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Abstract: In recent years, Mongolia has witnessed an increase in not only wheat fields, which have
been present for a long time, but also rapeseed fields. This has led to increasing concerns about soil
degradation due to inappropriate cultivation. This study aims to determine the impacts of rapeseed
production on soil water storage in Mongolia. The soil water content and matric potential were
measured in wheat and rapeseed fields and adjacent steppe rangeland for five years, including crop
production and fallow years, and the soil water storages in the fields were compared. The results
demonstrated that the matric potential below the root zone in the rapeseed field and both rangelands
was drier than the wilting point, whereas the potential in the wheat field was usually almost the
same or wetter than this point. The comparison of the amount of soil water storage during the fallow
year with that of the adjacent rangeland showed it to be 5–10% higher for the wheat field and almost
equal for the rapeseed field. Field management must consider the fact that rapeseed fields use more
water than is required by wheat fields and that less water is stored during fallow periods.

Keywords: canola; crop management; soil water content; matric potential

1. Introduction

The Mongolian steppe, located in cold and dry areas, is unfit for crop farming because
of the short growing season for plants and the low amounts of precipitation. Therefore,
nomadic livestock farming, i.e., moving from place to place with livestock such as camels,
horses, cattle, sheep, and goats, in search of water and grass, has been the main agricultural
approach since ancient times. However, with the introduction of the Virgin Lands campaign
of the Soviet Union in 1959, Mongolia intensified its efforts to expand crop production.
The main crops that were cultivated were cereals (of which, wheat comprised ~80%),
potatoes, fodder crops, and some vegetables [1] (Figure 1). The area of cultivated land
increased sharply until around 1990. However, with the collapse of the Soviet Union
at the end of 1991, Mongolia transitioned from a socialist economic system to a free
market economic system in 1992. Farms were decentralized and became privately owned.
Consequently, the increased cost of operation for individual farmers led to a sharp reduction
in the cropland area and an increase in cropland abandonment (Figure 1). In 2008, triggered
by the “Third Virgin Land Program (Atar-III)”, the Mongolian government promoted the
reuse of abandoned lands as croplands to improve food self-sufficiency [2]. Consequently,
the plantation area has begun to increase again (Figure 1). Moreover, in the 2000s, rapeseed
(Brassica napus L.) began to be considered as a major alternative to wheat for large-scale
production due to limited export opportunities of wheat in contrast to the almost limitless
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Chinese demand for oil and energy crops [3]. Therefore, the rapeseed field area has been
increasing since the mid-2000s (Figure 1).

Figure 1. Changes in the field area of Mongolia from 1960 to 2019 [1].

However, rapeseed is characterized by high water and nitrogen requirements [4–7],
deeper roots [8], and susceptibility to disease and insects [9]. In field areas where rainfed
agriculture is practiced in arid regions, such as Mongolia, water is an especially limiting
factor in crop production, and there is a strong correlation between yield and precipita-
tion [10]. Therefore, the high-water requirement of rapeseed may have a significant impact
on the soil water storage of a field.

Orgil [11] interviewed Mongolian farmers on the impact of rapeseed production on
the environment and found that 52% of the interviewees felt that rapeseed production
would have a negative impact on the environment and 22% felt that it would have no
impact, while only 6.0% felt that it would have a beneficial impact. The farmers cited the
lack of a comprehensive policy on environmental protection in the agricultural sector and
the lack of research on the effects of rapeseed production on soil as factors contributing to
the negative impact [11].

Currently, most Mongolian farmers use outdated machinery and apply the same
planting and harvesting methods for rapeseed production as those used for wheat [11].
The risk introduced by poor farm management can deteriorate the quality and yield of farm
products [12], resulting in the abandonment of these croplands. Cropland abandonment
is expected to result in land degradation including soil erosion, reduced species richness,
and a decrease in the cover of perennial grasses [13–17].

Therefore, it is necessary to clarify the impact of rapeseed production on soil environment
and provide suitable management methods for rapeseed production. However, few studies
have investigated the negative effect of rapeseed production on soil environment.

Among the effects of rapeseed production on soil environment, this study focuses on
soil water storage and aims to clarify the effects of rapeseed production, which has been
increasing in recent years, on soil water content and matric potential, and demonstrate how
rapeseed production differs from the production of wheat, which has been produced in
Mongolia over a long time. We analyzed soil water storage in wheat fields, rapeseed fields,
and adjacent grassland areas for five years, including crop production and fallow years.
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2. Materials and Methods
2.1. Study Area

The study area was in the western part of Argalant soum (district), Töv province,
Mongolia (47◦48′ N, 105◦53′ E), which is one of the main regions for wheat and rapeseed
production [3] (Figure 2). Data from a weather station at Hustai National Park, located
11–13 km southeast of the selected study area (47◦42′ N, 105◦56′ E), indicated that the
average annual temperature and annual precipitation were 0.2 ◦C and 213 mm during
2005–2017 (Figure 3). The area received 90% of its annual rainfall during the period of
May–September.

Figure 2. Map of study area. (a) Study area located near Hustai National Park, Mongolia and
(b) Survey sites. FR: rapeseed field; FW: wheat field; RR: rangeland adjacent to FR; RW: rangeland
adjacent to FW.

Figure 3. Monthly average precipitation and air temperature obtained from a weather station at
Hustai National Park located 11–13 km southeast of the study stes during the period of 2005–2017.

