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Abstract. Agricultural land use on peatlands inevitably causes ongoing land surface subsidence resulting in a
reduction of productivity. In addition, oxidation of the peat substrate associated with subsidence is responsible
for greenhouse gas emission with the ensuing consequence for global climatic stability. A concept of “paludi-
culture”, the utilisation of wet or rewetted peatlands for agriculture, has been proposed in European countries
to avoid further subsidence and greenhouse gas emission. However, few studies have documented a long-term
record of subsidence through agriculture in wet peatlands such as paddy fields for rice cultivation. In this study,
we measured the subsidence rates of peatland in rice paddy use and compared them to the rates in peatland with
upland crop cultivation. The average subsidence between 2006 and 2016 for the paddy plots was 3.6± 1.9 cm
(± SE) and significantly less than that of 25.6±1.7 cm for the upland plots, and the subsidence reduced linearly
as the period of paddy use increased. These results suggest that paddy use of peatlands can effectively reduce
subsidence. Our results will encourage the use of peatlands with a wet environment as one of the valid options
for future peatland management in terms of mitigation of land subsidence and peat loss.

1 Introduction

Drainage and land reclamation for agricultural use of peat-
lands inevitably causes ongoing land surface subsidence.
Many examples of subsidence thorough agricultural use of
peatlands have been reported all over the world (Leifeld et
al., 2011; Pronger et al., 2014; Schipper and McLeod, 2006;
Zanello et al., 2011). Subsidence in reclaimed farmlands of-
ten lead to social, economic, and environmental troubles in-
cluding reduction of agricultural productivity due to relative
groundwater level rise, increased risks of inundation com-
bined with sea-level rise (Zanello et al., 2011), and increased
cost to maintain farmland productivity (Gambolati et al.,
2006; Wösten et al., 1997). Additionally, drained boreal peat-
lands are estimated to be causing more than 0.0085 Pg yr−1

of carbon emission through oxidation process of peat sub-
strate (Gorham, 1991), with ensuing indispensable conse-
quences to global climate stability (Parish et al., 2008). With-
out appropriate management, not only will the agricultural

economic value of cultivated peatlands be lost, but also the
whole society will be adversely affected by the subsidence
related problems. Hence, appropriate land use management
on agricultural peatlands is strongly required.

Recently several techniques of land use management on
cultivated peatlands has been proposed to mitigate further
subsidence and greenhouse gas emission. Higher groundwa-
ter level generally reduces decomposition of peat substrate,
and therefore, maintenance of high water table with rewet-
ting and submerged infiltration of water has been regarded
as a promising option (Hendriks et al., 2007). Paludicul-
ture, the agricultural use of wet or rewetted peatlands mainly
for biomass production, has been discussed as a solution to
the subsidence related problems in peatlands. It may effec-
tively reduce the decomposition of organic material and, is
acknowledged as a possible land use option on organic soils.
However, few studies have documented long-term records
of peat subsidence and peat loss through agriculture in wet
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Figure 1. Location and extent of the study site and peatland area in
Shinotsu, Hokkaido. The background shaded-relief map is obtained
from Geospatial Information Authority of Japan. The distribution of
peat is based on Hokkaido Agricultural Reserch Institution (1954).
An inset map in the upper left corner shows the location of the study
site within Japan.

peatlands because the implementation of paludiculture has
evolved only in recent years.

In Hokkaido, northern Japan, peatlands have been used as
multi-use paddy fields (rotational cultivation of paddy rice
and upland crop), one form of palidiculture, for more than
a half-century. In paddy fields, the groundwater table main-
tains near the ground surface or above during the summer
irrigation period, so the subsidence in paddy is expected to
slow due to reduction of decomposition of peat substrate.
Some studies, indeed, suggested the possibility of the lower
rate of peat subsidence in paddy fields compared to upland
fields in Hokkaido (Kasubuchi et al., 1998; Miyaji et al.,
1995), yet the number of observation in those studies was
not sufficient to statistically conclude.

