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Abstract: Soil properties and functions are dramatically altered by changes in agricultural land
use. However, little is known about how ecosystem C stock and its partitioning change with
deforestation for agricultural land use, especially in cold humid areas. In this study, we investigated
how agricultural development influences temporal changes in soil C pools in upland crop fields using
a paired-plot approach. Ten pairs of control forest and agricultural development plots (2 to more than
80 years) were selected with the same crop rotation under humid temperate climate in Northeast
Japan. We detected a net gain in soil C during the first 2 years of agricultural land development under
the flat field condition. This gain in soil C was caused by an increase in the light fraction soil C, which
represents plant residue derived-C due to agricultural development. Agricultural development
resulted in the loss of soil C in fields without manure application. There was no difference in the
ecosystem C stock among soil types or with the amount of manure applied. Agricultural development
resulted in a slow decrease in soil C storage, indicating a slow rate of C decomposition under cool
climate conditions.
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1. Introduction

Land use change is the second largest contributor of C emission after fossil fuels [1]. Conversion
of natural forests to agricultural land leads to significant changes in soil processes and properties and
therefore changes in soil C. Agricultural land use depletes the organic C content compared with that of
soils under natural vegetation, because tillage practices during cultivation enhance the decomposition
of organic matter due to soil aerobic processes and soil aggregate destruction [2,3]. Moreover, the loss
of C via crop harvest also reduces organic C content in cropland compared with that in other land
uses such as forest. Several studies have showed that the conversion of forest to cropland reduces
soil organic carbon (OC) stock. A global meta-analysis has showed that land use change from native
forest to agricultural development reduced 42% of soil C [4]. Studies have also reported that the
soil C content decreased by 25%–50% of the soil C stock [4–6]; 70% in Ethiopia [7] and 78% in the
Philippines [8]. These estimates of the total C emissions might be uncertain because most studies
depend on summing a robust data set [9]. Moreover, conclusive evidence regarding regional changes
in C storage after land use change is limited.

Differences in land use might be attributed to differences in the mean annual temperature or
precipitation, and both can significantly influence C mineralization. Previous studies have mostly
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focused on agricultural development in relatively low productivity regions due to water shortage
and/or low soil fertility in different parts of the world [7]. Little is known about how ecosystem
C stock and its partitioning change with deforestation for agricultural land use under cold humid
climate. In Tokachi District in Northeast Japan, cool-season crops such as wheat and potatoes are
grown during summer, under relatively cool climate. The production of wheat and potatoes in Tokachi
District accounts for more than one fourth of the total annual production in Japan [10,11]. In the
late 19th century, forests covered most of the area in Tokachi District, and with the commencement
of colonization they were developed for agriculture. Later during the 1960’s, policies and farmers
replaced the original remnant oak (Quercus dentata) forest with larch (Larix kaempferi) coniferous forests
for use as windbreak forests [12]. Improvement in crop management enhanced crop productivity and
farmers’ income in the region; therefore, a part of windbreak forest is currently replaced by farmland
for large-scale and high-profitable farming. Reduction in cropland is a global issue. Recent studies have
mostly focused on soil C change with land use change to abandoned land [13,14]. However, cropland
area is gradually increasing in Hokkaido Tokachi District (from 253,710 to 254,520 ha from 2007 to
2017; [15]), providing an opportunity to investigate the change in soil C due to regional agricultural
development under current climate condition.

The aims of this study was to determine the changes in C due to deforestation for agricultural
land use during cultivation in cold humid area. We hypothesized that (1) agricultural development
continuously reduces ecosystem C stock via rapid aerobic decomposition of original soil C and (2) later
enhances C storage due to continuous manure application and crop residue input. We used the light
fraction (LF) soil C as an indicator of soil quality, as it is mainly composed of partially decomposed
fragments of plant residue that are not associated with mineral particles [16]. The LF soils highlight
the increase in initial plant residue-associated C content upon agricultural development. To test
these hypotheses, we used the paired-plot approach, in which one of the paired plots represented the
initial conditions. The paired-plot approach enables faster assessment at different time spans since
agricultural development and in different soil types.