Under the socialist system, a national farming company used to produce wheat in
Argalant soum; however, a considerable area of the cropland was abandoned around the
year 2000. The abandoned cropland has since been recultivated under the recent agricul-
tural policy. Although wheat remains a major crop species in this area, the production
of rapeseed has seen a gradual increase. In this area, the groundwater level is low, rain-
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fed agriculture is practiced, and water is the limiting factor in crop production. Water is
obtained from snowmelt and precipitation [3], and a two-field system has been adopted.
In this system, one field is used for sowing crops, while another field of an equal size is
left fallow, and the use of these two fields is switched in the subsequent year. This system
maintains soil fertility, prevents replanting failures, and ensures weed control; however,
its largest merit is increased soil water storage.

In general, the annual evapotranspiration of rangeland in arid lands is almost equal
to the annual precipitation [18,19], with a few exceptions such as areas with shallow
groundwater tables. In cultivated land, the evapotranspiration by crops is also basically
equal to the annual precipitation, although the depth of water absorption may be greater
than that of rangeland plants [20]. However, by keeping some land fallow, some of the
precipitation stored during the fallow period is carried over to the next year, so the annual
evapotranspiration in the cultivated land exceeds the annual precipitation [21–23], and the
yield will increase compared to the case where no land is kept fallow. The amount of water
stored during fallow periods varies greatly depending on the soil type, weather conditions,
and how the farmland is managed [21]. Therefore, we interviewed local cropland managers
and experts and selected two typical cultivated fields as the sampling sites. We selected
these particular fields because we had sufficient information about their management and
history, and because the climatic conditions and soil type are almost the same. The selected
wheat field (FW) was managed by a national farming company from 1978 to 1990 and
subsequently by privatized company until 1999 (Figure 4a).

Figure 4. Photographs of the study sites taken in the summer of 2015. (a) Wheat field in a production
year (FW), (b) rangeland adjacent to the wheat field (RW), (c) rapeseed field in a production year
(FR), and (d) rangeland adjacent to the rapeseed field (RR).

Although this cropland was abandoned from 2000 to 2004, another private company
recultivated the land in 2005. The land has been used to grow wheat since then. In a
production year, seeds are sown from early to late May, and crops are harvested from
September to October. In a fallow year, the field is plowed twice a year to a depth of 20 cm.
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As compound fertilizers containing K, N, and P are expensive for farmers, only some of
the purchased fertilizer was applied to the fields.

The selected rapeseed field (FR) had a similar history to that of FW: the same national
and privatized companies produced wheat in this field for the same time periods and
abandoned it from 2000 to 2008; the private company managing FW recultivated this
abandoned field in 2009 (Figure 4c). Wheat was produced in this field until 2013; however,
rapeseed began to be grown instead of wheat in 2014. In a production year, the sowing
period of rapeseed is from late May to early June, which is later than that of wheat,
and crops are harvested after reaping wheat, from September to late October. In a fallow
year, the field is plowed twice a year to a depth of 20 cm, the same as FW. FR has not been
fertilized since it began to be used for cultivation in 2009.

The two field sites were ~3 km apart. We investigated the rangeland adjacent to FW
(RW) and FR (RR) as controls (Figure 4b,d). The rangeland sites were sufficiently flat
to prevent surface runoff. The study area is classified as a winter camping area, which
allows livestock, such as cattle, horses, sheep, and goats, to enter the cropland from around
October after the end of the harvest to the April of the following year, when sowing begins.

Table 1 describes the information for all study sites. All the study sites have Kas-
tanozems as the soil type and the same light clay soil texture.

Table 1. Characteristics of the four study sites in Mongolia.

Site RR FR RW FW

Location
N 47◦48′39.9′′ 47◦48′39.0′′ 47◦47′16.1′′ 47◦47′15.8′′

E 105◦53′26.5′′ 105◦53′26.3′′ 105◦52′6.1′′ 105◦52′2.8′′

Land use Rapeseed
production Rangeland Wheatproduction Rangeland

Soil type Kastanozems [24] Kastanozems [24] Kastanozems [24] Kastanozems [24]
(Chestnut soil) (Chestnut soil) (Chestnut soil) (Chestnut soil)

Texture a Light clay Light clay Light clay Light clay
Coarse sand 4.5% 9.0% 7.8% 4.8%

Fine sand 29.2% 38.0% 41.8% 32.2%
Silt 31.5% 24.6% 21.4% 28.4%

Clay 34.8% 28.4% 29.0% 34.6%
a For all sites, the particle size of the soil was measured from 0 to 5 cm in accordance with ISO 17892-4; 2016, which is
measured by sieving or sedimentation according to particle size. The soil texture classes were defined according to
the International Society of Soil Science Soil classification system: clay (<0.002 mm), silt 0.002–0.02 mm), fine sand
(0.02–0.2 mm), and coarse sand (0.2–2 mm).

