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Abstract
The northern circumpolar permafrost region is experiencing considerable warming 
due to climate change, which is allowing agricultural production to expand into re-
gions of discontinuous and continuous permafrost. The conversion of forests to arable 
land might further enhance permafrost thaw and affect soil organic carbon (SOC) that 
had previously been protected by frozen ground. The interactive effect of permafrost 
abundance and deforestation on SOC stocks has hardly been studied. In this study, 
soils were sampled on 18 farms across the Yukon on permafrost and non-permafrost 
soils to quantify the impact of land-use change from forest to cropland and grassland 
on SOC stocks. Furthermore, the soils were physically and chemically fractionated 
to assess the impact of land-use change on different functional pools of SOC. On 
average, permafrost-affected forest soils lost 15.6 ± 21.3% of SOC when converted to 
cropland and 23.0 ± 13.0% when converted to grassland. No permafrost was detected 
in the deforested soils, indicating that land-use change strongly enhanced warming 
and subsequent thawing. In contrast, the change in SOC at sites without permafrost 
was not significant but had a slight tendency to be positive. SOC stocks were gener-
ally lower at sites without permafrost under forest. Furthermore, land-use change 
increased mineral-associated SOC, while the fate of particulate organic matter (POM) 
after land-use change depended on permafrost occurrence. Permafrost soils showed 
significant POM losses after land-use change, while grassland sites without perma-
frost gained POM in the topsoil. The results showed that the fate of SOC after land-
use change greatly depended on the abundance of permafrost in the pristine forest, 
which was driven by climatic conditions more than by soil properties. It can be con-
cluded that in regions of discontinuous permafrost in particular, initial conditions in 
forest soils should be considered before deforestation to minimize its climate impact.
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1  |  INTRODUC TION

With the increase in temperatures linked to climate change, agricul-
ture is expected to shift poleward (Franke et al., 2021; Tchebakova 
et al., 2011). The cold and dry climate with a short vegetation period 
and widespread permanently frozen soils has hampered the devel-
opment of a strong agricultural sector in the subarctic, leaving wide 
areas of subarctic forests so far untouched. However, especially in 
regions with sporadic to discontinuous permafrost, agricultural de-
velopment might become more likely in the near future, although 
the environmental impacts of this are highly uncertain (Poeplau 
et al., 2019). Within the global carbon (C) cycle, soils of the northern 
permafrost region are very important due to the large amounts of 
preserved C they contain (Dutta et al., 2006; Tarnocai et al., 2009). 
The permafrost has protected soil organic matter from microbial 
breakdown since the last ice age (Dutta et al., 2006). Climate change 
is predicted to be most pronounced at high latitudes, where stronger 
warming than the global average is expected (Pepin et al., 2015), in-
evitably leading to the thawing of permafrost (Biskaborn et al., 2019) 
and a climate–carbon feedback (Davidson & Janssens,  2006; 
Heimann & Reichstein, 2008). Furthermore, deforestation promotes 
permafrost thaw by changing the microclimate because vegetation 
and the litter layer in natural forests act as insulating layers between 
the atmosphere and the soil. After deforestation, forced soil warm-
ing in summer can enhance permafrost thaw (Runyan et al., 2012). 
Therefore, land-use change from forest to agricultural land in the 
subarctic may accelerate the thawing of permafrost.

Globally, across ecosystems, conversion of forests to agricul-
tural land leads to the depletion of soil organic carbon (SOC), with 
the highest losses per area in regions with high SOC stocks (Guo 
& Gifford,  2002; Smith,  2008). Moreover, conversion of forest to 
cropland has mostly been observed to decrease SOC stocks (Deng 
et al., 2016; Grünzweig et al., 2015; Guo & Gifford, 2002; Poeplau 
et al., 2011), while conversion of forest to grassland has been ob-
served to increase or not change SOC stocks (Deng et al., 2016; Guo 
& Gifford, 2002). Specifically at high latitudes, there is some empiri-
cal evidence for SOC losses after conversion of forests to grassland 
(Grünzweig et al., 2004), which might be related to subsequent per-
mafrost thaw. In regions of discontinuous permafrost, only a certain 
proportion of the soil under native vegetation is affected by shal-
low permafrost. It has been suggested that such initial conditions 
might strongly influence the direction and magnitude of SOC stock 
change after deforestation (Grünzweig et al., 2015). However, sys-
tematic and comprehensive studies on the interactive effect of per-
mafrost abundance and land-use change on SOC stocks are lacking. 
Increased net primary productivity following land-use change may 
enhance the input of C into the soil (Köchy et al., 2015), as micro-
climate changes after deforestation and the fertilization of agricul-
tural soils encourage plant growth. In contrast, permafrost loss as a 
consequence of a changed microclimate (Murton, 2021) may reduce 
SOC stocks at greater levels than can be offset by increased N

Soil organic carbon is a complex matter, consisting of many 
compounds with different chemical and physical properties. It is 

crucial to understand how these compounds react to environmen-
tal changes because positive and negative feedbacks between SOC 
and environment can reinforce or buffer such changes (Lavallee 
et al., 2020). A wide range of studies have evaluated the impact of ei-
ther land-use change (Guimarães et al., 2013; Poeplau & Don, 2013; 
Wei et al.,  2014) or permafrost thaw (Schuur et al.,  2015; Xu 
et al., 2009) on SOC stocks and fractions. However, little is known 
about the interactions between land-use change and permafrost 
loss since many studies on permafrost focus on pristine ecosystems, 
free of direct anthropogenic impacts. Permafrost soils store large 
proportions of SOC in various forms of particulate organic matter 
(POM) (Höfle et al., 2013; Xu et al., 2009). Particulate organic mat-
ter is plant-derived organic matter with a lower density and greater 
susceptibility to microbial breakdown than mineral-associated or-
ganic matter (Lützow et al., 2007). Due to the low temperatures and 
often wet and anoxic conditions in the soil, the labile POM is well 
protected against microbial breakdown, but is quickly decomposed 
once the soil has been thawed (Ping et al., 2015). Effects of land-
use change on SOC can vary greatly between fractions. Poeplau and 
Don (2013) observed that POM is most sensitive to land-use change, 
compared with total SOC and other SOC fractions. Accordingly, 
mineral-associated SOC fractions, such as the fraction attached to 
silt and clay particles, appear to be less sensitive to land-use change 
than total SOC. It was therefore hypothesized that the remain-
ing SOC under converted land consists of relatively more silt- and 
clay-attached SOC, as POM is mostly removed by deforestation or 
quickly decomposed after the introduction of the new land use and 
loss of permafrost.

The aim of this study was to investigate the effect of defor-
estation on SOC stocks and fractions in the subarctic and how the 
presence of shallow permafrost drives SOC dynamics after land-use 
change. It is important to understand whether the abundance of per-
mafrost plays a significant role in the response of SOC to land-use 
change in order to inform land-use strategies as well as earth system 
models. Based on the scarce available literature on permafrost agri-
culture, it was hypothesized that (i) land-use change leads to greater 
SOC losses in permafrost soils than in soils that are not affected by 
permafrost, (ii) initial losses of SOC due to deforestation might be 
offset in the long run, and (iii) SOC under converted land consists of 
relatively more carbon stored in the fine mineral fraction than SOC 
under native forest.

2  |  MATERIAL AND METHODS

2.1  |  Research area and farms

To test these hypotheses, the Yukon Territory in northwest Canada 
was chosen as a study area that is typical for land-use change in 
the subarctic. Yukon is located at the transition zone between con-
tinuous and discontinuous permafrost and is greatly affected by cli-
mate change (IPCC, 2013). Due to the gold rush at the end of the 
19th century, the Yukon has some exceptionally old farms at this 
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latitude in North America, while a young agricultural sector is also 
expanding due to growing demand for locally produced food (Yukon 
Agriculture Branch,  2020). Therefore, this area provides unique 
conditions for comparing land-use change on permafrost (here de-
fined as soils that have detectable ice in the upper 80 cm of the soil 
profile during sampling in midsummer) and non-permafrost soils. 
The existence of both old (>100 years) and fairly new (<30 years) 
farms allows land-use change effects to be assessed in a quasi-
chronosequential, paired-plot approach (Poeplau et al., 2011). Most 
farms in the Yukon are located along river banks; therefore, there 
are few topographic or pedogenetic differences between the sam-
pling points. In July of 2019, 18 farms located between the cities of 
Whitehorse and Dawson were selected for sampling (Figure 1). The 
farms' age (i.e. time since the forest was cleared), management and 
size cover a broad range of Yukon's agricultural sector. Croplands 
were small fields with vegetables, greens and herbs grown for local 
markets. Grasslands were used as pasture for livestock grazing (cat-
tle, horses) or meadows for hay production. The common practice 
for preparing the land for agriculture was to cut down trees, pile up 
stumps and roots, and burn it all. Irrigation and application of locally 
produced (on-farm and at nearby farms) organic fertilizer (compost 
and manure) were common practices at most sites, with mineral fer-
tilizer applied in only a few cases. Croplands were tilled occasionally 
using a rototiller to a depth of between 10 and 30 cm (Table S1).