Here, we present the first quantitative comparison of the
long-term peat subsidence rates between paddy and upland
fields in Hokkaido to assess the potential of agricultural use
of wet peatlands as a solution of peat subsidence-related
problems. This study will provide an essential suggestion for
future land use in Hokkaido and also key knowledge for the
attempt of the paludicultural use of peatlands worldwide as
well.

2 Materials and methods

2.1 Reginal settings

The investigation of peat subsidence was conducted in
Shinotsu Peatland (Fig. 1; 43◦15′ N, 141◦18′ E), central
Hokkaido, Japan. Its total area is about 12 000 ha, and cur-
rently, almost all area has been converted into cultivated land.
The mean annual temperature is 7.0◦, and the mean annual
precipitation is 1105 mm with 816 cm of snowfall at Shin-
Shinotsu Weather Station of Japan Meteorological Agency.
Currently, peat deposited 6 to 7 m thick. The both of bog-
type peat and fen-type peat are distributed all over the area,
and generally, the fen-type peat is surrounding the bog-type
peat.

The peatland has been cultivated as multi-use paddy fields
(rotational cultivation of paddy rice and upland crop) (Fig. 2),
and the main crops in this area are currently paddy rice,
wheat, soybean, and vegetables. Initially, the area converted
to paddy, but the area that is producing upland crop such
as wheat have been increasing under the situation of over-
production of rice and the implementation of the set-aside
policy by the national government since 1971. In the paddy
fields, the ground surface is always saturated with irrigation
water between middle May and middle August. Both of the
paddy and the upland fields has drainage ditches and sub-
surface drainage systems to maintain a suitable groundwater
table for the crops, so either paddy rice and upland crops can
be grown by the combination of irrigation and drainage sys-
tems.

2.2 Subsidence measurement

Digital elevation models (DEMs) which constructed by air-
borne laser survey were employed for measurement of subsi-
dence. The spatial resolution of the DEMs was 1m×1m. The
total subsidence between 2006 and 2016 in each point was
calculated by subtracting the DEM of 2016 from the DEM
of 2006 using GIS software (QGIS). For each filed plot, the
values of the total subsidence were averaged for the analy-
sis. The DEM of 2006 has an error due to vegetation height
in some field plots, so those plots were excluded from the
analysis. We used randomly selected 53 field plots for the
analysis to assess the effect of the land use form (paddy or
upland) on peat subsidence. The 53 filed plots belonged to
the same township, and the conditions such as the time since
reclamation and the peat type were not different except the
land use form.

2.3 Reconstruction of the history of land use form

We reconstructed the land use form of the 53 field plots for
each year between 2006 and 2016 to examine the relation-
ship between the peat subsidence and the land use form. We
used satellite images which were taken by the optical sen-
sor to assess the land use form of each year. The satellite
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Figure 2. An aerial photograph of multi-use cultivated fields with
a canal for irrigation and drainage in Shinotsu Peatland.

included Landsat-5 TM, Landsat-8 TM, and Sentinel-2. We
employed the bands of visible red (R), near-infrared (NIR),
and short-wave infrared (SWIR). The reflection of each band
of the electric wave on the ground surface varies depending
on the land cover because each land cover has different spec-
tral reflection characteristic. Water can absorb all bands, so
reflectance of R, NIR and SWIR are generally low. The plant
vegetation highly reflects NIR, but less for R and SWIR. Soil
can highly reflect SWIR, but less for R and NIR. During the
rice transplanting period (May to early June), the paddy fields
are filled by irrigation water whereas the upland fields are
covered by vegetation or bare lands. Based on the land cov-
ered difference, we distinguished the land use forms using
a colour composited image of the R, NIR, and SWIR bands
(Fig. 3). This remote sensing technique is often used in crop
classification (Liu et al., 2005). We reconstructed the land use
form in the 53 field plots between 2006 and 2016, excluding
2007, 2011, and 2012 in which the satellite images were not
available due to cloud cover.

3 Results and Discussion

As a result of the reconstruction of the history of the land use
form, 12 field plots out of the 53 plots were used as paddy for
7 years or more between 2006 and 2016 (referred to herein
as the “paddy”), and 15 plots were used as upland fields for
7 years or more (“upland”). The rest 26 plots were for rota-
tional use of paddy and upland (“rotation”). In the rotation
plots, rotation of paddy rice and upland crops were generally
conducted every 3 or 4 years.