2.2. Soil Sampling Method and Period

The soil sampling surveys were conducted at 10 cm intervals and depths of 0–100 cm
mainly using a soil auger (inner diameter: approximately 3 cm) and rarely using a soil
rod (inner diameter: approximately 1 cm) to measure the vertical profiles of the soil
water content during the following eight periods at all study sites: 26–28 October 2015;
9–10 August and 2–3 November 2016; 29 April–2 May and 28–30 October 2017; 19 June
and 17 November 2018; and 16 August 2019. The dry soil weight per 10 cm depth was
more than 30 g when the soil auger was used and approximately 10 g when the soil rod
was employed. A few replicate samples were obtained at all sites during each period.
The fallow periods of FW were 2016 and 2018 and those of FR were 2016, 2018, and 2019
(Table 2). The soil samples in October 2015 and 2017 were obtained after harvesting and
that in August 2019 in FW was obtained during the peak wheat growing season.
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Table 2. Production history and annual precipitation from 2014 to 2019 in FR and FW. The annual
precipitation was obtained from a weather station at Hustai National Park located 11–13 km southeast
of the study sites.

Site 2014 2015 2016 2017 2018 2019

Annual precipitation
224 176 192 182 217 193(mm)

FR P P F P F F
FW P P F P F P

P: production year, F: fallow year.

2.3. Method of Measuring Soil Water Content, Matric Potential, and Bulk Density

The soil at 10 cm intervals and depths of 0–100 cm was dried by conductive heating
through the direct application of heat (temperature greater than 110 ◦C) to the speci-
men container using a gas stove for approximately 1 h (See Appendix A and Table A1).
The weights of the wet soils before heating and the dry soils after heating were measured
using a scale (minimum reading: 0.01 g), and the soil water contents were calculated
gravimetrically using the following equation:

wc =
Mw −Md

Md
, (1)

where wc is the gravimetric soil water content (g/g), Mw is the mass of moist soil (g),
and Md is the mass of the dried soil (g).

The soil water potentials were measured directly by taking about 10 g off the soil
samples collected using the auger method and measuring the soil with a soil psychrometer
(SC10A, Decagon Devices, Logan, UT, USA) in August 2016, April 2017, and June 2018.
In these areas, the soil water salinity is very low and the contribution of osmotic potential
to the water potential is sufficiently small; therefore, the water potential can be considered
to be equal to the matric potential. The soil water characteristic curves at all sites were
estimated according to the relationship between the matric potential and soil water content.
The matric potentials that were not measured directly were calculated using the soil water
characteristic curves.

The bulk densities 10 cm intervals were measured using either a 100 cm3 soil sampler
(inner diameter: 5 cm, height: 5.1 cm) at depths of 0–15 cm and the auger (inner diameter:
approximately 3 cm, cross-sectional area: 8.75 cm2) at depths of 15–60 cm in October 2015
and August 2016. The auger has almost completely semi-cylindrical, cut edges that are
equidistant running from the top to the bottom.

The 100 cm3 sampler was hammered every 5 cm from the surface layer to a depth of
15 cm, the soil that protruded from the top and bottom of the sampler was carefully scraped
off with a knife, and the soil core was sampled in a cylindrical shape with a diameter of
5 cm and a length of 5.1 cm. The soil was dried using the method described earlier, and its
dry density was calculated by dividing the dry soil weight by the sampler volume.

For the auger, soil samples were collected from the surface layer to a depth of 60 cm
by hammering the auger every 30 cm, rotating it and pulling it out to collect cylindrical
soil samples. Soil protruding from the auger was carefully scraped off and formed into
a 30-cm-long, semi-circular cylinder. The length was cut into 10 cm pieces and the dry
density was calculated using the same method as in the case of the 100 cm3 sampler.

The volumetric water content measured during the two surveys was averaged for
each depth and was calculated by multiplying the soil water content with the dry density.

2.4. Estimaton of Soil Water Characteristic Curves

For the soil samples whose matric potentials were not measured, the measured soil
water contents were employed to calculate the volumetric water contents using the mea-
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sured bulk density, and the soil water characteristic curve was utilized to calculate the
matric potential.

The soil property curve was derived by fitting the van Genuchte equation using the
data from all three measurements of both the water content ratio and matric potential.
The soil water characteristic curves were determined by fitting the van Genuchte equation
with all three simultaneous measurements of the soil water content and matric potential to
determine the parameters.

The van Genuchte equation [25] is:

θ − θr

θs − θr
=

1[
1 + (αh)n]m , (2)

where θ is the volumetric water content [cm3/cm3], θr is the residual water content
[cm3/cm3], θs is the saturated water content [cm3/cm3], h is the soil matrix potential
[cmH2O], α is a parameter corresponding approximately to the inverse of the air-entry
value [cm−1], and m and n are empirical shape-defining parameters. m is calculated as:

m = 1− 1
n

. (3)

The parameters were determined with the nonlinear least squares’ method using the
solver add-in in Excel for Microsoft 365. The initial values of θr and θs were set to 0.01 and
0.45, respectively, referring to the values of the soil parameters at locations to close to our
study sites [26].

2.5. Determination of Root Zone Depth

The root zone depth for each study sites was determined from the temporal variation
of the depth distribution of the soil water content. In this study, we defined the “root zone”
as the main depth at which plant roots could uptake water and nutrients for growth.

Therefore, in the root zone, which is affected by rainfall and evapotranspiration,
the temporal changes in soil water content are large, whereas below the root zone,
the temporal changes in soil water content are not so large. In this study, the root zone
depth was determined from the temporal variation of the soil water content throughout
the study period at each study site.