On each farm, a paired-plot design was established for sam-
pling. Each pair of plots consisted of a forest as the reference and 
an adjacent cropland or grassland site or both. Forests were usually 
mixed wood forests of the boreal cordillera ecoregion with black 
(Picea mariana) and white spruce (Picea glauca), subalpine fir (Abies 
lasiocarpa), lodgepole pine (Pinus contorta), trembling aspen (Populus 
tremuloides), balsam poplar (Populus balsamifera) and paper birch 
(Betula papyrifera) (Smith et al., 2004). The shares of individual spe-
cies were not determined at each farm, but the dominating tree type 
has been recorded (Table S1). For plot selection, an auger-based pre-
assessment of the soil was undertaken, following the advice of the 
farmers which area of the farms might be most suitable for com-
parative sampling. To ensure comparability between forest and ag-
ricultural land, the focus of the pre-assessment was on soil texture 
and visible properties. Furthermore, the plots were selected within 
a maximum distance between forest and agricultural land of about 
500 m, and in many cases, the forest was directly adjacent to the ag-
ricultural field, making distances between the plots <50 m. The third 
criterion for plot selection was a similar elevation and flat terrain at 
both forest and agricultural land to avoid effects of the relief, which 
could potentially lead to geomorphological related differences in 
SOC (Schiedung et al., 2022). At each plot, a slide hammer-driven 
soil corer with a diameter of 7 cm and a sample length of 20 cm was 
used to sample five soil cores to a maximum depth of 80 cm below 
the surface of the mineral soil (Figure 2). The soil cores were divided 
into five increments: 0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm and 
60–80 cm. Additionally, the litter layer of the forest floor was sam-
pled using a metal ring 10  cm in diameter. In the centre of every 
forest plot, a soil profile was dug to a depth of 80 cm, or as deep 
as possible if the permafrost or bedrock was at a shallower depth. 
Despite the fact that digging a soil profile to 80 cm was not possi-
ble at every site, sampling with the soil corer could be done down 
to 80 cm at every site, except for NB, where the bedrock was hit 
at 50 cm. The permafrost depth at the date of sampling was deter-
mined visually (abundance of visible or tangible ice) in the soil pit. 
At 11 out of the 18 sites, permafrost was found in the soil cores of  
the forest, with an average active layer depth of 50 cm. Seven out  
of the 18 sites had no permafrost within the first 80 cm in the forest. 
The agricultural land plots generally had no permafrost within the 
uppermost 80 cm, which was a strong indicator that land-use change 
encouraged the deepening of the active layer. Further indicators of 
permafrost loss upon land-use change, such as thermokarst, have 
been observed at one particular site. However, due to the relatively 
low ice content of the permafrost in this semiarid area, cryogenic 
soil or landscape features were scarce. At sites with permafrost, six 
grassland and nine cropland plots were sampled. At sites without 
permafrost, a total of six grassland and four cropland plots were 
sampled. A detailed overview with general site parameters can be 
found in Table 1. Management information regarding clearing, till-
ing, fertilization, irrigation and crop rotation (Table S1) was assessed 
by means of a short questionnaire, which was completed by 14 of 
the 18 farmers.

F I G U R E  1  Yukon territory: Overview showing sample farms 
(circles), major cities (squares) and permafrost occurrence (colours) 
(modified from Heginbottom et al., 1995).
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2.2  |  Laboratory analyses

2.2.1  |  Sample preparation

Directly after sampling, soil was air-dried, weighed, sieved to ≤2 mm 
and weighed again to calculate the fine soil mass, stone and root con-
tent, and bulk density from the mass proportions and core volume. 
An aliquot of fine soil was dried at 105°C to correct for residual water 
content in the samples. All subsequent analyses were performed on 
the ≤2 mm sieved fine soil samples. Aliquots of the five field repli-
cates of each plot and depth (n = 1077) were pooled to a mixed sam-
ple (n = 216). Carbon (C) and nitrogen (N) content were analysed in all 
samples (individual field replicates and mixed samples), while all the 
other analyses were performed on the mixed samples only.

2.2.2  |  Fractionation

Fractionation was performed on mixed samples from the depth of 
10–20 cm (referred to as topsoil) and from 40 to 60 cm (referred to as 
subsoil). The second depth increment was selected rather than the 
first increment due to the acknowledged difficulties in determining 
the exact border between litter layer and mineral soil in the forest 
soils. Soil carbon fractions were isolated according to the method 
of Zimmermann et al.  (2007), modified by Poeplau et al.  (2018). In 
brief, 30 g of the bulk soil was dispersed with an ultrasonic probe at 
22 J and then wet-sieved with 2.2 L deionized water through a 63 μm 
sieve in order to separate the coarse POM and sand and aggregate 

fractions (S + A) from the fine mineral fraction. After sieving, the 
fine fraction was centrifuged and the supernatant fluid was filtered 
through a 0.45 μm filter and analysed for water-extractable carbon 
(here defined as dissolved organic carbon [DOC]). The remaining silt 
and clay fraction (S + C) was dried until weight constancy at 50°C 
and analysed for C and N content. From the S + C fraction, a 1 g ali-
quot was used to determine resistant soil organic carbon (rSOC) with 
a 6% sodium hypochlorite solution (NaOCl). In this step, the 1 g sam-
ple was stored in a 50 mL centrifuge tube that was filled to 45 ml with 
NaOCl. After shaking, the tubes were left open for 16 h to ensure 
optimal oxidation and prevent the tubes from bursting due to gas 
produced by the ongoing oxidation process. Afterwards, the tubes 
were centrifuged, decanted, washed twice with deionized water and 
refilled with NaOCl. After three repetitions, the washed sample was 
dried at 50°C until weight constancy and the remaining material was 
analysed for C and N content.

The POM and S + A fraction was dried until weight constancy 
at 50°C. This fraction was then mixed with a sodium polytungstate 
solution, which was adjusted to a density of 1.8 g/cm3. After mix-
ing and centrifuging, the POM floating on the sodium polytungstate 
was decanted, washed with deionized water and dried again until 
weight constancy at 50°C. These samples were subsequently milled 
and analysed for C and N content. The same washing procedure was 
applied for the heavy, sinking fraction, which was considered to be 
the S + A fraction consisting of sand and stable aggregates.

2.2.3  |  Main soil parameters

The C and N content was measured with an elemental analyser (LECO 
TruMac CN). Dissolved organic carbon (one of the investigated frac-
tions described below) was measured with a Dimatoc 2000 (Dimatec 
GmbH). To distinguish between total organic carbon (TOC) and total 
inorganic carbon, samples with pHH2O

 >6.2 were heated in a muffle 
furnace at 440°C prior to elemental analyses.

The pH was determined in accordance with ISO 10390 (2005): 
An aliquot of 10 g soil was used to measure pH in H2O at a soil:water 
ratio of 1:5. The sample was shaken in a horizontal shaker for 1 h and 
then measured with a potentiometric pH meter.

Soil texture was determined for the samples from the second 
depth increment (10–20 cm) according to DIN ISO 11277:2002-
08 (2002), which is based on a combination of sieving and sedimen-
tation of suspended particles according to Köhn (1929). The second 
depth increment was chosen in order to ensure comparability of the 
soil texture data with the results of the fractionation and to avoid a 
potential influence of the measurement by forest litter on top of the 
first depth increment.

Furthermore, soil phosphorus (P) was extracted from all the 
mixed samples from the first depth increment (0–10  cm) with the 
Olsen-P method (Olsen et al.,  1954) and analysed via inductively 
coupled plasma optical emission spectroscopy. The first depth in-
crement was chosen in order to quantify the potential impacts of 
fertilizer application at the agricultural plots.

F I G U R E  2  Sampling scheme. Five soil cores were sampled in 
each plot. The soil core consisted of five depth increments. The 
litter layer was also sampled with a metal ring (10 cm diameter).
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2.2.4  |  Calculation of SOC stocks

Cumulative SOC stocks of each soil core (0–80 cm) were calculated 
using Equation (1), with the TOC content (TOCi [g/kg]), the dry mass 
of the fine soil (Massi [g]), the volume of the soil core (Volumei [cm3]) 
and the thickness (Thicknessi [cm]) of every depth increment i.

Changes in bulk density after land-use change made it necessary 
to apply a mass correction, as discussed in various studies (Ellert & 
Bettany, 1995; Rovira et al., 2015; Wendt & Hauser, 2013). The indi-
vidual cropland and grassland soil cores were mass corrected with the 
mean of the forest soil cores (mineral soil, without the litter layer), as 
described in Rovira et al. (2015). First, the cumulative mineral fine soil 
(MFS) of the soil cores was calculated as described in Equation (2) and 
then organic matter, as derived from the TOC and the van Bemmelens 
factor, was subtracted from the total fine soil (FS [Mg ha−1]).

The reference MFS for every site was then calculated as the 
mean MFS of the five forest soil cores. Afterwards, MFS of the 
cropland and grassland plots was adjusted to the reference MFS, 
and SOC stocks were calculated on the basis of a linear relation-
ship between MFS and SOC stocks. Changes in SOC stocks were 
assessed by calculating the absolute difference (in Mg ha−1) and the 
relative difference (Equation 3) between agricultural land and forest, 
where SOCnew is the SOC stock of the cropland or grassland plot and 
SOCforest is the SOC stock of the adjacent forest plot. Afterwards, 
litter C stocks were added to the SOC stocks of the mineral soil.