2. Materials and Methods

2.1. Site Description and Experimental Design

The study was conducted in Tokachi District, which is currently the major upland agricultural
band in Japan. The mean annual temperature and rainfall are 6.1 ◦C and 888 mm, respectively, at the
Memuro Experiment Station (42◦53′ N, 143◦05′ E), which is at the center of Tokachi District [17].
Historical records show that most croplands were established during the past 100 y in Shikaoi,
Nakasatsunai, Sarabetu, and northern and southern parts of Tokachi District. The Hokkaido
Government had installed pipe drains in areas with poor soil drainage from 1970 to 2002 [18]. To avoid
sites that experienced extreme changes in soil water flow, we investigated sites without the pipe
drains. The cropping system studied is mainly a 4-year crop rotation system typical to Tokachi
District, producing potatoes (Solanum tuberosum L.), winter wheat (Triticum aestivum L.), sugar beets
(Beta vulgaris L. subsp. vulgaris), and beans such as soybeans (Glycine max (L.) Merr.) in rotation.

The 10 paired sites in seven areas including agricultural field and abandoned plots are located in
Hokkaido, Northern Japan (Table 1). The active agricultural fields were conventionally cultivated for
2 to more than 80 years. The soil (FAO/UNESCO) is Andosol at 4 sites and Eutric Fluvisol at 3 sites.
The studied regions are affected by volcanic tephra, and the soil parent material is largely alluvium and
the materials transported by rivers and streams. Three areas had two different times since conversion
to active agricultural fields adjacent to a windbreak forest.

We assumed the initial soil physical and chemical properties were the same in the forest (F) and
agricultural sites before development. To determine the effects of agricultural development with
meaningful land use comparisons, we selected pairs of plots with adjacent flat areas to avoid the
influence of soil erosion and heterogeneity of soil properties. Furthermore, we avoided irrigated fields,
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because closed irrigation in humid and high soil C content fields easily decreases the C content in
soil [19]. We used the paired-plot approach to evaluate temporal C changes following agricultural
development. Studies employing the paired-plot approach have shown that the soil C content changes
because of land conversion [20,21]. We sampled approximately 10 m from the border between F
and agricultural development fields (AD), with three replicates each. This relatively small plot size
ensures that comparable paired plots can be obtained, even at plots with high topographical and
pedological heterogeneity [22]. We obtained aerial photographs captured at least once per decade from
the National and Regional Policy Bureau in Japan (http://airphoto.gis.go.jp/aplis/Agreement.jsp)
to evaluate the time since development. Some aerial photographs of recently developed plots were
obtained from Google Earth 7.3.2 (Google Corporation 2013). Time-since-development was estimated
as the midpoint between the photograph dates before and after the first development of agricultural
land was observed. Site age was the investigation date minus the developed year.

Table 1. Longitude and latitude, soil type, forest species, time since agricultural development and
annual manure application at each site.

Site Longitude Latitude Soil
Type

Forest
Species

Time Since
Developed (years)

Manure
(MgC ha−1 year−1)No N E

1 43.16 143.02 Andsol Birch (Betula pendula) >80 0.42
2 43.08 142.96 Andsol Larch (Larix kaempferi) 50 0.33
3 43.08 142.96 Andsol Ash (Fraxinus mandshurica) 30, >80 0.33
4 43.16 143.04 Andsol Larch 10, 43 0
5 42.65 143.14 Lowland soils Larch 2, >80 0, 0.1
6 42.69 143.19 Lowland soils Larch 42 0.12
7 42.70 143.22 Lowland soils Oak·Birch 37 0.10

2.2. Soil Sampling and Analyses

The effective soil layer thickness was not uniform because of the underlying gravel layer. Effective
tillage depth has been recognized as approximately 0.30 m for agricultural fields in Tokachi District [23].
The morphological features of soil profiles were described at each pit and at each time point from 2016
to 2018, just before wheat harvest every year (mid August to September). The profile was described
from the surface to the upper part of the gravel layer. A pit was dug with a shovel down to the clay
layer to collect soil samples. The soil was then air-dried to constant mass after loosening. The bulk
density of soil was calculated as the oven-dry mass by the volume of the core (100 mL) segment at
each soil layer.