2.6. Calculation of the Average Matric Potential

The average matric potentials in the root zone and below the root zone at each study
site were calculated as follows:

Φm,z =
∑(ϕm,i × di)

∑ di
, (4)

where Φm,z is the average matric potential at depth z, ϕm,i is the matric potential at depth i,
and di is the soil layer length at depth i. For example, when the root zone is 0–30 cm deep,
the average matric potential in the root zone is given by

Φm,0−30 cm =
(ϕm,0−10 cm × 10) + (ϕm,10−20 cm × 10) + (ϕm,20−30 cm × 10)

30
. (5)

2.7. Analysis of Soil Water Storage

To determine the amount of soil water storage, the soil water content at each depth
was first multiplied times the bulk density to determine the volumetric water content.
Then, this value was multiplied times the length to obtain the soil water storage at each
depth. The soil water storage values at each depth were then summed to obtain the total
soil water storage:

SWSz = ∑(wc,i × ρb,i × di), (6)
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where SWS is the total soil water storage at depth z, and ρb,i is the bulk density at depth i.
For example, the soil water storage at a depth of 0–30 cm is given by

SWS0−30 cm = (wc,0−10 cm × ρb,0−10 cm × 10) + (wc,10−20 cm × ρb,10−20 cm × 10)
+(wc,20−30 cm × ρb,20−30 cm × 10).

(7)

2.8. Evaluation of Soil Water Storage Effect during Fallow Period

The effect of soil water storage during the fallow period was evaluated in two ways:
(i) by calculating the precipitation storage efficiency (PSE) and (ii) by assessing the dif-
ference between the soil water storage in the field after the fallow period and that in the
adjacent rangeland.

PSE is the fraction of precipitation that falls in a given time period that is stored in the
soil profile and is given by

PSE(%) = 100×
(

SWSY
0−60 cm − SWSY−1

0−60 cm

PY

)
, (8)

where SWSY
0−60 cm and SWSY−1

0−60 cm are the average soil water storage at a depth of 0–60 cm
measured 2–4 times at each study site in the autumn of years Y and Y − 1. PY is the amount
of precipitation from the time of the fall survey in year Y − 1 to the time of the fall survey
in year Y and this is approximately equal to the annual precipitation in year Y. PY was
obtained at weather station in Hustai National Park located 11–13 km southeast of the
study sites (Table 2).

The difference between the soil water storage in the field after the fallow period and
the soil water storage in the adjacent rangeland (DSWS) was calculated as:

DSWS(%) = 100×
(

SWSY
0−60 cm(Field)− SWSY

0−60 cm(Rangeland)
PY

)
(9)

where SWSY
0−60 cm(Field) is SWSY

0−60 cm in FR or FW and SWSY
0−60 cm(Rangeland) is is

SWSY
0−60 cm in RR or RW. The following equation was used to determine DSWS in FR:

DSWS(%) = 100×
(

SWSY
0−60 cm(FR)− SWSY

0−60 cm(RR)
PY

)
, (10)

and the DSWS in FW was calculated as follows:

DSWS(%) = 100×
(

SWSY
0−60 cm(FW)− SWSY

0−60 cm(RW)

PY

)
. (11)

3. Results
3.1. Soil Water Characteristic Curves

Figure 5 shows the relationships between the matric potential and water content di-
rectly measured in August 2016, April 2017, and June 2018 at all study sites.
The root zones are 0–30 cm deep at all the study sites, which will be discussed in de-
tail in Section 3.2. The relationship between the matric potential and soil water content was
expressed separately in the root zone (0–30 cm depth) and below the root zone (30–60 cm
depth). After fitting the van Genuchten equation to the relationship between the matric
potential and soil water content, the results reveal almost the same relationship between
FR and FW and between RR and RW. Therefore, the same equations were used for FR and
FW and for RR and RW, respectively. Table 3 shows the parameters in each van Genuchten
equation (Equation (2)).
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Figure 5. Relationships between the matric potential and water content, which were measured in
August 2016, April 2017, and June 2018 (a) at 0–30 cm depth and (b) 30–60 cm at two field sites,
the FR and FW, and (c) at 0–30 cm depth and (d) 30–60 cm at two rangeland sites, RR and RW.

Table 3. Parameters of the van Genuchten model used in Equation (2).

Site Depth
Parameters

θr θs α n m
[cm3/cm3] [cm3/cm3] [cm−1] [–] [–]

Rangelands (RR, RW) 0–30 cm 0.01 0.491 0.0184 7.49 0.04
Rangelands (RR, RW) 30–60 cm 0.01 0.491 0.0308 7.01 0.038

Fields (FR, FW) 0–30 cm 0.01 0.495 0.0121 7.23 0.055
Fields (FR, FW) 30–60 cm 0.01 0.491 0.0128 8.01 0.05

3.2. Determination of the Root Zone Depth

Figures 6 and 7 show the vertical distributions of soil water contents and matric
potential between October 2015 and April 2017 and between October 2017 and August
2019, respectively. The chain lines in the matric potential figures represent the perma-
nent wilting point (PWP; −1.55 MPa). In addition, the vertical distributions of the bulk
density are shown in Figure 8. In FR, the bulk density could only be measured up to a
depth of 50 cm owing to the drying of the soil. However, the bulk density at a depth of
50–60 cm was assumed to be unaffected by tillage and used the bulk density at a depth of
50–60 cm in the adjacent RR as a proxy. The matric potential was calculated from the soil
water content using the soil water characteristic curve, except in August 2016, April 2017,
and June 2018.
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The soil water content and matric potential at a depth of 0–30 cm varied greatly among the
sampling days from 0.02 to 0.27 g/g and from −24 to −0.04 MPa at all sites (Figures 6 and 7).
The soil water contents below a depth of 30 cm were low and remain almost constant regardless
of the depth and time ranging from 0.02 to 0.1 g/g at all sites except RR after October 2017
(Figures 6 and 7). Therefore, the root zone was defined to have a depth range of 0–30 cm, where
the change in the soil water content was large at all study sites. The two soil water content
distributions sampled in RR on 28 October 2017 were distinctly different, 0.14 and 0.22 g/g, at a
depth of 30–60 cm (Figure 7b). Afterwards, in October, the two soil water contents below the
root zone collected on the same day in RR differ considerably.