In the exceptional cases of data gaps in bulk density, that is when not all five 
soil cores could be sampled entirely, the mean bulk density value of the re-
maining four soil cores where used for the missing soil sample. At the DW 
site, it was not possible to sample the deepest depth increment with the cor-
rect bulk density in all five soil cores. There, a pedo-transfer function based 
on the carbon content and bulk density of the overlying depth increment 
was used to estimate the bulk density of the deepest depth increment.

2.2.5  |  Statistics

In order to identify patterns in the dataset and between the differ-
ent variables, an analysis of the most important correlations in the 
dataset was performed. The dataset consisted of variables with dif-
ferent scale levels and non-linear relationships; therefore, the condi-
tions (continuous scales in linear relationship) for a Pearson product 

correlation were not fulfilled and Spearman's rank correlation was 
used instead.

To calculate the influence of permafrost, time since land-use 
change and type of land-use change on SOC, the dataset was split 
into groups with type of change (‘forest to cropland’ or ‘forest to 
grassland’) and occurrence of permafrost (‘yes’ or ‘no’). To test the 
hypothesis that SOC stocks of the plots with new land use are sig-
nificantly different from SOC stocks of the corresponding forest 
plot, two linear mixed-effects models were fitted using SOC stock 
as the dependent variable, land use and permafrost (one model 
for the cropland/forest pairs and one model for the grassland/for-
est pairs) as fixed effects, and the specific sites as random effects. 
After checking the assumptions for linear mixed-effects models (ho-
moscedasticity, normality of the residuals and linearity of the data-
set), log transformation of the SOC stocks was necessary to meet all 
the criteria. After performing the linear mixed-effects models, anal-
ysis of variance and estimated marginal means with Tukey adjust-
ment were used to obtain pairwise comparisons of all groups of the 
linear mixed-effects model (confidence level = 0.95).

The influence of time since land-use change on changes in SOC 
stocks was assessed using regression analysis. Based on the Akaike 
information criterion (AIC), a linear function or a second-degree 
polynomial was used. The regression was applied to cropland and 
grassland together, since the sample size of each group would have 
been too small for a meaningful regression. In the model, ΔSOC was 
the dependent variable, time since conversion from forest served as 
the explanatory variable and permafrost occurrence was used as the 
grouping variable.

To assess the influence of land-use change and permafrost oc-
currence on SOC fractions, the dataset was split into four groups 
(cropland and grassland sites with and without permafrost) and 
tested for significant differences between forest and the new land 
use. For relative shares of the fractions (all fractions normalized to 
100%) as well as absolute values (g C per kg soil), a Wilcoxon rank 
sum test was used since the assumptions for parametric tests were 
not fulfilled and the subsets had only small sample sites.

All statistical analyses were conducted using R version 
4.0.4 (R Core Team,  2021) with the packages dplyr (Wickham 
et al.,  2020), emmeans (Lenth,  2021), ggplot2 (Wickham,  2016), 
ggpubr (Kassambra,  2020), ggthemes (Arnold,  2021), lme4 (Bates 
et al., 2015) and lmerTest (Kuznetsova et al., 2017). The level of sig-
nificance for all statistical analyses was selected as α = .05.

3  |  RESULTS

3.1  |  SOC stocks

Both cropland and grassland had significantly smaller SOC 
stocks than the adjacent forest when permafrost was present 
at 0–80  cm depth. When permafrost-affected forest soils were 
converted to croplands, the average losses were 15.6 ± 21.3% or 
23.7 ± 42.2  Mg  ha−1. When converted to grasslands, the average 

(1)SOC
[

Mg ha−1
]

=

i
∑

1

(

TOCi

1000
×

(

Massi

Volumei
× 100 × Thicknessi

))

(2)MFS
[

Mg ha−1
]

=

i
∑

1

FSi ×
(

1 −
(

1.724 × TOCi

))

(3)ΔSOC [%] =
SOCnew − SOCforest

SOCforest

× 100
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losses amounted to 23.0 ± 13.0% or 40.9 ± 23.0 Mg ha−1. Sites with-
out permafrost in the forest plots showed no statistically signifi-
cant change in SOC stocks upon conversion, with −3.1 ± 11.3% or 
2.4 ± 14.0 Mg ha−1 after conversion to cropland and 15.7 ± 27.7% or 
15.0 ± 20.6 Mg ha−1 after conversion to grassland (Figure 3). Table 2 
summarizes the SOC stocks of the four observed land-use change 
classes: Sites with permafrost had significantly higher mean SOC 
stocks in both forest and agricultural land than sites without perma-
frost. Overall, soils lost 30.6 ± 35.8 Mg ha−1 (18.6 ± 18.3%) SOC at 
sites with permafrost and gained 10.0 ± 18.5 Mg C ha−1 (8.2 ± 23.7%) 
at sites without permafrost after land-use change, with the latter not 
being statistically significant. Reductions in SOC stocks were mostly, 
but not exclusively, connected to reductions in the carbon content in 
the uppermost 30 cm of the mineral soil (Figure S2).

3.2  |  Soil organic matter fractions

In order to assess the influence of land-use change and permafrost on 
SOC fractions, the dataset was split into four groups: (1) change to crop-
land at sites without permafrost, (2) change to cropland at sites with 
permafrost, (3) change to grassland at sites without permafrost and (4) 
change to grassland at sites with permafrost. Each group contained the 
SOC fractions of the forest samples and the samples of the new land 
use. Comparisons were made within each group between forest and 
new land use. The fractionation showed that land-use change had the 

strongest effects on POM and S + C. The proportional share of these 
fractions changed significantly with land-use change: at sites with 
permafrost, POM was significantly lower in cropland and grassland 
soils than in forest soils, while S + C increased significantly (Figure 4). 
However, except for permafrost-affected croplands, only fractions of 
the topsoil changed significantly. In absolute terms (Figure 5; Table S2), 
the topsoil of the agricultural plots (cropland and grassland) had more 
SOC stored in the S + C fractions than the forest, irrespective of per-
mafrost occurrence. Topsoil POM of the permafrost-affected sites 
showed a strong dependency on the occurrence of permafrost in the 
forest, with large losses in both cropland and grassland. Due to high 
variability and relatively small sample sizes, statistically significant dif-
ferences were only observed in grassland soils with and without per-
mafrost and in cropland soils without permafrost. Overall, the share of 
rSOC and DOC was small in both absolute content and relative share 
of total SOC. Furthermore, due to inorganic carbon in some subsoils, 
it was not possible to determine reliable rSOC values at all sites, hence 
rSOC is not reported in the subsoil fractions.

3.3  |  Temporal dynamic and additional drivers of 
SOC change

The temporal dynamic of differences in SOC stocks between forest 
and agricultural land was best described (i.e. p < .05 and best AIC) by a 
second-order polynomial fit, but only in the case of relative changes at 

F I G U R E  3  (a) Relative [%] and (b) absolute [Mg ha−1] changes in soil organic carbon (SOC) stocks under cropland and grassland, compared 
with forest with and without permafrost. Points indicate the mean change and error bars indicate the standard deviation of the change in 
SOC stocks. * Indicates whether the SOC stocks of the given land-use class are significantly different (p < .05) from the corresponding forest 
plots (zero line).

(a)

(b)
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sites with permafrost (Figure 6). For sites without permafrost, as well as 
for absolute changes, no significance was found in any regression, hence 
no regression line is displayed. The fit showed that there was a large 
loss of SOC shortly after land-use change and a tendency for subse-
quent SOC replenishment. At sites without permafrost, agricultural land 
tended to have larger SOC stocks than the forest after 100 years. Soil or-
ganic carbon losses at young sites without permafrost were small com-
pared with sites with permafrost. In general, temporal trends were less 
clear than expected, which might be due to a relatively small sample size 
along the time axis and a lack of sites aged between 50 and 100 years.

Spearman's correlation coefficient (Figure 7) revealed distinct pat-
terns in the dataset and delivered a broad overview of the most import-
ant site variables. Soil organic carbon stocks of the forest soils were 
significantly correlated with geographical variables (longitude, latitude 
mean annual precipitation, mean annual temperature, frost days and 
cumulative degree days). There was no correlation between forest SOC 

stocks and the general soil parameters (soil texture, pH and Olsen-P), 
except for C:N ratio. The content of the C fractions (Fraction forest) cor-
related significantly negatively with the C fractions of the agricultural 
land (ΔFraction). The depth of permafrost was significantly correlated 
with the thickness of the A-horizon in the forest as well as with the  
C-stock of the litter layer. Overall, the correlation matrix suggested that 
climatic drivers were more important for SOC than soil properties.

4  |  DISCUSSION

4.1  |  SOC stocks and permafrost

It was hypothesized that land-use change leads to larger SOC 
losses from permafrost-affected soils than from non-permafrost 
soils. This was strongly supported by the data obtained in this 

TA B L E  2  Summary of SOC stocks in forests (mineral and organic layers) and agricultural land under the different permafrost occurrences 
and land-use classes

Permafrost in 
forest

New land 
use

Forest mineral soil SOC 
stock (mg ha−1)

Forest litter C 
stock (mg ha−1)

Total SOC stock in 
forest (mg ha−1)

Total SOC stock in new 
land use (mg ha−1)

Farms 
sampled

No Cropland 118.4 ± 79.6 13.3 ± 4.1 131.7 ± 80.9 134.1 ± 94.8 4

Grassland 85.4 ± 70.8 13.6 ± 4.8 98.5 ± 70.2 113.5 ± 81.7 6

Yes Cropland 144.1 ± 78.1 21.1 ± 8.0 163.8 ± 79.4 140.1 ± 78.6 9

Grassland 171.9 ± 54.2 25.5 ± 8.6 194.2 ± 59.9 153.3 ± 67.9 6

Note: Values are reported as mean ± standard deviation.
Abbreviation: SOC, soil organic carbon.

