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Abstract: This study aimed to identify the predominant factors that are important for
environmental sustainability in wetland restoration in the Kushiro Wetlands, Hokkaido,
Japan, where a nature restoration project was implemented over a decade ago. Field
surveys of topography and vegetation, as well as laboratory soil tests, were conducted in
the meandering-restored section of the Kushiro River, where alder trees have flourished,
and in the reference section, where wetland grasslands have been maintained. We then
applied correlation analysis to the data to examine the relationship between the peat soil
characteristics and alder tree size. The results showed a significant positive correlation
between organic matter and the water content ratio in all the survey sections (correlation
coefficient: 0.88; p-value < 0.05). The reference section had 24.1 ± 11.1% organic matter,
indicating well-developed peat with sufficient moisture retention, while the re-meandering
section had 13.1 ± 3.8%, indicating underdeveloped peat with limited moisture retention.
Furthermore, no correlation was found between the relative elevation and water content
ratio (correlation coefficient: −0.01; p-value > 0.05), nor was there any difference in nutrient
concentrations between the survey sections. Therefore, it is possible that the difference in
alder tree sizes between the sections depended on the soil moisture retention capacity based
on the degree of peat soil development. These results suggest that peat soil restoration is
crucial in human sustainable development for suppressing alder proliferation and restoring
original peat grasslands.

Keywords: environmental sustainability; wetland restoration; overgrowth; field survey;
soil test; statistical analysis

1. Introduction
Peat wetlands are essential from the perspective of biodiversity conservation in wet-

land ecosystems and global warming mitigation through carbon storage [1–3]. Although
they cover only 3% of the Earth’s surface [4], peat wetlands are estimated to store about
600 ± 100 gigatons [5]. This excellent carbon storage capacity is due to the 48–63% carbon
enrichment of organic matter in peat soils [6]. Given this importance of peat wetlands,
conservation and restoration efforts have been undertaken worldwide.
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These efforts are supported by international frameworks, such as the Ramsar Con-
vention [7], which guides the conservation and restoration of wetlands. Examples include
Rewetting for Ecosystem Service Restoration in Germany [8], Peatland Regeneration for
Global Warming Mitigation in the UK [9], and Indonesian Peatland Conservation Reduces
Greenhouse Gas Emissions through Wetland Fire Prevention [10]. Many of these cases
focus on restoring the physical environment, such as groundwater levels and surface water,
similar to river restoration cases reported in Swiss studies [11]. However, restoration cases
in Finland [12] and the United States [13] have reported challenges with limited outcomes
for wetland vegetation, despite higher restoration achievements for groundwater levels
and water quality.

In the context of these global efforts, the Kushiro Wetlands are a representative example
of wetland restoration in Japan, sharing common challenges with international cases. In
the 1970s, the Kushiro Wetlands experienced a significant increase in sediment inflow,
due to the straightening of the Kushiro River for land use development [14]. As a result,
alder forests have expanded about 4.5 times from 1979 to 2000 [15], and wetland reed and
sedge communities are rapidly shrinking [16]. To address these issues, a nature restoration
project was carried out from 2006 to 2011. Specifically, the meandering of the Kushiro River
was restored, and various measures were implemented to reduce sediment inflow [17,18].
However, challenges remain in fully recovering the wetland ecosystem, particularly in
suppressing the expansion of alder forests and restoring grassland wetlands.

Studies [17,19,20] evaluating restoration projects in the Kushiro Wetlands have often
focused on restoring natural hydrological cycles. One year after the meandering restoration,
an increase in flood frequency and a rise in groundwater levels were reported [17]. However,
despite trends indicating a recovery in hydrological cycles, alder forests continued to
expand over the decade after the re-meandering, and grassland wetland restoration remains
limited [20]. Consequently, in addition to hydrological cycles, understanding geological
conditions like the moisture retention characteristics of peat soils affecting peatland states
might be crucial for rapidly restoring grassland wetlands [21].

We conducted in situ field observations of the Kushiro River’s meandering restoration
section, characterized by thriving alder trees, and a wetland reference section maintaining
grasslands with fewer alder trees for comparison. By comparing the survey results in
both sections in terms of topography, vegetation, and soil over a decade after the mean-
dering restoration, we attempted to empirically reveal the relationship between the soil
characteristics and growth status of wetland vegetation.