3.3. Temporal Changes in Soil Water Storage and Matric Potential at the Study Sites

Figure 9 presents the average soil water storage at depths of 0–30 cm, 30–60 cm,
and 0–60 cm for each survey period at all study sites. The soil water storage in the root
zone layer (0–30 cm depth) varied greatly, lying in the ranges of 20–55, 26–64, 26–48,
and 19–48 mm in FR, RR, FW, and RW, respectively. The soil water content below the
root zone varied slightly in the range of ±10 mm (with range of 14–26, 22–24, 21–29,
and 18–26 mm in FR, RR, FW, and RW, respectively), except in RR after October 2017 and
RW in October 2017. The soil water storage at a depth of 0–60 cm in RR in October 2017
was remarkably larger (=133 mm) than that at the other sites (=48–76 mm) at that time
(Figure 9).

Figure 6. Temporal changes in soil moisture with time. The figures above show the vertical distributions of water content;
the others below show that of water potential at (a) FR, (b) RR, (c) FW, and (d) RW in 2015 and 2016. The dashed line
represents the permanent wilting point (PWP; −1.55 MPa). FR is the rapeseed field, FW is the wheat field, RR is the
rangeland adjacent to FR, and RW is the rangeland adjacent to FW. According to the weather station located 11–13 km
southeast of the study sites, no rain and snow was observed in the weeks preceding 2 November 2016 and 29 April 2017
and rain or snow was observed on 25 October 2015 (=3.5 mm) and August 9 and 10 (=25 and 39 mm, respectively), 2016.
We confirmed snowing and snow pile-up on-site on 25 October 2015 and heavy rainfall on 10 August 2016.
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Figure 7. Temporal changes in soil moisture with time. The figures above show the vertical distributions of water content;
the others below show that of water potential at (a) FR, (b) RR, (c) FW, and (d) RW in 2017–2019. The dashed line represents
the permanent wilting point (PWP; −1.55 MPa). FR is the rapeseed field, FW is the wheat field, RR is the rangeland adjacent
to the FR, and RW is the rangeland adjacent to the FW. According to the weather station located 11–13 km southeast of the
study sites, no rain and snow was observed in the week preceding 17 November 2018, and rain or snow was observed on
27 October 2017 (=0.5 mm) and 17 June 2018 (=7 mm). We confirmed mottled snow on 28 October 2017 and slight rainfall on
13 August 2019. Moreover, the soil was frozen and very hard on 17 November 2018.

Figure 8. Vertical distributions of bulk density at (a) FR, (b) RR, (c) FW, and (d) RW.
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Figure 9. Changes in soil water storage in the root zone (0–30 cm depth), below the root zone
(30–60 cm depth), and in the depth of 0–60 cm at the study sites from 2015 to 2019. FR is the rapeseed
field, FW is the wheat field, RR is the rangeland adjacent to FR, and RW is the rangeland adjacent to
FW. “Fallow” indicates as fallow year in FR and FW.

Figure 10 shows the differences in soil water storages between the fields and range-
lands in the root zone (0–30 cm depth), below the root zone (30–60 cm depth), and at a
depth of 0–60 cm, which were calculated by subtracting the soil water storage levels in the
adjacent to adjacent rangelands from those of the fields. However, the soil water storage
in RW was used instead of that in RR for calculating the difference in soil water storage
between FR and RR after October 2017 because the soil water storage in RR was affected
by heavy precipitation in October 2017.
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Figure 10. Differences in soil water storage between the fields and rangelands in the root zone
(0–30 cm depth), below the root zone (30–60 cm depth), and in the depth of 0–60 cm in the study
sites, which were calculated by subtracting the soil water storage in the adjacent rangelands from
that in the fields. RW was used instead of RR for FR–RR calculations after October 2017 because RR
had considerably higher infiltration than the other sites due to surface inflow from the adjacent road,
which continued until 2019. FR is the rapeseed field, FW is the wheat field, RR is the rangeland.

In accordance with the crop production history (Table 2), Figure 10 indicates that the
water storage in the root zone in FR was only −4 to 5 mm larger than that in RR regardless
of whether the year was a fallow or production year, except in August 2019 (fallow season)
when the soil water storage in FR was 21 mm less than that in RR. The soil water storage at
a depth of 0–60 cm in FR was 4–23 mm less than that in RR except in October 2015 when
the soil water storage in FR in October 2015 was 4 mm greater than that in RR.