The soil C stock was estimated as described previously [14]. The C content was determined by
the dry combustion method using an NC analyzer (Sumigraph NC-22; Sumika Chemical Analysis
Services Ltd., Tokyo, Japan). C pools (Mg ha−1) for each soil layer were calculated by the minimum
equivalent soil mass (ESM) approach instead of the simple bulk density method [24]. To account
for changes in the soil bulk density and compaction, the C content is reported on a volumetric basis.
We isolated the LF by mechanical shaking with heavy liquid to distinguish decaying plant litter from
high-density fraction, which largely consists of microbially altered organic compounds that are strongly
associated with soil minerals. The method of isolation of the LF has been described previously [14].
The soil C concentration (g C kg−1) was multiplied by the corresponding ESM to obtain C pools
(Mg ha−1), and the total C pool was calculated by summing the C pool at each sampling depth within
the soil profile. The LF soil C content was determined by following the same procedure used for
measuring the soil C content. We estimated the changes in C pool from forest to agricultural field
as ∆C.

2.3. Forest Floor and Manure Application

We collected litter from the soil surface at three quadrats (0.3 m × 0.3 m). The floor litter content
was determined by dry weight after oven-drying at 80 ◦C for at least 48 h. The floor litter was separated
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into stem and other parts manually [25]. The C content in floor litter, was determined following the
procedure used for soil samples and was multiplied by the mass (Mg C ha−1).

Interviews with farmers were conducted during the winter of 2017 and 2018. The farmers
were asked for details regarding the cultivation management practices employed by them during
the past 10 y. We obtained information on the amount and time of manure and crop residue
applications and crop rotation cycles (Table 1). The C input from cattle manure for agricultural
land, Cm (Mg C ha−1 y−1), was calculated as:

Cm = MA× 0.23× 0.365

where, MA is the regional manure application rate on a fresh weight basis (Mg ha−1 y−1), and 0.23 and
0.365 represent the dry matter content in fresh cattle manure and the C content in dry cattle manure in
Hokkaido, respectively [26].

3. Results

3.1. Comparison of Soil Characters between the Forest and Agricultural Land Use Pairs

The horizon depth and bulk density of soils change with agricultural machinery management
practices. The horizon depth was 0.30–0.75 m in F site and 0.24–0.57 m in AD site (Table 2). The horizon
depth was deeper in the F site than in AD site at all sites. The soil bulk density was 0.52–0.78 Mgm−3 in
F and 0.62–1.07 Mgm−3 in AD site. The soil C content was estimated on a volumetric basis to account
for changes in the soil bulk density and compaction. The soil C content ranged from 101 to 353 Mg C
ha−1 in F site and 86 to 341 Mg C ha−1 in AD site. Shorter and longer duration since development are
represented as AD1 and AD2 at sites 3–5, and the results indicated less soil C stock in long-term AD
fields than in short-term AD fields at each site. However, the soil C content did not always decrease
with agricultural development. The floor litter at F site ranged from 3 to 15 Mg C ha−1, which was
more than 10 % of C stocks in less soil C at sites 4 and 5.

Table 2. Horizon depth, bulk density (BD), and C content of soils at each site in two paired plots at a
forest and agricultural development sites (AD) with shorter and longer duration since development
represented as AD1 and AD2.

Site Horizon Depth (m) BD (Mg m−3) Soil C (Mg ha−1) Development (Years)

No Forest AD1 AD2 Forest AD1 AD2 Forest Forest (Litter) AD1 AD2 AD1 AD2

1 0.65 0.40 - 0.54 0.88 - 169 9 176 - >80 -
2 0.75 0.40 - 0.57 0.97 - 353 10 341 - 50 -
3 0.75 0.53 0.57 0.52 0.62 0.62 306 3 292 281 30 >80
4 0.40 0.35 0.34 0.52 0.70 0.84 159 15 120 110 10 43
5 0.30 0.28 0.24 0.78 0.89 0.98 101 12 116 86 2 >80
6 0.37 0.28 - 0.70 1.07 - 139 11 142 - 42 -
7 0.62 0.41 - 0.62 0.88 - 189 10 212 - 37 -