Section 2 is an overview of the Kushiro Wetlands and the target survey areas, field
survey methods, laboratory soil tests, and statistical analyses. Section 3 presents the results
of the topography, vegetation, and soil surveys, along with their correlation analysis.
Section 4 discusses the relationship between peat soil characteristics and the growth status
of alder forests in detail by comparing the present results with previous knowledge. Finally,
Section 5 highlights the main findings of this study and outlines a future research direction.

2. Methods
2.1. Target Wetland

This study surveyed part of the Kushiro Wetlands near the outlet of the Kushiro River
on Hokkaido Island, Japan. According to historical climatic data (1991–2020) [22] near the
study site, the average temperature is 18.4 ◦C in the warmest month (August), and −7.9 ◦C
in the coldest month (January), with a maximum annual snow depth of 59 cm. Annual
precipitation is 1054.9 mm, with an average monthly precipitation of 153.0 mm during the
peak summer season (September), and 24.8 mm during the lowest winter season (February).
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This region has a subarctic humid climate (Dfb), characterized by cool, humid springs and
summers, and dry, snowy winters.

The Kushiro Wetlands (Figure 1) are located in the lower reaches of the Kushiro River
basin, with a basin area of 2510 km2. This area is a peat wetland that occupies 260 km2,
about 10% of the basin. These wetlands are an essential habitat for wildlife, and were
the first in Japan to be registered under the Ramsar Convention [23]. The main plant
species include alder (Alnus japonica), reed (Phragmites australis), mosses (Polytrichum spp.,
Sphagnum spp.), cotton grass (Eriophorum vaginatum), willows (Salix spp.), ash (Fraxinus
mandshurica), and spirea (Spiraea salicifolia) [24].
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Figure 1. Kushiro Wetlands, survey sections, and groundwater observation points. Source: Left-hand
side subfigure: modified from data from the National Geodetic Data Download Service (natural park
area, lake, and river) [20]. Right-hand side image: modified from Google Earth Engine image [25].
KP represents the longitudinal river distance of the Kushiro River from the river mouth in km, and
the areas within each survey section indicate the field survey range of this study.

The survey site (Figure 1) is located in the northeastern part of the Kushiro Wetlands,
approximately 30–33 km from the mouth of the Kushiro River. In 1984, the meandering
river channel was straightened at the survey site as part of flood control and agricultural
development efforts. This channel straightening reduced the frequency of floods, but in-
creased sediment inflow into the floodplain within the wetland. Consequently, the wetland
began to dry out, and the original wetland grass species, such as reeds, were replaced
by alder trees. As a countermeasure to this human-induced vegetation change, a nature
restoration project was implemented from 2006 to 2011, restoring the meandering channel
of the river [17,19]. The river administrative body has conducted regular environmental
monitoring since the restoration project’s implementation. The expected outcome of the
project was that restoring the river meandering would improve hydrological conditions,
ultimately resulting in wetland plant recovery. Although the hydrological conditions are
gradually recovering [20], alder trees have been observed at the survey site today.

Figure 1 shows the survey sections for the field study. There are three cross-sections,
i.e., KP30.0, KP32.0, and KP33.0, located at 30.0, 32.0, and 33.0 km upstream from the
river mouth. The KP32.0 and KP33.0 lines are set on the wetland floodplain where the
meandering channel restoration was conducted in 2010, hereafter collectively referred
to as the re-meandering sections. The KP30.0 line is situated within the area where wet-
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land grasslands have been preserved with a few trees. The KP30.0 line maintains the
wetland grassland conditions well, serving as a restoration reference for recovering the
re-meandering section. It is hereafter referred to as the reference section. A groundwater
level analysis [20] indicated its partial recovery at five groundwater observation points
(St. 1–St. 5, Figure 1), where the river administrative body has been monitoring these levels.
The former straight channel was streamed north of St. 2 and St. 4, and the remains of the
straight channel can be seen faintly in Figure 1.

2.2. Field Survey

A field survey was conducted from 25–26 October 2022, every 20 m along KP32.0 and
KP33.0, and every 10 m along KP30.0. We collected observation data at 65 locations to
capture the precise environmental conditions along the survey lines and ensure represen-
tativeness by avoiding specific biases. We observed the topography of the three survey
sections, the biological characteristics of the representative plant communities, and soil
samples at each observation point.