The water storage in the root zone in FW in the production years (except in October
2017) was only 3–4 mm larger than that in RW; however, the water storage in FW in
the fallow years (except in August 2016) was clearly 12–17 mm larger than that in RW.
The water storage in FW in October 2017 was 13 mm larger than that in RW, whereas it
was the same as that in RW in August 2016. The water storage at a depth of 0–60 cm in
FW was only 1–4 mm larger than that in RW in the production years and clearly 12–21 mm
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larger than that in RW in the fallow years, except in August 2016. The water storage in
FW in August 2016 was only 2 mm larger than that in RW. Furthermore, the water storage
at depths of 0–60 cm in FW in the production years was almost the same as that in RW
and clearly 12–21 mm larger than that in RW in the fallow years, except in August 2016
and October 2017. The soil water storage in the root zone in FW in August 2016 was
almost the same as that in RW despite being a fallow year because the field was filled with
weeds before plowing, and the weeds may have absorbed large quantities of soil water.
The soil water storage in the root zone in FW in the production years was larger than that
in RW, whereas it was smaller under the root zone in October 2017. However, the soil water
storage at a depth of 0–60 cm was almost the same as that in RW (Figure 10).

Figure 11 shows the average matric potentials in the root zone (0–30 cm depth) and
below the root zone (30–60 cm depth) for each survey period at all study sites. The matric
potential in the root zone of the soil samples just after rain or snow, i.e., in October 2015,
August 2016, October 2017, and August 2019, was approximately the same as or wetter
than that at the PWP, except in RR and RW in October 2015. The matric potential in the
root zone of the soil samples when no rain or snow was observed in the week preceding
soil sampling, i.e., November 2016 and April 2017, was drier than that at the PWP, except
in RR and RW in November 2016. The matric potential below the root zones in FR, RR,
and RW was always almost drier than the PWP; however, the matric potential of FW was
almost the same or slightly wetter (Figure 11).

Figure 11. Change in average matric potential in the root zone (0–30 cm depth) and below the root zone (30–60 cm
depth) at (a) FR, (b) RR, (c) FW, and (d) RW from 2015 to 2019. The dashed lines represent the permanent wilting point
(PWP; −1.55 MPa). FR is the rapeseed field, FW is the wheat field, RR is the rangeland adjacent to FR, and RW is the
rangeland adjacent to FW.
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3.4. Soil Water Storage Effects during the Fallow Period

Table 4 shows PSE from 2016 to 2018 and DSWS from 2015 and 2018. PSE in FW
shows an 11% soil water storage effect in the fallow year of 2016 but no effect of soil water
storage in the fallow year of 2018. Additionally, there was no effect of soil water storage in
the production year of 2017. In DSWS, no effect of soil water storage was observed in the
production years of 2015 and 2017, whereas 6–11% soil water storage effects were observed
in the fallow years of 2016 and 2018.

Table 4. The results of the precipitation storage efficiency (PSE)and the difference between the soil
water storage in a field after fallow period and the soil water storage in adjacent rangeland (DSWS).

Year Field State FR FW

PSE (%) 2016 F −6.8 10.9
2017 P 1.2 3.3
2018 F 2.8 −1.4

DSWS (%) 2015 P 4.6 1.5
2016 F −1.7 10.9
2017 P −14.6 0.6
2018 F −2.9 5.6

The PSE in FR did not demonstrate a soil water storage effect in either the production
or fallow years, and the DSWS exhibited no soil water storage effect in the fallow years.
The autumn 2017 survey was assumed to be affected by rain. Therefore, the PSE in FW in
2018 was −1% and the effect of soil water storage could not be evaluated. In such cases,
the use of DSWS is preferred.

4. Discussion
4.1. Soil Water Storage in the Rangelands

In the rangelands, the soil water content and matric potential below the root zone were
usually almost constant regardless of the depth, and were drier than the PWP, with a few
exceptions such as when large amounts of rainwater or snowmelt suddenly infiltrated the
soil owing to heavy rain or snowmelt (Figures 6 and 7). Miyazaki et al. [27] reported that in
the Mongolian steppe, where the annual precipitation and annual mean air temperature are
245 mm and 0.4 ◦C, respectively, and the soil type of the soil surface is brown humus sand,
the soil water content below 40 cm depth changes only slightly, and 79–94% of the annual
precipitation is lost from the soil as evapotranspiration. Yamanaka et al. [19] reported that
the total precipitation and evapotranspiration from June to August were almost equal and
rainfall water did not infiltrate below 20 cm depth on four steppes with annual precipitation
of around 100 mm and mean temperatures of around 0 ◦C, where the soil is sandy loam or
sandy silt loam with abundant gravel. Therefore, rainwater increases the soil water content
in the root zone only, rarely reaching below the root zone. Moreover, the soil water in the
root zone immediately after rainfall is lost owing to evapotranspiration.

The nonuniform soil water distributions in RR in October 2017 (Figure 7) suggest
that large amounts of water ponding may have occurred at this site. Miyasaka et al. [28]
reported that the horizontally nonuniform water content distributions are caused by water
ponding because the rainfall intensity is sometimes greater than the infiltration rate. Further,
the large water ponding may have been caused by the surface outflow from an adjacent
road, which was not paved but rather compacted by vehicles into the rangeland. Therefore,
the nonuniform water distributions in RR were attributed to the large water ponding;
at the other sites, water ponding may not have occurred. The occurrence of large water
ponding in only RR is not attributed to the considerably greater rainfall intensity relative
to the infiltration rate of the soil surface in RR, but rather to the surface flow in the adjacent
road, where the infiltration rate may be considerably lower than the rainfall intensity.
A reason for this inference is that the soil water storage at depths of 0–60 cm in FR and
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FW in October 2017 was considerably lower than that in RR (Figure 9), although all of the
rainwater infiltrated the soil in the croplands where the infiltration rates were considerably
higher than those in the rangeland because of appropriate cultivation. The second reason
is that a nonuniform water distribution was not observed in RW, where the infiltration rate
and rainfall intensity were almost the same as those in RR. The third reason is that RR was
located near a road, but the other sites were not close to roads.