F I G U R E  4  Relative share of particulate organic matter (POM), dissolved organic carbon (DOC), sand and stable aggregates (S + A), silt and 
clay (S + C) and recalcitrant soil organic carbon (rSOC) in forests (inner circle) and new land use (outer circle) at 10–20 cm (topsoil, upper row) 
and 40–60 cm (subsoil, lower row), differentiated by permafrost occurrence and land use (columns). Significant differences between forest 
and new land use are indicated by *, with p < .05.
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study, as an average SOC loss of 30.6 ± 35.8 Mg ha−1 (18.6 ± 18.3%) 
was identified at sites with permafrost. For sites without perma-
frost, no statistically significant changes in SOC were detected. 
From the difference between sites with and without permafrost, 
it was concluded that abiotic site conditions were of major im-
portance for the magnitude and direction of SOC dynamics after 
deforestation.

These results are in line with Grünzweig et al. (2015), who also 
found dramatic SOC losses (69%) after conversion of forests to ag-
riculture on permafrost soils in Alaska, while forests without per-
mafrost showed lower SOC losses upon conversion. Greater losses 
from sites with permafrost can be attributed to the rapid thaw of 
permafrost that previously protected SOM from decomposition 
(Grünzweig et al.,  2015). When removing the insulating forest 
vegetation and litter layer, the microclimate of a site, and thus, 
also the soil temperature and moisture regime, is greatly changed 
(Shur & Jorgenson, 2007). In fact, during the sampling campaign, 
no signs of frost were detected in the 0–80 cm soil profiles in any 

of the agricultural fields sampled, while the permafrost-affected 
forests had an average active layer depth of 50 cm. The fact, that 
the conversion from permafrost-affected forests to grassland 
resulted in higher SOC losses than the conversion to cropland is 
most likely explicable by the differences in hydrology of the sites. 
Forest sites with the highest carbon stocks, thickest A-horizons 
and the shallowest permafrost were also the wettest and thus also 
those that were least suitable for cropping. Permafrost-affected 
forests that became grasslands had an average SOC stock of 
194 ± 60  Mg  C  ha−1, while permafrost-affected forest soils that 
were converted to croplands had an average 164 ± 79 Mg C ha−1 
Soil hydrology plays a major role in permafrost regions, since per-
mafrost acts as a barrier for infiltrating water (Klinge et al., 2021). 
In fact, individual farmers reported that after clear-cutting, soils 
are usually left to drain for some years before they can be culti-
vated. This has also been reported for soils in the Fairbanks Area 
of Alaska in the mid of the last century (Péwé, 1954). Furthermore, 
much of the SOC losses were observed to occur in the topsoil, 

F I G U R E  5  Comparison of mean total organic carbon (TOC) content of particulate organic matter (POM), dissolved organic carbon (DOC), 
sand and stable aggregates (S + A), silt and clay (S + C) and recalcitrant soil organic carbon (rSOC) at 10–20 cm (topsoil, upper row) and 40–
60 cm (subsoil, lower row), differentiated by permafrost occurrence and land use (columns). Significant differences between forest and new 
land use are indicated by *, with p < .05.
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which is not permanently frozen (Figure S2). This might addition-
ally indicate that it is indeed largely a drainage effect that causes 
SOC losses after conversion to agricultural land and the associated 
deepening of the active layer. At the same time, irrigation can also 

cause permafrost thaw as infiltrating water in summer may lead to 
an amplified heat transport from the ground surface to the per-
mafrost (Lopez et al., 2010). Conversely, SOM in permafrost-free 
soils is more vulnerable to decomposition than SOM in permafrost 

F I G U R E  6  Time-dependent change in total soil organic carbon (SOC) stocks, with relative (a, b) and absolute changes (c, d) at sites 
without (a, c) and with (b, d) permafrost. The solid blue line indicates the only significant model fit and the grey area indicates the standard 
deviation of the fit.

(a) (b)

(c) (d)

F I G U R E  7  Correlograms of the 
Spearman's correlation coefficient. 
Colours represent the correlation 
coefficient, statistical significance is 
indicated by asterisks, with *p < .05, 
**p < .01 and ***p < .001.
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soils, and permafrost-free soils are therefore generally lower in 
SOC (Zimov et al., 2006). When these soils are irrigated and fer-
tilized, plant growth is encouraged, leading to increased biomass 
production and C inputs to the soil and thus potentially also higher 
SOC stocks after conversion (Grünzweig et al.,  2004). It should 
however be noted that carbon stocks in agricultural soils are also 
fed by external carbon inputs (Table S1), which should have partly 
compensated or even overcompensated losses after deforestation. 
Most farmers applied compost, animal manure and similar organic 
fertilizers to their fields, which were partly derived from external 
sources such as imported animal fodder. Unfortunately, even after 
a detailed farmers questionnaire, the data were not good enough 
to make reliable estimates on the contribution of external organic 
fertilizers on the overall SOC stock difference between forest and 
agricultural soils. Maillard and Angers (2014) reported in a global 
meta-analysis that around 12 ± 4% of manure-C is retained as SOC, 
when applied regularly. As a very rough estimate, we calculated 
the potential manure effect of 100 chickens as a realistic, yet high, 
number for Yukon farms: Fresh chicken manure contains around 
20% C (Singh et al., 2018) and a chicken produces around 25 kg 
manure per year (Tanczuk et al., 2019). This would result in 2.5 Mg 
manure farm−1 year−1 and 0.5 Mg manure-C farm−1 year−1. If 12% 
of this C is retained in the soil, 0.06 Mg C would be added to the 
farm's soil. This is a negligible amount of carbon when compared 
to the land-use change effects of up to −80.6 Mg C ha−1 (site ‘SI’).  
We thus assume that fertilization practices did not add a signif-
icant bias to the comparison of permafrost and non-permafrost-
affected soils, even if organic fertilization would have fully relied 
on external sources. Moreover, SOC gains after deforestation 
should also not be interpreted as net carbon sinks, since losses 
from forest biomass are not accounted for in this study.

At sites without permafrost, no statistically significant difference 
in SOC change was found between the conversion to cropland and 
grassland, although grasslands tended to gain more SOC at sites 
without permafrost. The pattern of grasslands gaining SOC, which 
was found at sites without permafrost, was also observed by Deng 
et al. (2016) in a global meta-analysis. Conversion of forest to grass-
land increased SOC stocks by 11.53 Mg ha−1, while conversion of for-
est to cropland decreased SOC stocks. In a meta-analysis focusing on 
Canadian soils without permafrost, VandenBygaart et al. (2003) also 
found large losses (24%) in SOC when native land was converted to 
agricultural land. Moreover, VandenBygaart et al. (2010) compared 
various long-term cropping experiments across Canada and found 
a significant increase in SOC when annual cropland was converted 
into perennial grassland, which is in line with the trend observed in 
the present study of increasing SOC under grassland at sites without 
permafrost. VandenBygaart et al. (2003) not only identified manage-
ment and land-use change as important drivers of SOC dynamics, 
but also emphasized the interactive effects of climate variables and 
management. In dry conditions in western Canada, SOC storage 
could be increased by switching from conventional agriculture to 
conservation agriculture, but that was not found to be the case in 
the more humid eastern part of Canada. This indicates that climatic 

conditions need to be considered in order to predict the magni-
tude and direction of SOC change after alterations to land use or 
management. In the present study, management of the agricultural 
land at sites with and without permafrost was similar, so changes in 
microclimate may have played a major role in the magnitude of the 
changes, supported strongly by the correlation between SOC stocks 
and climate variables.

4.2  |  Long-term trends in SOC changes

Differences between agricultural land and associated forest were 
compared on the basis of time since conversion. Clear evidence 
was found that sites with permafrost lost large amounts of SOC 
in the first years after clearing. At sites with permafrost, old farms 
(>50 years) had smaller losses than young farms or even more SOC 
in cropland than in the forest. This result has to be interpreted with 
care as, despite being statistically significant, this trend of SOC accu-
mulation was driven by two cropland sites (KK and TH). These sites 
had a very high small-scale variability in the SOC content (Figure S1), 
which might not be explained by land-use change but by their loca-
tion on the banks of the Yukon and Klondike rivers. The differences 
in soil texture (Table 1) between forest and cropland, especially at 
TH, support this interpretation. As visualized by the large confidence 
interval (Figure 6b), it is thus highly uncertain whether initial SOC 
losses from former permafrost soils can be offset by appropriate 
agricultural management. However, the long-term replenishment of 
SOC, that is smaller losses at old farms at sites with permafrost, fits 
well with the observations of Grünzweig et al. (2004) who explained 
this pattern of short-term loss and long-term gain by quick decom-
position of rather labile forest-derived organic matter after clear-
ing, followed by slower breakdown of more stable organic matter 
and simultaneously subsequent higher input of fresh crop-derived 
organic matter. At some of the sites without permafrost, a short-
term increase in SOC was found, which may be explained by the in-
corporation of forest litter into the mineral soil when the forest was 
cleared (Table S1, sites EF, EG, LR and NB). This effect has also been 
reported in other studies (Dean et al., 2017; Grünzweig et al., 2004; 
Karhu et al., 2011).