For the plant survey, tree height, trunk diameter, and herbaceous plant height were
measured for representative species, such as alder and reed, at each survey point. The tree
and herbaceous plant heights were measured using a measuring rod. Trunk diameter was
obtained at a human’s chest height, 1.3 m aboveground, by using a diameter tape. The
relationships between the tree heights and trunk diameters of alder trees were analyzed in
both the re-meandering and reference sections, using the allometry relation [26] provided
by Equation (1).

y = αxβ (1)

x, y: sizes of a biological individual, i.e., the tree height and trunk diameter of an alder,
α, β: model parameters. We determined the model parameters using the least squares of
Equation (2), the logarithmic transform of Equation (1) with the field observation data.

log y = βlog x + log α (2)

The soil samples were collected using a boring stick, with 300 g taken from a depth
of 30 cm beneath the representative plant at the plant survey point. The boring stick was
used multiple times at each survey point to collect more representative soil samples. Each
sample was then evenly divided into two to three sub-samples before laboratory soil tests.
The soil samples were sealed in plastic bags to maintain their conditions and stored in
a laboratory. In the laboratory, the samples were kept in sealed containers at 10 ◦C to
minimize the impact of external temperature and humidity changes. For the topographic
survey, an RTK-GNSS (real-time kinematic global navigation satellite system) was used
to measure the three-dimensional positions of observation points to obtain topographic
characteristics with the survey sections. The relative height, RH, was calculated using
the RTK-GNSS data and the water surface elevation of the Kushiro River for the three
survey sections.

2.3. Laboratory Soil Tests

Laboratory soil tests were conducted using the soil samples. The water content ratio,
WCR; organic matter content, OMC; phosphate concentration, CP; and available nitrogen
concentration, CN, were determined.

The WCR and OMC were measured using a soil water content ratio test [27] and a
strong ignition loss test [28] for all observation points, respectively. The arithmetic averages
of the test results with the two to three sub-samples determined their most probable values
at each observation point.
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CP and CN were determined using a simplified method with a spectrophotometer,
following a field soil analytic manual. In the simplified method, 4.0 g of air-dried fine soil
and 10 mL of purified water were placed in a container, stirred, and allowed to stand at a
room temperature of 15 ◦C for 6 to 18 h. Subsequently, a spectrophotometer analyzed the
filtered sample solution. We selected eight to ten observation points in each study section.
The arithmetic averages of the test results with the two to three sub-samples determined
the most probable CP and CN values at each observation point.

2.4. Statistical Analysis

A correlation analysis of the field survey results was conducted to examine the re-
lationship between vegetation, soil, and topography. We selected the following data for
correlation analysis: the water content ratio, WCR; organic matter content, OMC; phos-
phate concentration, CP; and available nitrogen concentration, CN, for soil information
and relative height, RH, from the river water surface for topographic information. For the
correlation analysis, data from the observation points where all variables were available
(23 locations, totaling 115 data entries) ensured consistency and comparability across the
dataset. The analysis examined the relationships regardless of the survey sections. Be-
fore conducting the correlation analysis, data normality was checked. Since the data did
not follow a normal distribution, Spearman’s rank correlation was used for the statistical
analysis. The statistical literature on Spearman’s rank correlation analysis recommends a
minimum sample size larger than 20 for reliable analysis [29]. Thus, the sample size of this
study, 23, is sufficient to ensure reliable correlation analysis. For relationship examinations
other than the correlation analysis, data from the observation points where target variables
were available were used to increase statistical reliability. Data for 38 locations in the
re-meandering sections and 16 locations in the reference section were used to examine
relationships between WCR, OMC, and RH.

Python (ver. 3.8.13) and the pairplot function from Seaborn (ver. 0.11.2) were used for
the statistical analysis.

3. Results
3.1. Field Survey
3.1.1. Relationships Between Relative Heights, Water Content Ratios, and Representative
Plants

Figure 2 shows the transverse profiles of the relative heights, water content ratios,
and representative plants in the three survey sections. The solid lines on the left-hand-
side vertical axis indicate the relative heights, the symbol types in the plots represent
the representative plant types, and the plot positions on the right-hand-side vertical axis
indicate the water content ratios.