4.2. Soil Water Storage in Wheat and Rapeseed Field

Both wheat and rapeseed are known to have deep root elongation in both crops [29].
Comparing the root depth of rapeseed and wheat under almost the same climatic, soil,
and management conditions, it has been reported that there was no significant difference
between the two crops [30,31]. According to Gan et al. [30], the percentage of roots above
40 cm depth was 67% for spring wheat and 58% for rapeseed, and above 60 cm depth was
88% for spring wheat and 82% for rapeseed in a pot-study. According to Cutforth et al. [31],
the percentage of roots above 40 cm depth was about 64% for spring wheat and about
60% for rapeseed and above 60 cm depth was 80% for spring wheat and 75% for rapeseed
in field study, and the root mass for rapeseed was lower than wheat in the soil layers
above the 60 cm depth but steadily increased for depths below 60 cm so that rapeseed had
the highest root mass in the 100–120 cm layer. On the other hand, in Mongolian steppe
plants, about 80% of the root weight is concentrated at a depth of up to 20 cm, with the
deepest roots reaching only 50 cm at most [32]. Therefore, field crops will develop deeper
roots than rangeland plants, although root depth depends on soil properties and climatic
conditions. However, the temporal changes in the soil water content distributions in the
fields were similar to those in the rangelands, suggesting that little precipitation percolated
below the root zone and that most of the precipitation was lost by evapotranspiration
(Figures 6 and 7).

Although rainfall that percolates below the root zone occurs only once to a few times
a year [28,33], the difference in the matric potential below the root zone between wheat
and rapeseed fields will be due to the difference in water absorption by roots extending
deeper than the root zone.

Plant growth refers to photosynthesis, the production of organic matter using carbon
dioxide, water and solar radiation energy. In order to take in the carbon dioxide needed
for photosynthesis from the atmosphere, it is necessary to open the many stomata in the
leaves. When the stomata are opened, plants’ water evaporates from the stomata and is
lost. Plant growth refers to photosynthesis, the production of organic matter using car-bon
dioxide, water and solar radiation energy. In order to take in the carbon dioxide needed
for photosynthesis from the atmosphere, it is necessary to open the many stomata in the
leaves. When the stomata are opened, plants water evaporates from the stomata and is lost.
When the soil becomes dry and the plant is unable to absorb enough water through its
roots, the amount of water lost through transpiration from the stomata exceeds the amount
of water absorbed, and the water in the plant body decreases. As a result, the swelling
pressure in the plant cells also decreases. Although the decrease in swelling pressure closes
the stomata and reduces the rate of photosynthesis [34], thereby inhibiting further water
loss, the plant will die permanently if this condition continues. To avoid such die-off, plants
are known to have developed various drought tolerances [35,36].

When the soil water decreases and the plant is unable to absorb sufficient water, wheat
is thought to close its stomata at a higher moisture state than rapeseed, preventing water
loss in the plant. On the other hand, rapeseed does not close its stomata even when the soil
is dry above the PWP, which is thought to maintain the expansion pressure of plant cells
and photosynthesis. Merrill et al. [37] found seasonal soil water use was dependent on
seasonal precipitation with the average soil water use tending to be highest for rapeseed,
intermediate for spring wheat, and least for dry pea. Moreover, they found that rapeseed
withdrew about 45% of the water used from a depth of 60 cm or less, while wheat withdrew
33% of the water used from a depth of 60 cm or less in a year with low precipitation.
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Gan et al. [38] reported that water use for rapeseed was similar to wheat in a semiarid
environment. In the present study, area, there was little difference in soil water storage
between FR and FW, but there was a large difference in the value of matric potential.
Therefore, it is difficult to reveal small differences in the amount of water use by plants
based on changes in root length/weight and water storage, suggesting the importance to
measure matric potential by depth.

The comparison of the effects of soil water storage during the fallow year between
FR and FW showed that PSE in 2016 was 11% for FW and –7% for FR. The DSWS results
in 2016 and 2018 were similar. Previous scholars have reported a 16-month fallow PSE
of 11% (ranging from 1–18%) in the Segarra region in Spain [21], a 14-month fallow PSE
of 20% (ranging from 8–34%) in the Great Plains [22], and a 14–21-month fallow PSE of
approximately 25% (ranging from 10–37%) in the Great Plains [23].

Although the amount of the stock of soil water storage during the fallow period is
affected by the soil type, cropping system, and management [39], the PSE of the wheat
fields during the fallow year in this study was within the range of values of these previous
studies. On the other hand, the PSE of the rapeseed fields during the fallow year in this
study was significantly smaller than the values of these previous studies.

It is possible that some weeds were growing in the field before plowing, which
may have absorbed some quantities of soil water in the summer during the fallow year.
Moreover, the possible causes for not storing soil water during the fallow period in the
rapeseed field may be the high rapeseed seed losses at the time of harvest.