It was also hypothesized that forest soils with initially low SOC 
stocks accumulate SOC over decades when turned into agricultural 
land, leading to the same level or even higher SOC stocks in agricul-
tural land compared with forest. However, at sites without perma-
frost, no statistically significant evidence for a time dependency of 
SOC changes was found, hence this hypothesis must be rejected. 
At six sites, equal or increased SOC stocks were found in the agri-
cultural land compared with forest, but these sites covered a wide 
range of SOC stocks (Figure S1) and were not limited to those sites 
low in forest SOC. Moreover, it remains unclear how SOC at young 
farms will develop in the next few decades.

At sites with permafrost, it was possible to sample farms of vari-
ous ages, well distributed over time back to the days of the gold rush. 
However, farms that were 43–100 years old without permafrost 
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could not be sampled, which may explain the absence of statistical 
evidence for this hypothesis. Furthermore, observations of around 
100 years may be considered long term for a study about the ef-
fect of agriculture on SOC, but could still be short term in relation 
to organic matter turnover in subarctic regions. Even though the 
IPCC assumes 20 years of linear carbon sequestration for ecosys-
tems to reach a new equilibrium after land-use change (IPCC, 2003), 
other authors have estimated different times to reach equilibrium. 
Depending on the type of land-use change, Poeplau et al.  (2011) 
used exponential, polynomial and linear functions to calculate the 
time to reach a new equilibrium after land-use change. According 
to Poeplau et al. (2011), it takes between 23 years (land-use change 
from forest to cropland) and over 200 years (land-use change from 
grassland to forest) to reach a new steady state in temperate soils. 
Moreover, Karhu et al. (2011) also concluded that longer time spans 
than the IPCC default value are necessary to observe land-use 
change effects on SOC in the boreal region.

4.3  |  Changes in SOC fractions

It was hypothesized that the remaining SOC under agricultural land 
consists of relatively more carbon of the fine mineral fraction than 
under native forest, as POM is partly removed by clearing and quickly 
decomposed after the start of the new land use (Chen et al., 2019; 
Grünzweig et al., 2015; Poeplau & Don, 2013). Significant changes in 
SOC fractions were found, mostly at sites with permafrost. At these 
sites, POM-C was significantly reduced, while the S + C fraction had 
more C in agricultural land than in the forest. Therefore, this hypoth-
esis was well supported for sites with permafrost. The S + A fraction, 
as an intermediately labile fraction (Zimmermann et al., 2007), was 
reduced in agricultural land independently of permafrost, again sup-
porting the hypothesis of this study. Despite all statistical evidence, 
results from SOC fractionation should be considered as an indicative 
characterization of the soil organic matter composition and not as 
mass balance.

The POM fraction was observed to increase after land-use 
change to grassland at sites without permafrost and to decrease at 
sites with permafrost, underlining the sensitivity of the POM frac-
tion to permafrost thaw. The observed decrease in POM in the top-
soil after permafrost thaw was also in line with the results of Mueller 
et al. (2015). In permafrost soils in Alaska, Mueller et al. (2015) re-
ported that most SOC was stored within the active layer and that 
the largest part (around 73%) of SOC within the uppermost metre 
consisted of POM, which is mostly composed of easily degradable 
carbohydrates. Since the active layer depth at the sites with perma-
frost in the present study decreased rapidly after land-use change, 
the labile POM fraction was exposed to decomposition, leading to 
large losses of SOC. Losses of POM-C after deforestation have also 
been observed in other studies (Balesdent et al.,  1998; Del Galdo 
et al., 2003; Karhu et al., 2011) and are in line with the results of 
the present study. The observed accumulation of mineral-associated 
carbon, here represented by the S + C fraction, pointed to greater 

stabilization of SOC during agricultural land use. This could po-
tentially suggest a shift from plant-derived compounds to more 
microbial-derived ones (Angst et al., 2021), which are acknowledged 
to be a dominant fraction of mineral-associated organic matter 
(Buckeridge et al.,  2020; Ludwig et al.,  2015). Indeed, Schroeder 
et al. (in prep.) found higher microbial carbon-use efficiencies (i.e. 
more biomass production per total carbon uptake) in croplands and 
grasslands than in forest soils (the same soils as used in the present 
study), which might indicate an increased importance of this in vivo 
pathway of SOM stabilization (Liang et al., 2017; Sokol et al., 2019).

4.4  |  Implications for future subarctic agriculture

The shift of agricultural regions will inevitably lead to the conversion 
of subarctic forest to agricultural land. Climate change and a growing 
demand for locally produced food in the north are encouraging the 
establishment of food production systems even in largely untouched 
areas, putting pressure on vulnerable subarctic forests. As shown in 
this study, subarctic agriculture can have strong negative impacts on 
SOC, potentially accelerating the positive feedback loop of warming 
and loss of SOC (Heimann & Reichstein, 2008). However, the pre-
sent study also highlighted that the impacts of agriculture on SOC 
can be minimized or even offset when the potential new agricultural 
land is limited to areas without permafrost and if short-term losses 
of SOC can be minimized. However, the focus of this study was on 
SOC and did not quantify losses of other ecosystem C pools due 
to land-use change. In a synthesis, Kurz et al. (2013) calculated that 
boreal forests of Canada store around 40 Mg C ha−1 (21% of ecosys-
tem C) in aboveground biomass, 10 Mg C ha−1 (6% of ecosystem C) in 
belowground biomass, that is living roots, and around 20 Mg C ha−1 
(11% of ecosystem C) as deadwood, which is not included in the litter 
layer. Considering that these amounts of C (38% of ecosystem C) are 
certainly removed by deforestation, the small gains in SOC at sites 
without permafrost are negligible. This study revealed that, in terms 
of SOC storage, the abundance of permafrost within the upper first 
metre of forest soil should be carefully considered when establishing 
agriculture in pristine subarctic ecosystems. Furthermore, the focus 
of this study was on permafrost at a depth that is relevant for agri-
culture, but no account was taken of deeper permafrost. Therefore, 
sites that were classified as having no permafrost may have perma-
nently frozen layers that could thaw due to land-use change. Short-
term losses can potentially be avoided by adapted management and 
deforestation techniques that conserve as much of the litter layer as 
possible. Sustainable land management has been studied extensively 
in pedo-climatic regions with a distinct agricultural sector, but is un-
derstudied in the cold and dry subarctic where agriculture currently 
plays a minor role. In temperate climates, no till is acknowledged 
to have no significant effect on whole-profile SOC stocks (Chenu 
et al.,  2019), but there is evidence that cropland soils in cold and 
dry regions may benefit from no till (VandenBygaart et al.,  2010). 
In this study, no direct effect of tillage depth on SOC was identi-
fied, but since most farmers till only irregularly, the database may be 
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insufficient for any evidence of tillage or other management effects. 
Promising concepts for more sustainable clearing, such as chipping 
and spreading or mulching and subsoiling of deforestation residues 
(roots, stumps, deadwood and litter layer) instead of burning or the 
introduction of silvopasture (Lim et al., 2018) or agroforestry (Tsuji 
et al., 2019) instead of clear-cutting, may help to reduce the negative 
impacts of agriculture on subarctic SOC.

ACKNOWLEDG EMENTS
We would like to thank all the farmers for giving us the opportunity 
to take samples from their land and for providing many useful in-
sights about subarctic agriculture. We are also grateful to Yukon's 
First Nations for permitting our sampling campaign on their tradi-
tional land, without which this study would not have been possible. 
We also thank the technical staff of the Thünen laboratory for their 
help with analysing the soil samples and Frank Hegewald for sup-
porting our fieldwork in Canada. This study is part of the ‘Breaking 
the Ice’ project funded by the German Research Foundation, grant 
number 401106790. Funding for E.G. was provided by the Science 
& Technology Branch of Agriculture & Agri-Food Canada (Project  
J-001756 ‘Biological Soil Carbon Stabilization’).  Open Access 
funding enabled and organized by Projekt DEAL.

CONFLIC T OF INTERE S T
All authors have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
All data and the R-script used for this study are freely available at 
10.5281/zenodo.6460208.

ORCID
Tino Peplau   https://orcid.org/0000-0001-7181-7331 
Julia Schroeder   https://orcid.org/0000-0003-3625-104X 
Edward Gregorich   https://orcid.org/0000-0003-3652-2946 
Christopher Poeplau   https://orcid.org/0000-0003-3108-8810 

R E FE R E N C E S
Angst, G., Mueller, K. E., Nierop, K. G. J., & Simpson, M. (2021). Plant- or 

microbial-derived? A review on the molecular composition of stabi-
lized soil organic matter. Soil Biology and Biochemistry, 156, 108189. 
https://doi.org/10.1016/j.soilb​io.2021.108189

Arnold, J. B. (2021). Ggthemes: Extra themes, scales and geoms for ‘ggplot2’. 
https://CRAN.R-proje​ct.org/packa​ge=ggthemes

Balesdent, J., Besnard, E., Arrouays, D., & Chenu, C. (1998). The dy-
namics of carbon in particle-size fractions of soil in a forest-
cultivation sequence. Plant and Soil, 201(1), 49–57. https://doi.
org/10.1023/A:10043​37314970

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 
67(1), 1–48. https://doi.org/10.18637/​jss.v067.i01

Biskaborn, B. K., Smith, S. L., Noetzli, J., Matthes, H., Vieira, G., 
Streletskiy, D. A., Schoeneich, P., Romanovsky, V. E., Lewkowicz, 
A. G., Abramov, A., Allard, M., Boike, J., Cable, W. L., Christiansen, 
H. H., Delaloye, R., Diekmann, B., Drozdov, D., Etzelmüller, B., 
Grosse, G., … Lantuit, H. (2019). Permafrost is warming at a global 
scale. Nature Communications, 10(264), 1–11.