Regarding representative plants, in the reference section (KP30.0), the occupancy rate
was 75% for reeds and 20% for alders. In the re-meandering sections (KP32.0 and KP33.0),
reeds accounted for 15–50%, alders 30–40%, and willows 5%. This shows that the reference
section tended to have more wetland plants than the re-meandering sections. Furthermore,
the reference and re-meandering sections differed in the constitution of their plant species.
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indicate the types of representative plants observed at the survey sites. The solid lines on the left
vertical axis represent relative height, RH, while the plot positions on the right vertical axis indicate
the water content ratio, WCR. The horizontal axis shows the transverse distance from the right bank
of the Kushiro River.
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Regarding the relationship between alder trees and soil moisture, alder trees in the
re-meandering section grew at 70–140% water content ratios. This section had lower water
content than the reference section, where alder trees grew at a WCR of around 200%.
Furthermore, alder trees in the reference section were sparsely scattered, whereas those in
the re-meandering section, particularly KP32.0, tended to grow continuously in areas with
low relative heights between the re-meandering Kushiro River and the old straight river
channel trace. Regarding the relationship between reeds and soil moisture, reeds in the
re-meandering sections grew at a WCR of 60–200%. Reeds in the reference section grew at
almost the same WCR, 80–200%, but there were also a few spots where they grew at a WCR
exceeding 400%.

3.1.2. Alder Trees in the Re-Meandering and Reference Sections

Figure 3 shows the relationship between the tree height and trunk diameter of
alders in the re-meandering and reference sections. The figure also indicates the allo-
metric relationships between the tree height, H, and the trunk diameter, d, provided in
Equations (3) and (4). The alder trees in the re-meandering sections were larger in both tree
height and trunk diameter than the alder trees in the reference section. In Equations (3)
and (4), the exponent value of the allometric relationship was 0.54 in the re-meandering
sections and 0.27 in the reference section, resulting in a twofold difference between them.
Therefore, it may be that the growth of alder trees in the reference section was suppressed
in terms of height and trunk diameter compared with those in the re-meandering sections.

H = 2.67 d0.54, in the re − meandering sections. (3)

H = 2.65 d0.27, in the reference section. (4)
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3.2. Laboratory Soil Tests

Table 1 summarizes the results of laboratory soil tests for the survey sections, including
the mean values and standard deviations of water content ratio, WCR; organic matter
content, OMC; available nitrogen concentration, CN; and phosphate concentration, CP. For
WCR and OMC, the mean values in the reference section were twice as large as those in
the re-meandering sections. At the same time, the standard deviations were one order of
magnitude larger. On the other hand, CN and CP showed no significant in mean values or
standard deviations between the reference and re-meandering sections. Therefore, it was
evident that the nutrient concentrations were almost the same in all survey sections, and
the differences in WCR and OMC reflected both sections’ characteristics.

Table 1. Means and standard deviations of soil test results across re-meandering sections and the
reference section, including water content ratio, WCR (%); organic matter content, OMC (%); available
nitrogen concentration, CN (mg N/100 g); and phosphate concentration, CP (mg P2O5/100 g).

Site Water Content Ratio,
WCR (%)

Organic Matter
Content, OMC (%)

Available Nitrogen
Concentration,

CN (mg N/100 g)

Phosphate
Concentration,

Cp (mgP2O5/100 g)

Re-meandering
sections 106 ± 32.1 13.1 ± 3.8 25.3 ± 11.9 0.10 ± 0.06

Reference
section 229.5 ± 148.5 24.1 ± 11.1 27.7 ± 9.1 0.07 ± 0.04

3.3. Statistical Analysis
3.3.1. Correlation Analysis of the Field Survey and Laboratory Soil Test Results

Figure 4 summarizes the correlation coefficients between the relative height, RH; water
content ratio, WCR; organic matter content, OMC; available nitrogen concentration, CN;
and phosphate concentration, CP, based on data from 23 locations across all survey sections.
The following three relations showed a highly positive correlation: 0.88 between WCR and
OMC, 0.87 between WCR and CN, and 0.82 between OMC and CN. Moreover, the WCR
and OMC had a highly positive correlation, with larger values in the reference section than
those in the re-meandering sections, as shown in Table 1.