Figure 12a shows the photographs during plowing at FW, the right and left sides
correspond to before and after plowing, respectively. Before plowing, short weeds were
sparsely growing in the field. While Figure 12b shows during plowing at FR, the upper
and bottom sides correspond to before and after plowing, respectively. Before plowing,
tall weeds were densely growing in the field. These weeds may have grown from the
rapeseed spilled in the previous year. These weeds may use almost all the soil water in FR
in fallow fields.

Figure 12. Photographs of (a) FW and (b) FR, which were plowed in mid-August 2016.

Rapeseed is subject to significant losses at harvest time, due to both natural shedding and
mechanical harvesting operations [40]. Therefore, many volunteer rapeseeds will germinate
the year after harvesting [41], and the volunteer rapeseeds will use the soil water storage.

Measures to increase water storage during fallow periods due to rapeseed production
include the introduction of machinery suitable for rapeseed harvesting, the use of no-till
and chemical fallow systems and increased tillage frequency. Farmers using unsuitable
wheat harvesting machineries previously observed significant leakage of rapeseed, which
germinated the next year [11]. Therefore, farmers should use suitable harvesting machiner-
ies for rapeseed. Pari et al. [42] showed that the seed loss reduction achieved by employing
rapeseed combine headers (a decrease in loss of 0.97% of the total production) is lower than
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that resulting from using wheat combine headers (1.63% of the total production) during
the harvesting of rapeseed.

5. Conclusions

In this study, we focused on soil water conditions in wheat and rapeseed fields and
demonstrated the effects of agricultural production on the soil water conditions in the
rangeland. The soil water content and matric potential were measured in wheat and
rapeseed fields, as well as two rangelands adjacent to these fields.

The results of this study demonstrate that the matric potential below the root zone
of the rapeseed field and two rangelands were almost drier and that of the wheat field
was wetter than the PWP all year. These results suggest that wheat uses less water than
Mongolian rangeland plants, and rapeseed uses almost all the water available to the plants,
similar to the rangeland plants.

In addition, fields left fallow after wheat harvesting had 12–21 mm more soil water
storage than the adjacent rangelands, equivalent to 5–10% of the annual precipitation.
On the other hand, in the rapeseed field, the soil water storage was about the same as in the
adjacent rangeland, and there was no increase in soil water storage during the fallow year.
This characteristic may be due to the fact that many seeds were spilled during harvesting
and many rapeseeds germinated the following year, absorbing most of the soil water.

In arid areas where water, which is essential for plant growth, is low initially, rapeseed
production further reduces the amount of water in the soil, which is one of the reasons that
Mongolian farmers are concerned about rapeseed production degrading the land.
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Appendix A

Because the study site did not have an oven, the “gas stove method” was adopted to
measure the soil water content using a gas stove. In the gas stove method, the soil water
content can be measured by directly heating a container containing a soil sample.

First, the soil sample was placed in an aluminum container and the wet weight of the
soil was measured. Next, the aluminum container with the sample was placed in a frying
pan and the pan was covered with a lid. The pan was then heated on a gas stove. Using an
infrared thermometer, the soil moisture was evaporated under low heat for approximately
1 h until the surface temperature of the soil sample exceeded 110 ◦C. The weight of the soil
sample after heating (dry soil weight) was measured, and the moisture content ratio was
calculated using Equation (1).

The gas stove method was compared and validated with the oven drying method
(ISO 17892-1:2014), which is commonly used for soil water content measurement. The soil
samples were stirred well to obtain a uniform soil water content and placed in six aluminum
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containers of 20–40 g each. Three soil samples were measured using the gas stove method
and oven drying method, and the results were compared. Two types of soil samples,
namely sand dune sand and sandy clay loam, were used. Two types of soil water contents
were prepared for each soil, namely wet and dry.

Table A1 presents the results. Although the soil water content measured using the gas
stove method was 0–0.01 g/g higher than that measured using the oven drying method,
it was almost within the error range. Therefore, the gas stove method can be regarded as
equivalent to the oven drying method.

Table A1. Measurement results of gas stove method and oven drying method. Mw: mass of moist
soil (g); Md: mass of dried soil (g); wc: gravimetric soil water content (g/g).

Soil
Gas Stove Method Oven Drying Method

Mw Md Wc Mw Md Wc

Sand dune sand

wet 1 39.35 33.34 0.18 31.07 26.57 0.17
wet 2 35.54 30.21 0.18 34.99 29.87 0.17
wet 3 35.36 29.96 0.18 39.46 33.57 0.18

Average 0.18 0.17

dry 1 36.23 34.99 0.04 35.32 34.16 0.03
dry 2 29.00 28.01 0.04 30.01 29.00 0.03
dry 3 33.55 32.40 0.04 32.61 31.52 0.03

Average 0.04 0.03

Sandy clay loam

wet 1 21.55 18.51 0.16 18.33 15.77 0.16
wet 2 17.39 14.96 0.16 24.53 21.11 0.16
wet 3 21.98 18.87 0.16 15.11 13.01 0.16

Average 0.16 0.16

dry 1 17.61 16.83 0.05 23.38 22.39 0.04
dry 2 22.71 21.72 0.05 25.60 24.52 0.04
dry 3 24.60 23.52 0.05 25.16 24.10 0.04

Average 0.05 0.04
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