Buckeridge, K. M., La Rosa, A. F., Mason, K. E., Whitaker, J., McNamara, 
N. P., Grant, H. K., & Ostle, N. J. (2020). Sticky dead microbes: 
Rapid abiotic retention of microbial necromass in soil. Soil Biology 
and Biochemistry, 149, 107929. https://doi.org/10.1016/j.soilb​io.​
2020.107929

Chen, J., Gong, Y., Wang, S., Guan, B., Balkovic, J., & Kraxner, F. (2019). 
To burn or retain crop residues on croplands? An integrated anal-
ysis of crop residue management in China. The Science of the Total 
Environment, 662, 141–150. https://doi.org/10.1016/j.scito​tenv.​
2019.01.150

Chenu, C., Angers, D. A., Barré, P., Derrien, D., Arrouays, D., & Balesdent, 
J. (2019). Increasing organic stocks in agricultural soils: Knowledge 
gaps and potential innovations. Soil and Tillage Research, 188, 41–
52. https://doi.org/10.1016/j.still.2018.04.011

Climate Data Canada. (2021). Climate Data for a Resilient Canada. 
https://clima​tedata.ca/about

Davidson, E. A., & Janssens, I. A. (2006). Temperature sensitivity of soil 
carbon decomposition and feedbacks to climate change. Nature, 
440(7081), 165–173. https://doi.org/10.1038/natur​e04514

Dean, C., Kirkpatrick, J. B., & Friedland, A. J. (2017). Conventional in-
tensive logging promotes loss of organic carbon from the mineral 
soil. Global Change Biology, 23(1), 1–11. https://doi.org/10.1111/
gcb.13387

Del Galdo, I., Six, J., Peressotti, A., & Cotrufo, M. F. (2003). Assessing 
the impact of land-use change on soil C sequestration in agricul-
tural soils by means of organic matter fractionation and stable 
C isotopes. Global Change Biology, 9(8), 1204–1213. https://doi.
org/10.1046/j.1365-2486.2003.00657.x

Deng, L., Zhu, G.-Y., Tang, Z.-S., & Shangguan, Z.-P. (2016). Global patterns 
of the effects of land-use changes on soil carbon stocks. Global 
Ecology and Conservation, 5, 127–138. https://doi.org/10.1016/​
j.gecco.2015.12.004

DIN ISO 11277:2002-08. (2002). Bodenbeschaffenheit – Bestimmung 
der Partikelgrößenverteilung in Mineralböden - Verfahren mittels 
Siebung und Sedimentation (ISO_11277:1998_+ISO_11277:1998 
Corrigendum_1:2002).

Dutta, K., Schuur, E. A. G., Neff, J. C., & Zimov, S. (2006). Potential carbon 
release from permafrost soils of northeastern Siberia. Global Change 
Biology, 12(12), 2336–2351. https://doi.org/10.1111/j.1365-2486.​
2006.01259.x

Ellert, B. H., & Bettany, J. R. (1995). Calculation of organic matter and 
nutrients stored in soils under contrasting management regimes. 
Canadian Journal of Soil Science, 75, 529–538.

Franke, J. A., Müller, C., Minoli, S., Elliott, J., Folberth, C., Gardner, C., 
Hank, T., Izaurralde, R. C., Jägermeyr, J., Jones, C. D., Liu, W., Olin, 
S., Pugh, T. A. M., Ruane, A., Stephend, H., Zabel, F., & Moyer, E. 
(2021). Agricultural breadbaskets shift poleward given adaptive 
farmer behavior under climate change. Global Change Biology, 28(1), 
167–181. https://doi.org/10.1111/gcb.15868

Grünzweig, J. M., Sparrow, S. D., Yakir, D., & Chapin, F. S. (2004). 
Impact of agricultural land-use change on carbon storage in bo-
real Alaska. Global Change Biology, 10, 452–472. https://doi.
org/10.1111/j.1529-8817.2003.00738.x

Grünzweig, J. M., Valentine, D. W., & Chapin, F. S. (2015). Successional 
changes in carbon stocks after logging and deforestation for ag-
riculture in interior Alaska: Implications for boreal climate feed-
backs. Ecosystems, 18(1), 132–145. https://doi.org/10.1007/s1002​
1-014-9817-x

Guimarães, D. V., Gonzaga, M. I. S., Da Silva, T. O., Da Silva, T. L., Da Silva 
Dias, N., & Matias, M. I. S. (2013). Soil organic matter pools and 
carbon fractions in soil under different land uses. Soil and Tillage 
Research, 126, 177–182. https://doi.org/10.1016/j.still.2012.07.010

Guo, L. B., & Gifford, R. M. (2002). Soil carbon stocks and land use 
change: A meta analysis. Global Change Biology, 8(4), 345–360. 
https://doi.org/10.1046/j.1354-1013.2002.00486.x

 13652486, 2022, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16307 by B

ayerische Staatsbibliothek, W
iley O

nline L
ibrary on [03/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.5281/zenodo.6460208
https://orcid.org/0000-0001-7181-7331
https://orcid.org/0000-0001-7181-7331
https://orcid.org/0000-0003-3625-104X
https://orcid.org/0000-0003-3625-104X
https://orcid.org/0000-0003-3652-2946
https://orcid.org/0000-0003-3652-2946
https://orcid.org/0000-0003-3108-8810
https://orcid.org/0000-0003-3108-8810
https://doi.org/10.1016/j.soilbio.2021.108189
https://cran.r-project.org/package=ggthemes
https://doi.org/10.1023/A:1004337314970
https://doi.org/10.1023/A:1004337314970
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.soilbio.2020.107929
https://doi.org/10.1016/j.soilbio.2020.107929
https://doi.org/10.1016/j.scitotenv.2019.01.150
https://doi.org/10.1016/j.scitotenv.2019.01.150
https://doi.org/10.1016/j.still.2018.04.011
https://climatedata.ca/about
https://doi.org/10.1038/nature04514
https://doi.org/10.1111/gcb.13387
https://doi.org/10.1111/gcb.13387
https://doi.org/10.1046/j.1365-2486.2003.00657.x
https://doi.org/10.1046/j.1365-2486.2003.00657.x
https://doi.org/10.1016/j.gecco.2015.12.004
https://doi.org/10.1016/j.gecco.2015.12.004
https://doi.org/10.1111/j.1365-2486.2006.01259.x
https://doi.org/10.1111/j.1365-2486.2006.01259.x
https://doi.org/10.1111/gcb.15868
https://doi.org/10.1111/j.1529-8817.2003.00738.x
https://doi.org/10.1111/j.1529-8817.2003.00738.x
https://doi.org/10.1007/s10021-014-9817-x
https://doi.org/10.1007/s10021-014-9817-x
https://doi.org/10.1016/j.still.2012.07.010
https://doi.org/10.1046/j.1354-1013.2002.00486.x


    |  5241PEPLAU et al.

Heginbottom, J. A., Dubreuil, M., & Harker, P. A. (1995). Canada-
permafrost. In Department of Energy Mines and Resources (Ed.), 
National atlas of Canada (5th ed., p. 8). National Atlas Information 
Service, Geomatics Canada, Geological Survey of Canada, Terrain 
Sciences Division. Scale 1:7500000.

Heimann, M., & Reichstein, M. (2008). Terrestrial ecosystem carbon dy-
namics and climate feedbacks. Nature, 451(7176), 289–292. https://
doi.org/10.1038/natur​e06591

Höfle, S., Rethemeyer, J., Mueller, C. W., & John, S. (2013). Organic matter 
composition and stabilization in a polygonal tundra soil of the Lena 
Delta. Biogeosciences, 10(5), 3145–3158. https://doi.org/10.5194/
bg-10-3145-2013

IPCC. (2003). IPPC national greenhouse gas inventories programme. In J. 
Penman (Ed.), Good practice guidance for land use, land-use change and 
forestry/the intergovernmental panel on climate change (pp. 1–590).​ 
IPCC.

IPCC. (2013). Climate change 2013: The physical science basis. In T. F. 
Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, J. Boschung, 
A. Nauels, Y. Xia, V. Bex, & P. M. Midgley (Eds.), Contribution of 
working group I to the fifth  assessment report of the intergovernmen-
tal panel on climate change (p. 1535). Cambridge University Press.