The relationship of the peat subsidence to the crop ro-
tation was examined in 53 fields. The overall mean of the
subsidence from 2006 to 2016 in the 53 fields was 15.8 cm,
which equals to 15.8 mm yr−1. The total subsidence from
2006 to 2016 was plotted against the year which each field

Figure 3. Color composited satellite image of bands of red (R),
near-infrared (NIR) and short-wave infrared (SWIR), of Sentinel-2
taken on 28 May 2016 covering Shinotsu Peatland. RGB= (SWIR,
NIR, R). Green area, pink area, and blue area represent upland fields
with vegetation, upland fields with no vegetation, and paddy fields,
respectively.

Figure 4. Relationship between total subsidence from 2006 to 2016
and the years that each field was used as paddy field (out of eight
years which the satellite image is available). The error bars rep-
resent the standard deviation of the samples. The plots with the
same letter are not significantly different in the Tukey-Kramer test
(p < 0.05).

was used for rice paddy in the same period (excluding 2007,
2011, and 2012, in which satellite images were not avail-
able) (Fig. 4). The mean subsidence was 3.7±1.9 cm (± SE;
n= 12) for 11 years in the paddy field plots, and significantly
less than the rate of 25.6± 1.7 cm (n= 15) in upland field
plots (p < 0.001). In the rotation field plots, the subsidence
was intermediated value between the paddy and the upland
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plots, although the difference was not statistically significant
level (p > 0.05) in the Tukey-Kramer multiple comparisons.
Still, it was clear there was a trend that the subsidence re-
duced linearly as the period of paddy increased. This result
suggested that paddy use of peatlands could effectively re-
duce the rate of peat subsidence.

The total subsidence in the paddy plots was significantly
smaller than that of the upland field plots. The average sub-
sidence rate of 3.7 mmyr−1 in the paddy plots was extremely
low value compared with globally reported values of the peat
subsidence through agricultural exploitation (Pronger et al.,
2014). Whereas, the average subsidence rate of 25.6 mm yr−1

in the upland plots was well consistent with the globally re-
ported values. These values also showed that the peat sub-
sidence through wet agricultural use was smaller than the
through upland use.

The possible reason for the reduction of subsidence in the
paddy may have been high groundwater table which inhibits
oxidation of peat substrate. Previous studies have reported
that high groundwater table reduced decomposition of peat
substrate (Hendriks et al., 2007; Kim and Verma, 1992). In
the paddy plots, the water table was always maintained above
the ground surface in cultivate period in summer, which kept
the peat layer in anaerobic condition. Although the ground-
water is drained and lowered from autumn to early spring,
the temperature is generally low, and much snowfall occurs
in those periods without irrigation, which restrains the mi-
crobe activity of the decomposition of the peat. This implies
that the maintenance of wet condition only in the summer
season can sufficiently reduce peat subsidence.

In this study, we just compared the subsidence in the paddy
and upland fields by measuring elevation change in the spe-
cific period and did not examine the decomposition rate, the
greenhouse gas emission, and their temporal trends. Thus,
the mechanism of the reduction of the subsidence in the
paddy fields has still not been cleared. Additionally, few stud-
ies have reported subsidence on paddy peatland. More stud-
ies on subsidence in paddy fields are required to clarify the
mechanism and to reinforce our argument. Also, though our
results showed the rice paddy has a lower impact on peat
subsidence, the demand and consumption of rice have been
continuously decreasing in Japan. Not only technical imple-
mentations but also political and economic intervention is
necessary to achieve sustainable land use management on the
peatlands.

4 Conclusions

We calculated the subsidence rates in different agricultural
land use form, i.e., rice paddy or upland field. The subsi-
dence rate in the rice paddy had significantly lower than that
in the upland field. This difference suggested that paddy land
use had a lower impact on peat subsidence. Our results will
encourage the agricultural use of wet or rewetted peatlands

as one of the valid options for future peatland management
in terms of mitigation of land subsidence and peat loss.
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data are available from the website of U.S. Geological Survey
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