3.2. Changes in Soil C Pool with Time Since Agricultural Development

A comparison of soil C stock between the forest and agricultural land use pairs (initial condition
vs. developed fields) during agricultural development revealed that the difference in soil carbon (∆C)
between forest and AD was relatively less in no manure application fields (Figure 1). The ∆C in no
manure application fields was −39.4 and −49.3 Mg C ha−1 in 10- and 43-years AD fields, whereas,
it was 14.7 Mg C ha−1 in 2-years AD field (Figure 1). There was no clear pattern of ∆C among soil
types or amount of manure applied. The LF soil C has been used as an indicator of soil quality as it
is mainly composed of partially decomposed fragments of plant residue that are not associated with
mineral particles [16]. The amount of LF soil C and the ratio of LF to whole soil did not depend on
the time since agricultural development (Appendix A). The maximum LF soil C content recorded
was 16.8% in 2-years AD field (Appendix A). The LF soil C content within 10 years of agricultural
development was clearly different from that with fewer years of succession (Figure 2). ∆LF soil C
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was within 5 Mg C ha−1 in > 30-years AD fields. The maximum ∆LF soil C content recorded was
20.4 Mg C ha−1 in 2-y AD field.

Figure 1. Difference in soil carbon content (∆C) between F and AD pairs with time since agricultural
development. White, gray, and black symbols represent no manure application, 0.1–0.3 Mg C/ha/year
manure application, and more than 0.3 Mg C/ha/year manure application, respectively. The circles
and squares represent Andosol soil and lowland soils, respectively.

Figure 2. Difference in ∆LF soil C content between forest and agricultural development field pairs with
time since agricultural development. White, gray, and black symbols represent no manure application,
0.1–0.3 Mg C/ha/year manure application, and more than 0.3 Mg C/ha/year manure application,
respectively. The circles and squares represent Andosol soil and lowland soils, respectively.

3.3. Comparison of Soil C Pools with Short/Long-Term Agricultural Development Pairs

Table 3 shows C stocks in F and short/long-term AD fields at a site. The content of LF soil C in
F site was relatively low, with 2.1 and 2.8 Mg C ha−1. The LF soil C content of short-term AD fields
was relatively higher, despite no manure application. At site 5, the sum of floor litter C and whole
soil C content was 111.4 Mg C ha−1, which was approximately equivalent to the whole soil C content
in 2-years AD (115.6 Mg C ha−1). Longer duration since development at AD2 represented lower soil
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C and LF soil C content than those at AD1 in both sites. However, the LF soil C content at AD2 was
slightly higher than at F in both sites.

Table 3. C stocks in forest and short/long-agricultural development fields (AD1/AD2) at sites 4 and 5.

Site C Components Land Use

No. 4

Forest AD1 (10 years AD) AD2 (43 years AD)
Floor litter C 15.4 (0.6) - -
Whole soil C 159.0 (10.2) 119.6 (3.9) 109.7 (4.2)

LF soil C out of the whole 2.1 (1.2) 8.9 (1.3) 3.7 (0.7)

No. 5

Forest AD1 (2 y AD) AD2 (>80 y AD)
Floor litter C 10.4 (1.1) - -
Whole soil C 100.9 (2.5) 115.6 (5.0) 85.9 (5.5)

LF soil C out of the whole 2.8 (0.4) 19.4 (5.7) 7.2 (0.8)