ISO 10390. (2005). ISO 10390:2005: Soil quality - Determination of pH.
Karhu, K., Wall, A., Vanhala, P., Liski, J., Esala, M., & Regina, K. (2011). Effects 

of afforestation and deforestation on boreal soil carbon stocks—
Comparison of measured C stocks with Yasso07 model results. 
Geoderma, 164(1–2), 33–45. https://doi.org/10.1016/j.geode​rma.​
2011.05.008

Kassambra, A. (2020). Ggpubr: ‘ggplot2’ based publication ready plots. 
https://CRAN.R-proje​ct.org/packa​ge=ggpubr

Klinge, M., Schneider, F., Dulamsuren, C., Arndt, K., Bayarsaikhan, U., & 
Sauer, D. (2021). Interrelations between relief, vegetation, distur-
bances, and permafrost in the forest-steppe of Central Mongolia. 
Earth Surface Process and Landforms, 46(9), 1766–1782. https://doi.
org/10.1002/esp.5116

Köchy, M., Don, A., van der Molen, M. K., & Freibauer, A. (2015). Global 
distribution of soil organic carbon – Part 2: Certainty of changes 
related to land use and climate. Soil, 1(1), 367–380. https://doi.
org/10.5194/soil-1-367-2015

Köhn, M. (1929). Korngrößenanalyse vermittels Pipettanalyse. 
Tonindustrie-Zeitung, 53, 729–731.

Kurz, W. A., Shaw, C. H., Boisvenue, C., Stinson, G., Metsaranta, J., 
Leckie, D., Dyk, A., Smyth, C., & Neilson, E. T. (2013). Carbon in 
Canada's boreal forest — A synthesis. Environmental Reviews, 21(4), 
260–292. https://doi.org/10.1139/er-2013-0041

Kuznetsova, A., Brockhoff, P. B. M., & Christensen, R. H. B. (2017). 
lmerTest package: Tests in linear mixed effects models. Journal 
of Statistical Software, 82(13), 1–26. https://doi.org/10.18637/​jss.
v082.i13

Lavallee, J. M., Soong, J. L., & Cotrufo, M. F. (2020). Conceptualizing soil 
organic matter into particulate and mineral-associated forms to 
address global change in the 21st century. Global Change Biology, 
26(1), 261–273. https://doi.org/10.1111/gcb.14859

Lenth, R. V. (2021). Emmeans: Estimated marginal means, aka least-square 
means. https://CRAN.R-proje​ct.org/packa​ge=emmeans

Liang, C., Schimel, J. P., & Jastrow, J. D. (2017). The importance of anabolism 
in microbial control over soil carbon storage. Nature Microbiology, 2, 
17105. https://doi.org/10.1038/nmicr​obiol.2017.105

Lim, S.-S., Baah-Acheamfour, M., Choi, W.-J., Arshad, M. A., Fatemi, F., 
Banerjee, S., Carlyle, C. N., Bork, E. W., Park, H.-J., & Chang, S. X. 
(2018). Soil organic carbon stocks in three Canadian agroforestry 
systems: From surface organic to deeper mineral soils. Forest 
Ecology and Management, 417, 103–109. https://doi.org/10.1016/​
j.foreco.2018.02.050

Lopez, C. M. L., Shirota, T., Iwahana, G., Koide, T., Maximov, T. C., Fukuda, 
M., & Saito, H. (2010). Effect of increased rainfall on water dynam-
ics of larch (Larix cajanderi) forest in permafrost regions, Russia: An 

irrigation experiment. Journal of Forest Research, 15(6), 365–373. 
https://doi.org/10.1007/s1031​0-010-0196-7

Ludwig, M., Achtenhagen, J., Miltner, A., Eckhardt, K.-U., Leinweber, P., 
Emmerling, C., & Thiele-Bruhn, S. (2015). Microbial contribution 
to SOM quantity and quality in density fractions of temperate ar-
able soils. Soil Biology and Biochemistry, 81, 311–322. https://doi.
org/10.1016/j.soilb​io.2014.12.002

Lützow, M., Kögel-Knabner, I., Ekschmitt, K., Flessa, H., Guggenberger, 
G., Matzner, E., & Marschner, B. (2007). SOM fractionation meth-
ods: Relevance to functional pools and to stabilization mecha-
nisms. Soil Biology and Biochemistry, 39(9), 2183–2207. https://doi.
org/10.1016/j.soilb​io.2007.03.007

Maillard, É., & Angers, D. A. (2014). Animal manure application and soil 
organic carbon stocks: A meta-analysis. Global Change Biology, 
20(2), 666–679. https://doi.org/10.1111/gcb.12438

Mueller, C. W., Rethemeyer, J., Kao-Kniffin, J., Löppmann, S., Hinkel, K. 
M., & Bockheim, J. G. (2015). Large amounts of labile organic car-
bon in permafrost soils of northern Alaska. Global Change Biology, 
21(7), 2804–2817. https://doi.org/10.1111/gcb.12876

Murton, B. (2021). Permafrost and climate change. In T. Letcher (Ed.), 
Climate change (3rd ed., pp. 281–326). Elsevier.

Olsen, S. R., Cole, C. V., Watanabe, F. S., & Dean, L. A. (1954). Estimation 
of available phosphorus in soils by extraction with sodium bicarbonate. 
US Department of Agriculture.

Pepin, N., Bradley, R. S., Diaz, H. F., Baraer, M., Caceres, E. B., Forsythe, 
N., Fowler, H., Greenwood, G., Hashmi, M. Z., Liu, X. D., Miller, 
R. J., Ning, L., Ohmura, A., Palazzi, E., Rangwala, I., Schöner, W., 
Severkiy, I., Shahgedanova, M., Wang, M. B., … Yang, D. Q. (2015). 
Elevation-dependent warming in mountain regions of the world. 
Nature Climate Change, 5(5), 424–430. https://doi.org/10.1038/
NCLIM​ATE2563

Péwé, T. L. (1954). Effect of permafrost on cultivated fields, Fairbanks area, 
Alaska. A contribution to Alaskan geology. Geological survey bulletin 
989-F. United States Government Printing Office.

Ping, C. L., Jastrow, J. D., Jorgenson, M. T., Michaelson, G. J., & Shur, Y. 
L. (2015). Permafrost soils and carbon cycling. Soil, 1(1), 147–171. 
https://doi.org/10.5194/soil-1-147-2015

Poeplau, C., & Don, A. (2013). Sensitivity of soil organic carbon stocks and 
fractions to different land-use changes across Europe. Geoderma, 
192, 189–201. https://doi.org/10.1016/j.geode​rma.2012.08.003

Poeplau, C., Don, A., Six, J., Kaiser, M., Benbi, D., Chenu, C., Cotrufo, M. F., 
Derrien, D., Gioacchini, P., Grand, S., Gregorich, E., Griepentrog, M., 
Gunina, A., Haddix, M., Kuzyakov, Y., Kühnel, A., Macdonald, L. M., 
Soong, J., Trigalet, S., … Nieder, R. (2018). Isolating organic carbon 
fractions with varying turnover rates in temperate agricultural soils – 
A comprehensive method comparison. Soil Biology and Biochemistry, 
125, 10–26. https://doi.org/10.1016/j.soilb​io.2018.06.025

Poeplau, C., Don, A., Vesterdal, L., Leifeld, J., van Wesemael, B., 
Schumacher, J., & Gensior, A. (2011). Temporal dynamics of soil or-
ganic carbon after land-use change in the temperate zone - carbon 
response functions as a model approach. Global Change Biology, 17(7), 
2415–2427. https://doi.org/10.1111/j.1365-2486.2011.02408.x

Poeplau, C., Schroeder, J., Gregorich, E., & Kurganova, I. (2019). Farmers' 
perspective on agriculture and environmental change in the cir-
cumpolar north of Europe and America. Land, 8(12), 190. https://
doi.org/10.3390/land8​120190

R Core Team. (2021). R: A language and environment for statistical comput-
ing. Version 4.0.4. R Foundation for Statistical computing. https://
www.r-proje​ct.org/

Rovira, P., Sauras, T., Salgado, J., & Merino, A. (2015). Towards sound 
comparisons of soil carbon stocks: A proposal based on the cumu-
lative coordinates approach. Catena, 133, 420–431. https://doi.
org/10.1016/j.catena.2015.05.020

Runyan, C. W., D'Odorico, P., & Lawrence, D. (2012). Physical and biolog-
ical feedbacks of deforestation. Reviews of Geophysics, 50(4), 1–32. 
https://doi.org/10.1029/2012R​G000394

 13652486, 2022, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16307 by B

ayerische Staatsbibliothek, W
iley O

nline L
ibrary on [03/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nature06591
https://doi.org/10.1038/nature06591
https://doi.org/10.5194/bg-10-3145-2013
https://doi.org/10.5194/bg-10-3145-2013
https://doi.org/10.1016/j.geoderma.2011.05.008
https://doi.org/10.1016/j.geoderma.2011.05.008
https://cran.r-project.org/package=ggpubr
https://doi.org/10.1002/esp.5116
https://doi.org/10.1002/esp.5116
https://doi.org/10.5194/soil-1-367-2015
https://doi.org/10.5194/soil-1-367-2015
https://doi.org/10.1139/er-2013-0041
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1111/gcb.14859
https://cran.r-project.org/package=emmeans
https://doi.org/10.1038/nmicrobiol.2017.105
https://doi.org/10.1016/j.foreco.2018.02.050
https://doi.org/10.1016/j.foreco.2018.02.050
https://doi.org/10.1007/s10310-010-0196-7
https://doi.org/10.1016/j.soilbio.2014.12.002
https://doi.org/10.1016/j.soilbio.2014.12.002
https://doi.org/10.1016/j.soilbio.2007.03.007
https://doi.org/10.1016/j.soilbio.2007.03.007
https://doi.org/10.1111/gcb.12438
https://doi.org/10.1111/gcb.12876
https://doi.org/10.1038/NCLIMATE2563
https://doi.org/10.1038/NCLIMATE2563
https://doi.org/10.5194/soil-1-147-2015
https://doi.org/10.1016/j.geoderma.2012.08.003
https://doi.org/10.1016/j.soilbio.2018.06.025
https://doi.org/10.1111/j.1365-2486.2011.02408.x
https://doi.org/10.3390/land8120190
https://doi.org/10.3390/land8120190
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1016/j.catena.2015.05.020
https://doi.org/10.1016/j.catena.2015.05.020
https://doi.org/10.1029/2012RG000394


5242  |    PEPLAU et al.