3.3.2. Relationships of the Water Content Ratio with Organic Matter Content and Relative
Height

Figure 5 shows the relationships between the water content ratio, WCR; organic matter
content, OMC; and relative height. RH. There was a clear positive correlation between
OMC and WCR, but there was no correlation between RH and WCR. Figure 4 indicates that
the corresponding correlation coefficient was 0.88 for the former two items and −0.01 for
the latter two items. In addition, the re-meandering sections had a lower WCR than the
reference section. This demonstrates that OMC, not RH, determined the soil moisture level
in all the survey sections.
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Figure 5. Relationships of the water content ratio, WCR, with the organic matter content, OMC,
and the relative height, RH, in the re-meandering sections (38 locations) and the reference section
(16 locations). The vertical axis of the graph represents WCR, the left axis represents RH, and the
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4. Discussion
4.1. Relationship Between Peat Soil, Water Content, and Alder Growth

Figure 5 suggests a positive correlation between organic matter content, OMC, and
water content ratio, WCR, at the Kushiro Wetlands survey site in this study. Table 1 shows
that OMC in the reference section was 24.1 ± 11.1%, confirming that the section has well-
developed peat that can retain enough soil moisture. On the other hand, the OMC in the
re-meandering sections was 13.1 ± 3.8%, so the undeveloped peat can retain soil moisture
to a limited extent. Furthermore, there was no correlation between RH and WCR, and
no difference in nutrient concentrations between the survey sections. Therefore, it can be
inferred that the difference in the size of the alders shown in Figure 3 strongly depends on
the amount of soil moisture caused by the degree of peat soil development.

The results for the reference section are consistent with previous findings showing
that tree growth is limited in peat soils [30] with an organic matter content above 30% [31],
and that the water retention capacity of peat soils influences the amount of water available
to plants [32,33]. Previous studies have reported that water levels and relative heights are
important environmental factors in determining water availability for wetland vegetation
growth [34,35]. However, in this study, there was a high correlation between the organic
matter content and the water content ratio in all the survey sections, and there was no
correlation with relative height. Hence, it can be inferred that soil water retention due to
the amount of peat significantly affects alder growth at the study site. Notably, the roles of
pH and microbial activity in wetland vegetation [36,37], which this study did not cover,
remain to be examined in future research.

4.2. Peat Soil Restoration

Over a decade after the nature restoration project in the Kushiro Wetlands, alder
forests continue to flourish in the restored meandering section of the Kushiro River. Our
previous study [20] reported that restoring natural hydrological cycles by re-meandering
the river’s channel had only a limited influence on the recovery of its indigenous grass-
land wetlands. The present study suggests that restoring peat soil could be essential
for restoring wetland grasslands. Furthermore, the peat soil characteristics that affect
wetland ecosystems vary greatly, not only by water retention capacity, but also by peat
deposition conditions and acidity [38,39]. Therefore, it is important to understand peat soil
characteristics for restoration.

Regarding the time scale of wetland restoration, it will likely take a long time to restore
peat soil and for it to transition into wetland grassland through natural processes in the
restored meandering section of the Kushiro River. Therefore, artificially restoring peat soil
might be essential for a shorter time scale. Conventional wetland restoration on a decadal
scale has partially restored the geophysical environment, such as groundwater levels and
water quality. However, grassland vegetation, such as sedges and podgrass, has not been
fully restored, remaining a critical challenge in wetland restoration efforts [12].The impor-
tance and incompleteness of soil restoration [40,41] have also been reported in previous
research work. Therefore, developing a short-time-scale restoration technique for peat soil
is vital for wetland restoration, in addition to natural hydrological cycle recovery. The
results of this study complement previous studies [12,40,41] indicating that restoring the hy-
drologic environment alone is insufficient, providing specific insights into the importance
of soil restoration in peat wetlands.

While this study provides valuable insights into the importance of peat soil resto-
ration, several challenges remain. The effects of other factors, such as pH, trace elements,
and microbial activity on peat wetlands, require further investigation in an extended field
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survey. Moreover, incorporating time-series data, such as tree annual ring analysis, would
enhance our understanding of the more prolonged temporal effects of wetland restoration.

5. Conclusions
This study examined the predominant factors that are important for environmental

sustainability in wetland restoration in Kushiro Wetlands, Hokkaido, Japan. Field surveys
of the topography and vegetation and laboratory soil tests were conducted in the survey
sections. The results revealed a significant positive correlation between organic matter and
the water content in all survey sections. This could indicate that the difference in alder tree
growth in the area depends on the soil moisture retention capacity, influenced by the degree
of peat soil development. The effects of other biochemical factors on peat wetlands and the
temporal characteristics of alder tree growth are future research issues that will enhance
our understanding of peat wetland restoration in human sustainable development.
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