond to high SOC in the first explanation of variances (first 
component). Nevertheless, the mineral phase of a soil is also represented 
in mid-infrared spectra and the mentioned regions can be interfered by 
mainly clay minerals (Reeves, 2012) or the spectra can be shifted due to 
interactions of cations with the organic matter (Ellerbrock and Gerke, 
2021). This may constitute a limitation of SOC prediction in soils with a 
higher degree of SOC decomposition. 

The good prediction of SOC in permafrost soils was previously dis
cussed and assigned to the preservation of compounds and functional 
groups, which allow a well-defined DRIFT spectra (Calderón et al., 2017; 
Matamala et al., 2019, 2017; Tinti et al., 2015). The better prediction of 
SOC stocks in the northern soils compared to the southern soils in our 
study suggests that the high SOC contents with a limited degree of 
degradation, as discussed previously (Figs. 4 and 5), are relatively easy 
to predict using DRIFT spectra, which offers a promising alternative for 
these undersampled soils of remote northern regions. 

3.5. Potential of SOC stock predictions 

The limited number of observations from high-latitude soils 
contribute to large uncertainties in global SOC estimations and earth 
system model simulations (Hugelius et al., 2014). Uncertainties origi
nating from permafrost thaw feedbacks, for example, which explain half 
of the total uncertainty of climate models using the high emission 
representative concentration pathway (RCP 8.5 as in Burke et al. 
(2012)). Not only the limited number but also lack of comprehensive 
SOC observations and spatial distribution, and mainly SOC stock data, 
causes these uncertainties (Dai et al., 2019; Luo et al., 2016; Poggio 
et al., 2021). Data on SOC stocks above 60◦ north is scarce for the Ca
nadian boreal soils (Fig. S12 for data in our study region, Shaw et al. 
(2018)). Additionally, uncertainties of SOC estimations in high-latitude 
soils can be associated to the vertical heterogeneity of SOC contents in 

Fig. 7. Measured and predicted SOC stocks 
[log(Mg ha− 1)] and prediction contribution 
of spectra regions (loading values) for the 
first two components (with percentage of 
explained variance) for northern (a and c) 
and southern (b and d) sites. With bands a =
3600–3100 cm− 1, phenolic, alcoholic and 
carboxylic (–OH) compounds; b =

2940–2920 cm− 1, aliphatic (C–H) com
pounds; c = 1660–1590 cm− 1, aromatic 
(C––C) compounds and d = 1500–1420 
cm− 1, aromatic and lignin like (C––C) 
compounds.   
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soils affected by cryoturbation (Shu et al., 2020). Our study suggested 
that a combination of mid-infrared and PLSR is suitable to predict SOC of 
Canadian boreal forest mineral soils across the landscape and soil depth, 
which offers a promising alternative to fill data gaps and reduce un
certainties originated from high latitude regions. We further elucidate 
that SOC stock and content predictions can vary in terms of precision 
and the explanatory wavelengths used between different regions (e.g. 
continuous vs. discontinuous permafrost) and recommend that local 
limitations should be considered in future studies. 

4. Conclusion 

Our study quantified the magnitude, variability and drivers of SOC 
stocks and quality for under-studied high-latitude mineral soils. We 
found that SOC stocks in boreal forest mineral soils of northern Canada 
can be four times higher under continuous permafrost conditions 
compared to soils under discontinuous or sporadic permafrost. The 
organic layer was identified as a significant C pool of boreal forest soils 
and can contain similar amounts or more C than the upper 60 cm of the 
mineral soils under discontinuous permafrost, even if the organic layers 
are thin (2–35 cm). The SOC stocks varied largely with small-scale 
geomorphic changes (along gradients of < 580 m) and were signifi
cantly higher with increasing site moisture in flat lowland areas. Site 
moisture controlled the quality and cycling of SOC, which may indicate 
a general higher input of organic matter at moist sites, but also a faster 
cycling compared to elevated dryer sites. Cryoturbated soils showed 
large amounts of C at depth with up to 70% of total SOC in > 15 cm 
depth, while around 60% of the total SOC of soils under discontinuous 
permafrost was located in the upper 15 cm. Furthermore, soils under 
continuous permafrost showed a higher proportion of minimally 
decomposed organic matter compared to soils under discontinuous to 
sporadic permafrost as indicated by the isotopic composition similar to 
the organic layers and higher proportion of aliphatic- and cellulose-like 
compounds. This suggests that boreal forest mineral soils can contain a 
large decomposable SOC fraction, which may quickly respond to climate 
change. Mid-infrared spectra and PLSR analyses were well-suited to SOC 
stock prediction for our sites. The prediction was better in soils con
taining less microbially processed SOC as found under continuous 
permafrost conditions. However, the prediction was sensitive to SOC 
distribution in the soil profiles and had smaller uncertainties (14–23% 
prediction error) than the observed spatial variability of SOC stocks in 
continuous and discontinuous permafrost soils. We showed that che
mometric approaches offer a promising tool to fill data gaps of SOC 
stocks from high-latitude mineral soils and minimize global un
certainties of SOC stocks. 
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