Schiedung, M., Bellè, S.-V., Malhotra, A., & Abivien, S. (2022). Organic 
carbon stocks, quality and prediction in permafrost-affected 
forest soils in North Canada. Catena, 213, 106194. https://doi.
org/10.1016/j.catena.2022.106194

Schuur, E. A. G., McGuire, A. D., Schädel, C., Grosse, G., Harden, J. W., 
Hayes, D. J., Hugelius, G., Koven, C. D., Kuhry, P., Lawrence, D. M., 
Natali, S. M., Olefeldt, D., Romanovsky, V. E., Schaefer, K., Turetsky, 
M. R., Treat, C. C., & Vonk, J. E. (2015). Climate change and the per-
mafrost carbon feedback. Nature, 520(7546), 171–179. https://doi.
org/10.1038/natur​e14338

Shur, Y. L., & Jorgenson, M. T. (2007). Patterns of permafrost formation 
and degradation in relation to climate and ecosystems. Permafrost 
and Periglacial Processes, 18(1), 7–19. https://doi.org/10.1002/p582

Singh, G., Shamsuddin, M. R., Aqsha, & Lim, S. W. (2018). Characterization 
of chicken manure from Manjung region. IOP Conference Series: 
Materials Science and Engineering, 458, 012084. https://doi.
org/10.1088/1757-899X/458/1/012084

Smith, C. A. S., Meikle, J. C., & Roots, C. F. (2004). Ecoregions of the Yukon 
Territory: Biophysical properties of Yukon landscapes. Agriculture and 
Agri-Food Canada. Summerland, British Columbia (PARC Technical 
Bulletin, 04-01).

Smith, P. (2008). Land use change and soil organic carbon dynamics. 
Nutrient Cycling in Agroecosystems, 81(2), 169–178. https://doi.
org/10.1007/s1070​5-007-9138-y

Sokol, N. W., Sanderman, J., & Bradford, M. A. (2019). Pathways of 
mineral-associated soil organic matter formation: Integrating the 
role of plant carbon source, chemistry, and point of entry. Global 
Change Biology, 25(1), 12–24. https://doi.org/10.1111/gcb.14482

Tanczuk, M., Junga, R., Kolasa-Wiecek, A., & Niemiec, P. (2019). 
Assessment of the energy potential of chicken manure in Poland. 
Energies, 12(7), 1–18. https://doi.org/10.3390/en120​71244

Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhitova, G., & 
Zimov, S. (2009). Soil organic carbon pools in the northern circum-
polar permafrost region. Global Biogeochemical Cycles, 23(2), 1–11. 
https://doi.org/10.1029/2008G​B003327

Tchebakova, N. M., Parfenova, E. I., Lysanova, G. I., & Soja, A. J. (2011). 
Agroclimatic potential across Central Siberia in an altered twenty-
first century. Environmental Research Letters, 6(4), 1–11. https://doi.
org/10.1088/1748-9326/6/4/045207

Tsuji, L. J. S., Wilton, M., Spiegelaar, N. F., Oelbermann, M., Barbeau, 
C. D., Solomon, A., Tsuji, C. J. D., Liberda, E. N., Meldrum, R., & 
Karagatzides, J. D. (2019). Enhancing food security in subarc-
tic Canada in the context of climate change: The harmonization 
of indigenous harvesting pursuits and agroforestry activities to 
form a sustainable import-substitution strategy. In A. Sarkar, S. R. 
Sensarma, & G. W. van Loon (Eds.), Sustainable solutions for food se-
curity (pp. 409–435). Springer International Publishing.

VandenBygaart, A. J., Bremer, E., McConkey, B. G., Janzen, H. H., Angers, 
D. A., Carter, M. R., Drury, C. F., Lafond, G. P., & McKenzie, R. H. 

(2010). Soil organic carbon stocks on long-term agroecosystem ex-
periments in Canada. Canadian Journal of Soil Science, 90(4), 543–
550. https://doi.org/10.4141/CJSS1​0028

VandenBygaart, A. J., Gregorich, E. G., & Angers, D. A. (2003). Influence 
of agricultural management on soil organic carbon: A compen-
dium and assessment of Canadian studies. Canadian Journal of Soil 
Science, 83(4), 363–380. https://doi.org/10.4141/S03-009

Wei, X., Shao, M., Gale, W., & Li, L. (2014). Global pattern of soil carbon 
losses due to the conversion of forests to agricultural land. Scientific 
Reports, 4, 4062. https://doi.org/10.1038/srep0​4062

Wendt, J. W., & Hauser, S. (2013). An equivalent soil mass procedure 
for monitoring soil organic carbon in multiple soil layers. European 
Journal of Soil Science, 64(1), 58–65. https://doi.org/10.1111/
ejss.12002

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer-
Verlag. https://ggplo​t2.tidyv​erse.org

Wickham, H., François, R., Henry, L., Müller, K. (2020). dplyr: A Grammar 
of Data Manipulation. Version R package version 1.0.0. https://
CRAN.R-proje​ct.org/packa​ge=dplyr

Xu, C., Guo, L., Ping, C.-L., & White, D. M. (2009). Chemical and isotopic 
characterization of size-fractionated organic matter from cryotur-
bated tundra soils, northern Alaska. Journal of Geophysical Research, 
114(G03002), 1–11. https://doi.org/10.1029/2008J​G000846

Yukon Agriculture Branch. (Eds.). (2020). Cultivating our future: 2020 
Yukon agriculture policy. 44 pp. https://yukon.ca/en/culti​vatin​g-our-
futur​e-2020-yukon​-agric​ultur​e-policy

Zimmermann, M., Leifeld, J., Schmidt, M. W. I., Smith, P., & Fuhrer, J. 
(2007). Measured soil organic matter fractions can be related to 
pools in the RothC model. European Journal of Soil Science, 58, 
658–667.

Zimov, S., Schuur, E. A. G., & Chapin, F. S. (2006). Climate change. 
Permafrost and the global carbon budget. Science, 312(5780), 
1612–1613. https://doi.org/10.1126/scien​ce.1128908

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Peplau, T., Schroeder, J., Gregorich, E., 
& Poeplau, C. (2022). Subarctic soil carbon losses after 
deforestation for agriculture depend on permafrost 
abundance. Global Change Biology, 28, 5227–5242. https://doi.
org/10.1111/gcb.16307

 13652486, 2022, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.16307 by B

ayerische Staatsbibliothek, W
iley O

nline L
ibrary on [03/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.catena.2022.106194
https://doi.org/10.1016/j.catena.2022.106194
https://doi.org/10.1038/nature14338
https://doi.org/10.1038/nature14338
https://doi.org/10.1002/p582
https://doi.org/10.1088/1757-899X/458/1/012084
https://doi.org/10.1088/1757-899X/458/1/012084
https://doi.org/10.1007/s10705-007-9138-y
https://doi.org/10.1007/s10705-007-9138-y
https://doi.org/10.1111/gcb.14482
https://doi.org/10.3390/en12071244
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1088/1748-9326/6/4/045207
https://doi.org/10.1088/1748-9326/6/4/045207
https://doi.org/10.4141/CJSS10028
https://doi.org/10.4141/S03-009
https://doi.org/10.1038/srep04062
https://doi.org/10.1111/ejss.12002
https://doi.org/10.1111/ejss.12002
https://ggplot2.tidyverse.org
https://cran.r-project.org/package=dplyr
https://cran.r-project.org/package=dplyr
https://doi.org/10.1029/2008JG000846
https://yukon.ca/en/cultivating-our-future-2020-yukon-agriculture-policy
https://yukon.ca/en/cultivating-our-future-2020-yukon-agriculture-policy
https://doi.org/10.1126/science.1128908
https://doi.org/10.1111/gcb.16307
https://doi.org/10.1111/gcb.16307

	Subarctic soil carbon losses after deforestation for agriculture depend on permafrost abundance
	Abstract
	1|INTRODUCTION
	2|MATERIAL AND METHODS
	2.1|Research area and farms
	2.2|Laboratory analyses
	2.2.1|Sample preparation
	2.2.2|Fractionation
	2.2.3|Main soil parameters
	2.2.4|Calculation of SOC stocks
	2.2.5|Statistics


	3|RESULTS
	3.1|SOC stocks
	3.2|Soil organic matter fractions
	3.3|Temporal dynamic and additional drivers of SOC change

	4|DISCUSSION
	4.1|SOC stocks and permafrost
	4.2|Long-­term trends in SOC changes
	4.3|Changes in SOC fractions
	4.4|Implications for future subarctic agriculture

	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