4. Discussion

4.1. Temporal Changes in Soil C Stock

In the present study, we estimated the soil C stocks assuming that they decrease over time
with agricultural development to compare with those of the forest without manure application.
The change in soil C stock does not always correspond with time since agricultural development.
For example, a global meta-analysis showed that land use change from native forest to agricultural
development reduced 42% of soil C content [4]. However, the C accrual rates differed among these
studies; a common feature among these studies was a decrease in soil C content immediately after
agricultural development. These results represent soil C change mainly under warm climate and in
the arid region. The results of the present study showed that the decrease in the rate of soil C content
without manure application was 25% (from 159.0 to 119.6 Mg C ha−1) over 10 years and 31% (from
159.0 to 119.6 Mg C ha−1) over 43 years at site 4 (Table 3), indicating a decomposition rate lower than
that in other studies. A previous study has showed that approximately 50% of soil C content in the top
soil (0–0.20-m depth) decreased under climate condition similar to that of the present study (8.6 ◦C
of annual mean temperature and 612 mm of annual rainfall) in Cinnamon soil in China [27]. Several
studies have suggested that the topsoil underestimate the soil C content change with agricultural
development, leading to a biased assessment of land use effects on soil C stock [2,28]. The results of
the present study are similar to those of a previous study in Bavaria, Germany [29], which suggested
a <20% reduction in soil C content with land use change from forest to cropland at 8–9 ◦C of annual
mean temperature and 700–900 mm of annual rainfall. Humid and cool environments might result in
lower rate of organic matter decomposition under cultivation.

In the present study, the experimental plots selected were flat fields in order to avoid the loss
of C through erosion, which is one of the reasons for the soil C gain after agricultural development.
Although cooler climate leads to slower soil C change, a previous study in a boreal region of Alaska
showed considerably higher soil C reduction (69%) after agricultural development [30]. Thawing in
upland slope enhances rapid decrease in soil C due to erosion. Tokachi District often experiences
winter soil frost, which later leads to erosion and run off in slope [31]. This implies that regional land
use data should include flat and steep slope sites. Difference in sloping and flat crop lands on soil
aggregation process and management practices has not been studied intensively [32]. It might be
necessary to further evaluate the resulting effects on the soil C content at the regional scale.

4.2. Changes in Soil C Immediately after Agricultural Development

We hypothesized that the soil C stock initially declines after agricultural development. However,
the results of the present study were contradictory. There was a rapid increase in the initial LF soil
C gain, indicating that plant derived C is the major contributor to the increase in C content during
agricultural development. This also indicates a net gain in soil C, which can last for several years
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after agricultural development. The increase in LF soil C contributed to the initial ecosystem C gain.
During agricultural development, the C in floor litter and some above- and below-ground biomasses
is incorporated into soils in the region.

There was a temporal decrease in LF soil C content in plot pairs (Table 2) and at all sites (Figure 2)
after the initial period of agriculture development. In other words, the temporal loss in soil C exceeded
the initial C input during the decadal agricultural land use. Agricultural land use results in the rapid
decomposition of soil C that was initially stored under periodic aerobic conditions. The rate of soil C
accrual observed in the present study was approximately 20 Mg C ha−1 as the initial LF soil C gain
and further decomposed LF soil C was balanced during the later phase of agricultural development.
The development of periodic anaerobic condition during cultivation increases organic decomposition,
resulting in the loss of initially gained C under agricultural land use. The floor litter in F site was
more than 10% of C stocks at sites 4 and 5. Plant-derived C strongly contribute to the C stock at less
soil C stock sites. These results of LF soils highlight the increase in initial plant residue-associated
C content upon agricultural development. Therefore, without erosion, soil C shows a net increase
due to the accumulation of residual C immediately after land use change in cool region. C in floor
litter and some above- and below-ground biomasses is incorporated into soils during agricultural
development. Forest residue management is a new consideration to maintain the soil C stock upon
agricultural development. The C benefits would be arising from incorporating forest residue upon
agricultural development into the soil.

4.3. Effect of Regional Land Use Management

Manure application might slightly contribute to the maintenance of soil C stock after agricultural
development in Northeast Japan. Studies have suggested that manure application to croplands is a
promising management option to increase soil C stocks in Japan [26,33]. The formation of short-range
ordered minerals and Al/Fe–humus complexes promote C accumulation in Andosols, covering more
than 50% of the total upland cropland in Japan [34,35]. However, the substantial effect of enhanced
manure application on soil C stock is debatable, because the amount of manure application does not
correspond with the increase in soil C even in Andosols (Figure 1). A previous study, with 30-years
continuous manure application experiment in Northeast Japan, suggested that regional soil C was
balanced by the application mass of 2.5 Mg ha−1 (0.21 Mg C ha−1) [36]. The manure application rate in
our study sites ranged from 0.10 to 0.42 Mg C ha−1, which was either too low or high to balance the soil
C content. No clear pattern of ∆C the different manure application rates indicate that the substantial
effect of manure application on soil C stock enhancement is debatable in this region. Therefore, the soil
C content might reach equilibrium or potential level under a particular soil type and climate condition
with agricultural development. Finer scale study of soil aggregation with soil management might help
understand the C change processes [37,38]. The results pertaining to the changes in soil C components
with agricultural development presented herein can help improve C budget models to predict suitable
and sustainable C balance after land use change.

In Tokachi District, the production of cool-season crops such as wheat and potato is changing
significantly depending on the seasonal increase in air temperature [10,11]. Farmers are introducing
more hot-season crops such as nagaimo (Dioscorea polystachya) and green soy beans to compensate for
the economic damage [15]. Moreover, wine production in Japan has shifted to cooler region, where the
air temperature is suitable for the cultivation of authentic European wine grapes, promoting wider
vineyards in Hokkaido [39,40]. Therefore, a part of the steep-sloped hillsides is used as vineyards
instead of being protected by forest cover. The introduction of new crops due to global warming is
accompanied by a change in optimal soil conditions. If climate warming augments regional change in
land use because of improved agricultural opportunities and performance, it might enhance C loss.
A comprehensive global warming policy that would be able to balance global warming adaptation
and mitigation measures would be necessary in the future.
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The temporal loss in soil C exceeded the initial C input during the long-term agricultural land
use. However, estimates of the temporal C changes is uncertain because most studies depend on
summing a robust land-use data set [9,41]. Temporal dynamics of soil C after land-use change is
important for the estimates of the total C emission [25,42]. Estimation of plant derived C is contributed
to fine simulation of temporal change of soil C stocks upon agricultural development. Contribution of
plant-derived C, as net gain in soil C, can last for several years after agricultural development. Rapid
increase and slow decrease in LF soils indicate the sustainable cycling of initial plant residue-associated
C in agricultural land use. Recycling of organic matter and nutrients is a fundamentally important
process that might significantly affect the C budget, as well as the availability of nutrient for crops.
The initial ecosystem C gain could be a key process for sustainable cycling of organic matter source
upon agricultural development.

5. Conclusions

We investigated changes in C storage due to deforestation for agricultural land use during
cultivation in cold humid area. A gradual increasing cropland area in Hokkaido Tokachi District is
providing an opportunity to investigate the change in C stocks under the current climate condition.
We found that after a few years after agricultural development, the initial soil C gain was approximately
15 Mg C ha−1. Plant-derived-C is associated with temporal dynamics of soil C after land-use change.
An increase in the initial LF soil C gain by approximately 20 Mg C ha−1 indicated that plant-derived-C
is the major contributor for the increase in C content with agricultural development. Forest residue
management is effective to maintain the soil C stock upon agricultural development. Irrespective of the
amount of manure applied, the soil C content is balanced due to agricultural C input. Upon land use
change, C and nutrients recycling is a fundamentally important process that might significantly affect
the C budget. The temporal loss in soil C exceeded the initial C input during the decadal agricultural
land use. Not only simple manure or crop residue information, but also initial C gain information is
necessary for synthetic temporal C estimation.
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Appendix A

LF soil C (Mg ha−1) and the ratio of LF to whole soil C (%) in a forest (F) and agricultural
development sites (AD) with shorter and longer duration since development represented as AD1
and AD2.

Site LF Soil C (Mg ha−1) Ratio of LF to Whole Soil (%) Developed (Years)

No. F AD1 AD2 F AD1 AD2 AD1 AD2

1 13.7 9.8 - 8.1 5.5 - >80 -
2 9.5 5.9 - 2.7 1.7 - 50 -
3 4.2 2.6 5.1 1.4 0.9 1.8 30 >80
4 2.1 3.7 3.7 1.3 3.1 3.4 10 43
5 2.8 19.4 7.2 2.8 16.8 8.4 2 >80
6 9.6 5.3 - 6.9 3.7 - 42 -
7 8.3 3.6 - 4.4 1.7 - 37 -
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